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Abstract

[bookmark: _GoBack]The rise of antibiotic-resistant bacteria has quickly become one of the most concerning threats to confront modern medicine. This project focuses on the bacterial pathogen Streptococcus pneumoniae in particular, resistant strains of which play a role in the deaths of some 7,000 people annually, in the USA alone. It is apparent that new strategies are urgently needed to combat the growing antibiotic-resistance problem. One such strategy might be to look for novel drug targets in the underexplored area of the bacterial DNA replication machinery. Here, we report the biochemical and structural characterization of the streptococcal FEN domain (SpFEN), a crucial player in DNA replication, as a potential novel target for future rational drug design. 

Comparison of biochemical data between the WT SpFEN and four active-site mutants reveal conserved aspartate residues that are required for both exo- and endonuclease activities. Structural data was also obtained for SpFEN, providing some of the first structures of FENs from pathogenic organisms. The SpFEN apo structure as well as two co-crystal structures of the SpFEN:DNA complex have been determined to high resolutions (1.78 Å, 1.65 Å, and 2.13 Å respectively) by X-ray crystallography, revealing different conformations of the domain. In addition, the structure of the streptococcal full-length DNA polymerase is presented here at 4.01 Å resolution. This full-length structure was also solved in complex with DNA, which was found to bind to the polymerase domain of the protein. The structure also reveals a 23.1° rotation of the FEN domain relative to the Klenow fragment when compared with the Taq polymerase structure. Lastly, FRET-based biochemical screening of SpFEN against a 1000 “fragment” library identified several possible inhibitors demonstrating the feasibility of inhibitor discovery through high throughput screening approaches.
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Chapter 1: Introduction

1.1 The need for new drugs

1.1.1 The cost of antibiotic resistance

One of the most pressing concerns for modern medicine is the emergence of drug-resistant bacteria (Wright and Sutherland, 2007). 

An estimated 700,000 annual deaths are currently attributed to antimicrobial resistance (contributing around 1% of the global number of deaths annually) (O’Neill, 2064). However, what is especially worrying is the increasing proportions of pathogenic organisms over the years, to a wide range of antimicrobials including “last resort” drugs. For example, antibiotic resistance to fluoroquinolones in E. coli isolates in the UK increased from around 6% in the year 2001, to around 20% in 2006, and remaining at 17% for the latter part of the decade, while fluoroquinolone resistant Klebsiella pneumoniae have seen increases from 11% in 2005 to 50% in 2012 in Italy  (Redgrave et al, 2014).

Resistance to cephalosporins (a 3rd generation antibiotic) have also seen increases from less than 5% in 2001 to around 15% in 2013 in E. coli isolates in the UK (CDDEP, 2017). With a continued growth of resistance as we see today, it has recently been predicted that a staggering 10 million people will die from antimicrobial resistance annually by the year 2050, greater than any other major cause of death. Not only will there be huge societal impact, but the economic burden will also be immense. By 2050, the global cost of antimicrobial resistance would reach up to 100 trillion USD (O’Neill, 2016).

A world where antibiotics were ineffective would mean that even simple or routine medical procedures that we take for granted today could have life-threatening consequences for patients. This is especially the case in invasive surgery or procedures that require the immune system to be suppressed (e.g. chemotherapy), where patients could become extremely susceptible to infection. Today, prophylactic antibiotics are used during these procedures to reduce this risk of infection. Without the capacity to perform these procedures safely, their decline would also indirectly lead to increased morbidity and mortality rates (Teillant et al, 2015). Without the appropriate working antibiotics, it is estimated that the infection rate post-surgery will increase from 1% to 50%, and deaths from near 0% to 30% (Smith & Coast, 2013).

A high correlation exists between the increasing use of antimicrobials and the rise of antimicrobial resistance. In many cases, this has come about through the unnecessary prescription of antibiotics by doctors (O’Neill, 2015a). Additionally, the quantities of antimicrobials used have not only increased in humans, but also in food production, and in some regions, these quantities far exceed the numbers used medically. For example, in the USA, 70% of medically important antibiotics are consumed by animals, compared to 30% by humans (O’Neill, 2015b). It is clear that in order to fight against antimicrobial resistance, the government and policy makers will need to cooperate with healthcare providers, the agricultural sector, as well as the scientific community to significantly minimize the continuing development of drug-resistant pathogens (O’Neill, 2016).

1.1.2 Clinical measurements of antibiotic resistance

What is more concerning than drug-resistance are those strains of bacteria that have managed to become resistant to more than one drug. Sometimes referred to as “superbugs”, these multidrug-resistant strains are the ones especially of concern, since no alternative treatment may exist. 

Several terms exist (i.e. MDR, XDR, PDR) to classify antibiotic-resistant bacteria depending on their level of multidrug resistance. A universal consensus was addressed for the precise definitions of these terms by the CDC and the ECDC (European Centre for Disease Prevention and Control) by 2008, which have then been further refined over the years (Falagas & Karageorgopoulos, 2008, Magiorakos et al, 2012). 

MDR, which stands for multidrug resistance, has been used to generally describe a pathogenic organism that is resistant to more than one antimicrobial. However, this definition was refined to define bacteria that are either resistant to three or more antimicrobial classes or also (less frequently) resistant to one key antimicrobial agent, although they do often also have resistance to multiple antibiotic classes (Falagas & Karageorgopoulos, 2008, Magiorakos et al, 2012).

XDR (extensively drug-resistant) bacteria are defined as those with resistance to most standard antibiotic classes. The number of classes that they are resistant to (i.e. they should be non-susceptible to all classes except two or fewer) and whether they are resistant to a key antimicrobial both determine whether a pathogenic strain can be classified as XDR (Falagas & Karageorgopoulos, 2008, Magiorakos et al, 2012). Initially, XDR was a term coined to describe strains of Mycobacterium tuberculosis that were resistant to both isoniazid and rifampicin (the two most powerful drugs against TB), to a fluoroquinolone, and to at least one of amikacin, kanamycin, and capreomycin. These strains of TB arose due to the misuse of anti-TB drugs, for example when patients did not complete the full course of treatment or when the wrong dose of drug was prescribed. While a few drugs remain that can still cure XDR-TB patients, the chance of success is significantly reduced (WHO, 2017a). In addition to describing TB strains, the term has now been expanded to describe other bacterial pathogens (Falagas & Karageorgopoulos, 2008, Magiorakos et al, 2012).

PDR (pandrug resistant) bacteria refer precisely to those strains that are resistant to all antimicrobial agents in all classes. However, because of this precise notation, this means that no strain can exactly be referred to as PDR unless they have undergone rigorous testing and identified to be resistant to all approved antimicrobials. Thus, the literature has used the term PDR loosely and inconsistently, such as in referring to strains that are resistant to all drugs that are commercially available or those that are routinely tested (Falagas & Karageorgopoulos, 2008, Magiorakos et al, 2012). For example, pandrug-resistant Pseudomonas aeruginosa has been described as those strains that are resistant to all commercially available anti-pseudomonal drugs in Taiwan (Wang et al, 2006).

1.1.3 Molecular mechanisms of antibiotic resistance

Two key strategies are employed by bacterial organisms, which lead to the development of antibiotic resistance. The first involves the acquisition of mutations in their genes, while the second involves horizontal gene transfer (Munita & Arias, 2016).

Antibiotics often bind to a specific target in the bacterial cell. Point mutations in the gene encoding for this target that could, for example, change the target structurally in such a way to block efficient binding of the drug could lead to resistance in the organism. The antibiotic therefore acts as a selective pressure, driving the survival and proliferation of those bacterial organisms, which have gained resistance via mutation (Blair et al, 2015). 

Horizontal gene transfer involves the uptake of foreign DNA, which confer resistance to the recipient organism (Munita & Arias, 2016). This can be done in a variety of ways. Firstly, certain bacterial species have pili with which they can contact other bacterial cells and transfer genetic information, for example, in the form of plasmids. The process is known as conjugation, and is the major way by which genes conferring antibiotic resistance are spread (Griffiths et al, 2000, Lujan et al, 2007). Targeting of the mechanisms of bacterial conjugation is one approach to try and prevent the rapid propagation of antibiotic resistance genes between bacterial species (Lujan et al, 2007). A second method of genetic exchange is transduction, where bacteriophages act as a mediator for transferring DNA. This can happen when the phage infects its bacterial host, and in doing so, can incorporate its viral DNA into the host genome as part of the lysogenic cycle (Balcazar, 2014). Thirdly, transformation involves the uptake of naked DNA from the environment, but this method of transferring genetic material to incorporate resistance genes is only known in a few clinically relevant species (Munita & Arias, 2016).

As briefly discussed, structural changes to a drug target can lead to resistance. However, changing the structure of a protein that has conserved function in the bacterial cell can often have deleterious consequences. Thus, there are other more well-established mechanisms by which resistance can arise. One example is by decreasing permeability, such as that of the outer membrane barrier (in Gram-negative bacteria). One way this can be achieved is through the downregulation of porins. Alternatively, increased efflux can also lead to resistance, whereby bacterial pumps become overexpressed to actively transport the small molecule drugs out of the cell (Blair et al, 2015).

Recently, an evolutionary experiment conducted on bacterial populations revealed that under antibiotic exposure, tolerance always precedes resistance. Bacterial cultures were exposed to daily intermittent ampicillin doses, and the path to resistance was observed. It was found that after a few cycles of ampicillin exposure, that most bacteria in the culture displayed a prolonged lag phase, thus leading to tolerance against ampicillin, although they were not yet resistant. It was only then after more exposure to ampicillin that resistance emerged via a second event, which involved the mutation of the ampC gene promoter (allowing overexpression of a beta-lactamase). The experiments show that tolerance plays a key role in the evolutionary dynamics of antibiotic resistance in a bacterial population, likely by increasing the length of time for which beneficial rare mutations can then arise (Levin-Reisman et al, 2017).

1.1.4 Antibiotic resistant strains of Streptococcus pneumoniae

Certain strains of Streptococcus pneumoniae have become resistant to β-lactam antibiotics, macrolides, and tetracycline for example (Van Bambeke et al, 2007). Most notable is serotype 19A of Streptococcus pneumonia, a very common serotype among young children (McNeil, 2009; Kaplan et al, 2010) and a prevalent cause of meningitis for ages <5 years (Ricketson et al, 2014). Unfortunately, it is also this serotype that has also shown an increase in multidrug resistant isolates to the antibiotics discussed (Ricketson et al, 2014). There are also at least 4 other serotypes of Streptococcus pneumoniae that display resistance to several antibiotics (6A, 6B, 19F, and 23F) (Liñares et al, 2010).

In September 2013, the CDC published a report, rating 17 different types of antibiotic-resistant bacteria as either “urgent”, “serious”, or “concerning” threats. Resistant strains of Streptococcus pneumoniae were classified as “concerning”, which were found to infect around 1.2 million and kill around 7,000 people each year in the USA alone (CDC, 2013a). Similarly, antibiotic strains of Streptococcus pneumonia were confirmed to be among 12 different families of bacteria considered as priority pathogens by the WHO, which have the greatest threat to public health. Strains that were non-susceptible to penicillin were placed in the medium priority tier (WHO, 2017b). Resistant strains of Streptococcus pneumoniae result in 32,000 additional visits to the doctor, and 19,000 additional hospitalizations, which consequently results in additional costs of around 96 million USD (CDC, 2013a)

While drug-resistant strains of Streptococcus pneumoniae still remain a threat to public health, it must also be said that infections caused by pneumococcal strains (both drug-resistant or not) have been declining. This is in part due to the development of vaccines targeted against drug-resistant serotypes (Liñares et al, 2010). A conjugate vaccine, PCV7, effective against 7 different drug-resistant serotypes was introduced in the year 2000. However, this did not target serotype 19A, which saw an increase in the number of infections (Liñares et al, 2010). This led to the development of a new conjugate pneumococcal vaccine, PCV13, in 2010 to prevent additional infections by non-PCV7 serotypes, such as 19A (CDC, 2010). Introduction of these vaccines saw a decrease in the number of pneumococcal invasive infections (bacteremia and meningitis), from 60,000 in the year 2000 (40% of which were as a result of drug-resistant serotypes) (CDC, 2015) to 33,900 in the year 2013 (CDC, 2013b) (with a decrease to 30% caused by drug-resistant serotypes) (CDC, 2013a). 

However, with each success achieved by the introduction of a new conjugate vaccine comes the rise of multidrug resistant strains from non-vaccine serotypes. Serotype 15A is such a strain, which has become one of the most prevalent serotypes since 2011, while also showing resistance to penicillin, macrolides, tetracyclines. Before 2008, this specific serotype only accounted for up to 4% of all Streptococcus pneumoniae strains referred for investigation, but has since increased to 32% in 2014 in the UK (Sheppard et al, 2016). The rise of such serotypes such as 15A means there exists an imperative need to continue to develop new strategies to fight against antibiotic resistance in Streptococcus pneumoniae.

1.1.5 New strategies to fight antibiotic resistance

Several strategies exist now to try and combat antibiotic resistance, from combination drug therapy to phage therapy to the identification of novel therapeutic targets and the discovery of new antimicrobials from new sources (Ahmad et al, 2008) to name a few. None of these are likely to be effective on their own. Rather, a multi-strategy approach must be advocated.

The need for new drugs demands the innovation of new strategies. One such strategy that will be the focus of this project is to look for novel drug targets in previously unexplored but conserved parts of the bacterial DNA replication machinery. The majority of antibiotics today target the bacterial cell wall (including those in the penicillin, cephalosporin, and carbapenem classes), being an obvious difference between the bacterial and host cell. These drugs work by inhibiting the synthesis of peptidoglycan, the major building block of the bacterial cell wall, either by inhibiting its transport through the membrane or by inhibiting enzymes that help peptidoglycan cross-linking (Bakheet and Doig, 2010). 

In contrast, only two classes of antibiotics target bacterial DNA replication and are currently used clinically (quinolones and aminocoumarins that both inhibit DNA gyrase, a topoisomerase that helps to unwind DNA in its supercoiled form) (Robinson et al, 2012). Despite the fact that the DNA replication machinery contains so many different essential proteins that would seemingly make good drug targets (Robinson et al, 2012), it appears that the development of new drugs against bacterial DNA replication has proved inherently difficult due to several challenges. Specificity is a major one, since replication is a very well conserved process even between widely varying organisms, where many important protein are shared. A drug developed against the bacterial machinery should ideally be specific to that particular species, otherwise unintended consequences to the human host will occur (either by affecting the homologous protein in the host cell, or affecting the human microbiome). Another reason is the difficulty in identifying novel targets within the DNA replication machinery, firstly due to poor characterization in important pathogens, but also due to great difficulty in screening for inhibitors. For example, inhibitors identified may well have activity in vitro, but have no effect in vivo (van Eijk et al, 2017).

However, with the advent of increasingly advanced techniques in the 21st century, we are now equipped, more than ever, with the appropriate technology to come up with new solutions to answer the globally important issue of antibiotic resistance (Wright & Sutherland, 2007, Fair & Tor, 2014). Significantly, X-ray crystallography and computational methods are becoming two extremely powerful tools in rational drug design. They allow us to visualize our drug target at the atomic level. Not only will this allow us to easier detect the subtle differences between well-conserved bacterial and human proteins, but they could also allow us to see how a certain small molecule could inhibit the selected target. In a process known as structure-based drug design, we can then build upon and refine that molecule to make a drug that has a specific and optimal effect (Anderson, 2003).

The mechanisms of bacterial DNA synthesis and its differences from eukaryotic replication are now becoming better characterized. While high structural conservation between them may serve as a challenge for specificity, this property can also be exploited to possibly minimize the development of drug resistance. Therefore, in the current pressure for prompt action against antibiotic resistance, it is perhaps time to move bacterial DNA replication from an under-exploited to a more commonly used target for antimicrobials (Robinson et al, 2012). Certainly, many such antimicrobials targeting DNA replication are now currently under development, including those that target DNA ligase, DNA polymerase III, or the sliding clamp (van Eijk et al, 2017).

In this project, we also discuss the streptococcal flap endonuclease, another enzyme essential for DNA replication, as an additional potential novel drug target for future drug discovery.

1.2 Discovery and naming of the flap endonuclease

1.2.1 Exonuclease II

The flap endonuclease (FEN) was originally discovered in Escherichia coli in 1968 from highly purified DNA polymerase preparations (Klett et al, 1968, Liu et al, 2004). This resulted from the efforts of scientists who sought to purify and characterize all the exonucleases in E. coli, starting from the early 1960’s. In total, 17 different exonucleases have since been recognized in E. coli (Lovett, 2011).

Prior to the discovery of FEN, highly purified samples of DNA polymerase from E. coli were persistently found to contain a nuclease that could not be physically separated from the preparation. This nuclease, named “exonuclease II” was demonstrated to degrade DNA in the 3′-5′ direction, generating purely mononucleotide products from polydeoxyribonucleotides by using exonucleolytic hydrolysis exclusively (Lehman & Richardson, 1964). 

The fact that exonuclease II could only attack DNA from the 3′-hydroxyl end rather than at both 5′-phoshoryl and 3′-hydroxyl ends was supported by a number of experiments. Firstly, when 32P-deoxythymidylate labelled polydeoxyribonucleotide substrates were incubated with exonuclease II, 90% of the radioactive nucleotides were released, compared to < 10% of unlabelled nucleotides. Secondly, d-pTpCpC incubated with exonuclease II for 1 hour led to the generation of two additional products, d-pC and d-pTpC, but no detectable d-pT. Thirdly, substrates acetylated at the 3′-hydroxyl end were resistant to exonuclease II activity (Lehman & Richardson, 1964). 

Essentially, we now know the exonuclease II to be the “proofreading” domain of DNA polymerase I (Mishra, 1995).

1.2.2 Exonuclease VI 

The finding of the FEN, designated “exonuclease VI” at the time, was in addition to the previously discovered “exonuclease II” also integral to the E. coli DNA polymerase, but with contrasting activities: exonuclease II degraded DNA in the 3′-5′ direction; exonuclease VI degraded DNA in the 5′-3′ direction (Klett et al, 1968). Similar to exonuclease II, the elution profiles of exonuclease VI and DNA polymerase I during purification showed that they were homogenous, indicating that both entities were physically united. This was supported by observations that the ratio of both polymerase and nuclease activities stayed constant throughout the purification process, and also that inhibition of the polymerase activity led to an identical rate of disappearance of exonuclease VI activity (Klett et al, 1968).

The full-length DNA polymerase I enzyme was reported to be a single polypeptide chain, with molecular weight of around 1.09 x 105, determined by gel electrophoresis and other methods (Jovin et al, 1969). Further studies reported that treatment of E. coli DNA polymerase with trypsin or a Bacillus subtilis extract resulted in proteolytic cleavage of > 90% of the enzyme into two distinct fragments of around 76,000 and 36,000 molecular weights (Figure 1.1), which could be separated by gel filtration (Brutlag et al, 1969). The larger fragment retained polymerase and 3′-5′ exonuclease function, but had lost its 5′-3′ exonuclease activity (Brutlag et al, 1969, Joyce and Steitz, 1987, Balakrishnan et al, 2013). 

Later findings that the small fragment retained only 5′-3′ exonuclease activity (Klenow & Overgaard-Hansen, 1970, Setlow et al, 1972) led to the realisation that this domain was in fact the exonuclease VI enzyme previously identified, and that DNA polymerase I is a multifunctional enzyme where different sites of the polypeptide chain are associated with different functions (Klenow and Overgaard-Hansen, 1970).














Figure 1.1: DNA polymerase I domains. A) The E. coli DNA polymerase I can be cleaved by proteases into two domains: a large (Klenow fragment) and small domain (5′-3′ exo) of 76,000 and 34,000 MW respectively. B) For structural visualization, the crystal structure of the similar homologous Thermus aquaticus DNA polymerase I is displayed (as the crystal structure of the complete E. coli polymerase has not yet been obtained). The T. aquaticus polymerase differs slightly in that it lacks a 3′-5′ exonuclease domain. Nevertheless, a large (polymerase) and small (5′-3′ exonuclease) fragment can still be distinguished as domains that can easily be separated from each other (Kim et al, 1995). Figures by the author created using PyMOL (B) based on Joyce and Steitz (1987) and Kim et al (1995).
1.2.3 Exonuclease VI possesses endonuclease activity as well as exonuclease activity

Klett et al (1968) initially reported the exonuclease activity of exonuclease VI, similar to exonuclease II, releasing 5′-monophosphates. Nuclease assays were performed using 32P labelled DNA substrates at the 5′-phosphoryl end, where 5′-monophosphates were observed to be released immediately by exonuclease VI (Klett et al, 1968). Similar experiments carried out by Lundquist & Olivera (1982), again using 5′-32P labelled DNA showed the mononucleotide hydrolysis products to also be 5′-32P labelled.

However, in addition to exonucleolytic activity, the enzyme was found to possess another property: it was also an endonuclease. More so, it was a structure-specific endonuclease (Lundquist & Olivera, 1982, Lyamichev et al, 1993, Harrington & Lieber, 1994). 

The first evidence that the enzyme also operated endonucleolytically was provided through the same experiments carried out by Lundquist & Olivera (1982). While they found that the predominant cleavage products of the 5′-3′ exonuclease were mononucleotides, they also observed the presence of short oligonucleotide cleavage products, of up to 12 nucleotides, indicating that not every phosphodiester bond of the DNA is hydrolysed by the nuclease. Additionally, in the presence of polymerase function of the DNA polymerase I, single-stranded overhangs are produced on the DNA substrate. It was noted that the length of the largest hydrolysis product generated in the assay was equal to the number of polymerization steps, suggesting that hydrolysis by the 5′-3′ exonuclease occurred at the overhang junction (Lundquist & Olivera, 1982).

Importantly, it was recognized in Thermus aquaticus, that the 5′-3′ exonuclease of DNA polymerase I could participate in removing damaged nucleotides, as well as RNA primers from a DNA-RNA hybrid (Kornberg & Baker, 1992, Joyce & Steitz, 1987, Lyamichev et al, 1993). This requires the nuclease to cut nucleic acid regardless of their RNA/DNA sequence, and yet it cannot be indiscriminate otherwise the cell would be destroyed (Lyamichev et al, 1993, Shen et al, 1998). It was proposed that such a paradox could be solved only if the substrate was distinguished by structure rather by sequence. The structure suggested by Lyamichev et al (1993) was the junction of a duplex bifurcated into two single-stranded arms (Figure 1.2).
[image: ]





Figure 1.2: A PCR-generated synthetic construct proposed to be recognized by 5′-3′ nucleases. A double-stranded polynucleic acid is separated into two single-stranded arms. The 3′ end of the template strand is base-paired to a primer that is extended by polymerase, displacing the DNA strand downstream into a single-stranded arm with a free 5′ terminus. The cleavage site is proposed to be at area of bifurcation, releasing the 5′ arm (Lyamichev et al, 1993). Figure by the author based on Lyamichev et al (1993).
Subsequent testing of the synthetic construct (Figure 1.2) revealed that the Thermus aquaticus DNA polymerase released fragments corresponding to the single-stranded 5′ arm, according to direct sequence analysis and their mobilities on an electrophoresis gel. In contrast, the Stoffel fragment (a derivative of Taq polymerase, which is missing the 5′-3′ exonuclease) did not release such fragments, implying that the nuclease specifically recognized this kind of structure for cleavage. The site of cleavage was identified to be near the end of the duplex (Lyamichev et al, 1993). 

Further experiments using a mammalian homolog of the 5′-3′ exonuclease confirmed the specificity of these enzymes to the cleavage of such 5′ flap structures, showing that cleavage occurred regardless of the sequence (Harrington & Lieber, 1994). The specificity of this 5′-3′ exonuclease for the flap substrate and its endonucleolytic properties resulted in the name by which they are now commonly known: flap endonucleases or FENs (Harrington & Lieber, 1994, Balakrishnan et al, 2013).



1.3 Substrates of FEN

1.3.1 Recognized DNA substrates

Concerning its substrates, studies have found an array of structures that can be recognized, bound, and cut by certain FENs (Harrington and Lieber, 1995, Garforth and Sayers, 1997) (Figure 1.3). The presence of an adjacent DNA strand (Figure 1.3A) enhances the binding of FEN compared to the pseudo-Y structure (Figure 1.3B), and is also needed for efficient cleavage. Consistent with this was the more efficient binding of FEN to the 5′-overhang (Figure 1.3C) compared to ssDNA. Additionally, the proximity of the adjacent strand to the bifurcation of the duplex in the 5′ flap had an effect on activity: a small gap (i.e. 1nt) was found to be optimal compared to substrates with a larger gap and or those with no gap. Nevertheless, all substrates with the adjacent strand, whatever the gap size, still performed better than a pseudo-Y structure, suggesting that this strand contacts FEN and stabilizes binding (Harrington and Lieber, 1995). However, even more efficiently than the standard 5′ flap structure was the ability of FEN to bind and cleave a double flap structure with a 1 nt 3′ overhang (Figure 1.3D), indicating that the importance of the adjacent strand is the provision of a double-stranded section as opposed to a base-paired 3′ terminal end (Harrington and Lieber, 1995, Kao et al, 2002, Gloor et al, 2010). Pertaining to the exonuclease activity of FENs, the adjacent DNA strand is also important, but optimal activity occurs at nicked substrates. In summary, the adjacent strand seems to play a central role in the binding and cleavage activities of FEN (Harrington and Lieber, 1995).
[image: ]






Figure 1.3: Recognized FEN substrates. FEN has been found to be able to recognize, bind, and cut a variety of synthetic structures including A) 5′ flap structure; B) pseudo-Y structure; C) 5′-overhang; D) double flap structure (Harrington and Lieber, 1995, Garforth and Sayers, 1997). Figures by the author based on Harrington and Lieber (1995), Garforth and Sayers (1997). 
Labelled OHP substrates (i.e. hairpin substrates with 5′ overhang) have also been shown to be recognized and cleaved by FEN enzymes (Pickering et al, 1999, Patel et al, 2002). One example, HP1, a single-turnover substrate, consists of a hairpin 9 bp duplex region with a 7 nt 5′ overhang. Endonucleolytic cleavage of this substrate by T5 FEN generated 2 major products, 8 nt and 21 nt in length (Pickering et al, 1999, Dervan et al, 2002).

Phosphate ethylation interference assays show that the DNA binding site is close, downstream to the cleavage site of the enzyme, and that it only contacts one face of the DNA duplex (Xu et al, 2001). Cleavage is precise, occurring at the junction between the base-paired region and the single-stranded flap (Xu et al, 2001), and optimal activity is 1 nt downstream into the double-stranded region, resulting in a nicked product for ligation during Okazaki processing (Allawi et al, 2003, Dervan et al, 2002, Chapados et al, 2004, Patel et al, 2013).

1.4 Roles of FEN in the cell

1.4.1 The essential nature of FENs

After its first discovery in E. coli, several other FENs have since been identified across all forms of life, ranging from certain viruses (Yutin and Koonin, 2012), to bacteria and archaea (Hwang et al, 1998, Shen et al, 1998), to eukaryotic organisms such as yeast (Johnson et al, 1995), plants (Kimura et al, 2000), and animals (Robins et al, 1994, Bibikova et al, 1998) (Table 1.1). 

Table 1.1: Examples of FENs from three domains of life and viruses.

				Name of FEN	Structure	Reference
						(PDB)
Eukaryotes
Homo sapiens			FEN-1		1UL1		Sakurai et al (2005)	
Mus musculus			FEN-1		N/A		Liu et al (2015)	
Drosophila melanogaster		FEN-1		N/A		Cheng et al (2016)
Oryza sativa			FEN-1		N/A		Kimura et al (2000)
Saccharomyces cerevisiae	FEN-1/RAD27	N/A		Karanja & Livingston (2009)
Bacteria
Escherichia coli			Pol 1 FEN	N/A		Anstey-Gilbert et al (2013)
ExoIX/FEN Xni	3ZD8		Anstey-Gilbert et al (2013)
Staphylococcus aureus		Pol 1 FEN	N/A		Allen et al (2009)
				SaFEN		N/A		Allen et al (2009)
Yersinia pestis			Pol 1 FEN	N/A		Allen et al (2009)
				FEN Xni		N/A		Allen et al (2009)
Shigella boydii			Pol 1 FEN	N/A		Allen et al (2009)
				FEN Xni		N/A		Allen et al (2009)
Thermus aquaticus 		Pol 1 FEN	1TAQ		Kim et al (1995)
Streptococcus pneumoniae	Pol 1 FEN	N/A		Díaz et al (1992a)
Archaea
Archaeoglobus fulgidus		FEN-1		1RXV		Chapados et al (2004)	
Methanococcus jannaschii	FEN-1		1A76		Hwang et al (1998)	
Methanopyrus kandleri		FEN-1		4WA8		Shah et al (2015)		
Pyrococcus horikoshii		FEN-1		1MC8		Matsui et al (2002)	
Pyrococcus furiosus		FEN-1		1B43		Hosfield et al (1998)	
Desulfurococcus amylolyticus	FEN-1		3ORY		Mase et al (2011)		
Sulfolobus solfataricus		FEN-1		2IZO		Dore et al (2006)		
Viruses
T5 bacteriophage		T5FEN		5HMM		AlMalki et al (2016)	
T4 bacteriophage		RNaseH		1TFR		Mueser et al (1996)
Deletion or mutation experiments serve as clear evidence for FEN’s significance. In bacteria, such manipulation is often found to be lethal. Díaz et al (1992a) explored the effect of different mutations introduced at various sites of the Streptococcus pneumoniae DNA polymerase I, encoded by its polA gene. One mutation involved a truncation at the polymerase portion of polA, a second involved mutation affecting both polymerase and FEN domains, while a third involved mutations affecting just the FEN domain. These mutated genes were then transferred into the chromosome of a S. pneuoniae strain. It was found that the first mutation was able to transfer into the chromosome with a similar efficiency to the WT gene, indicating that the polymerase domain was not essential for cell viability, likely because PolIII can substitute for a defective PolI polymerase. On the other hand, transformation of the other two mutant constructs was found to be 100,000-fold less than the WT. Substitution of these mutants into the chromosome could not be performed until another FEN domain was ectopically inserted into another site of the chromosome (Díaz et al, 1992a).

Similarly, experiments investigating into the essential nature of FEN were performed for the cyanobacterium, Synechococcus elongatus. This bacterium, as with many cyanobacteria, contains several copies of its chromosome. Because of this, knocking out an essential gene may still lead to colony production. However, a multiple patching technique can show whether a knock-out gene can be stably maintained and completely replaced within the genome, indicating that it is a non-essential gene. Knock-out experiments of the entire S. elongatus PolA gene showed that this was not the case, and instead, the WT PolA was retained, whereas a mutant where only the Klenow fragment was disrupted allowed stable maintainance in the genome (Fukushima et al, 2007). 

Moving away from bacteria, one organism identified where FEN may not be essential is in yeast, or more specifically certain species of yeast: Saccharomyces cerevisiae and Schizosaccharomyces pombe. This indicates that perhaps other metabolic pathways can compensate for mutations. However, null mutations in rad27 (FEN homolog) of yeast do lead to an array of detrimental effects, including increased frame-shift mutations and genomic instability (Karanja & Livingston, 2009, Henneke et al, 2003, Loeillet et al, 2005). 

FEN knockout experiments in mammalian organisms have also been studied. Mice are diploid, carrying two copies of its FEN gene. Mice homozygous for a fully mutated Fen1 could not be obtained, implying the gene is essential for embryonic development. Meanwhile, those that are heterozygous for the mutation appear generally not to be affected in life, with a mild predisposition to tumours. However, in conjunction with an additional mutation at another gene, apc (tumour suppressor), double heterozygotes show increased numbers of cancerous tumours and a lower survival rate. The results not only show that FEN1 is essential, but even haploinsufficiency of FEN1 in diploid organisms can have deleterious consequences, with respect to cancer progression (Kucherlapati et al, 2002).

It is apparent now that the FENs are ubiquitous cellular enzymes that also appear to be necessary for organism viability (Hodskinson et al, 2007). The indispensability of FEN lies in the fact that flap structures are important intermediates of many aspects of DNA metabolism, which must then be removed. With as many as 20 interacting partners, FEN plays a pivotal and multifunctional role in DNA metabolic reactions, participating in DNA repair, homologous recombination, and maintaining telomere stability (Harrington and Lieber, 1995, Balakrishnan et al, 2013). 

1.4.2 The role of FEN in DNA replication

Out of all the possible roles of FEN in the cell, most commonly acknowledged is the inescapable requirement for the FEN in DNA synthesis because of the fundamental way in which replication operates: in a 5′-3′ direction. As the complementary strands of a DNA duplex occur in opposite directions, the unidirectionality of DNA polymerase poses a conundrum. 

Before the process of replication was clear, a variety of different cell proteins have been implicated in resolving the Okazaki fragments. Apart from FEN, these involved RNase H and Dna2 (Zheng & Shen, 2011). RNase H was previously a prime candidate because of its ability to cleave RNA from a DNA/RNA hybrid duplex (Turchi et al, 1994, Zheng & Shen, 2011). However, the generation of null mutants using the Rnase H gene (RNH35) of Saccharomyces cerevisiae showed that they were still viable (Qiu et al, 1999), indicating that RNase H may not be the primary enzyme needed for Okazaki fragment processing (Zheng & Shen, 2011).

The complete process of DNA replication was reconstituted by Waga et al in 1994 using purified proteins from simian virus 40 (SV40). It was proposed that to solve such a conundrum, bidirectional initiation of leading and lagging strand DNA synthesis must take place, followed by discontinuous synthesis on the strand with the free 5′ terminus. The DNA duplex is first melted at the origin of replication, then unwound by DNA helicase activity. Primase synthesizes short RNA primers at intervals along the lagging strand, followed by DNA polymerase extending these primers to form what are called Okazaki fragments (Waga et al, 1994) (Figure 1.4). 

However, the RNA primers must still be replaced with DNA and the gaps resolved to form a continuous strand. This is where FEN (or MF1, a 5′-3′ exonuclease in SV40) comes into play, working in conjunction with the polymerase. As the polymerase extends further downstream, it eventually encounters the next Okazaki fragment with its RNA primer. When this happens, the polymerase will displace the initiator RNA, thereby generating a single-stranded 5′ flap structure (Figure 1.4): the target that FEN recognizes. FEN binds to the flap base, precisely cleaving at the junction between single-stranded and double-stranded nucleic acid, while the nick is completed by DNA ligase I (Waga et al, 1994, Allawi et al, 2003, Balakrishnan et al, 2013, Cooper, 2000). In the original study, without the presence of MF1 in the assay, form I DNA products (closed circular DNA) could not be produced (Waga et al, 1994).
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Figure 1.4: Leading and lagging strand synthesis during DNA replication. The helicase is loaded onto the DNA to unwind it, allowing single-stranded DNA to be exposed to DNA primase, which then synthesizes the RNA primers. The sliding clamp holds the DNA polymerase in place on the DNA strand, allowing it to start DNA synthesis from the RNA primers (Alberts et al, 2015). While the overall direction of replication is towards the DNA fork, the lagging strand requires the synthesis of Okazaki fragments which are subsequently joined together because the DNA polymerase can only replicate in the 5′-3′ direction (Cooper, 2000). Figure by the author based on Cooper (2000) and Alberts et al (2015).

In T4 bacteriophage, RNaseH (a 5′-3′ exonuclease, and FEN1 homolog) has also been shown to be required (alongside DNA ligase) for completing replication of circular plasmid DNA. Analysis by agarose gels showed nicked circles as the major product before the addition of T4 RNaseH and ligase, which were converted to sealed, covalently closed circular products after their addition. No sealed products were formed if either T5 RNaseH or ligase were not added to the reaction (Nossal et al, 2001).

With DNA replication underpinning all forms of life, the inability of disrupted FENs to process the flaps off Okazaki fragments effectively results in the severe or lethal phenotypes previously discussed (Konrad and Lehman, 1974, Liu et al, 2004, Finger et al, 2012).  It is these uncleaved flap intermediates arising from DNA replication or other DNA metabolic pathways that are lethal to the cell (Liu et al, 2004).

1.4.3 DNA repair and possible roles of FEN in DNA repair

As well as playing a central role in DNA replication, FEN also has wide-ranging roles including in DNA repair and maintaining genomic stability (Liu et al, 2004). Several mechanisms for DNA repair exist including homologous recombination, excision repair, the SOS-response, and translesion DNA synthesis.

Homologous recombination is used in repairing double-stranded breaks that have occurred in the genome. In this process, intact homologous sequences are required to act as a template for repairing the damaged DNA (Kikuchi et al, 2005). In bacterial organisms, the RecBCD pathway is the major pathway for homologous recombination (Churchill et al, 1999). Firstly, the key RecBCD enzyme complex is employed to bind to and unwind the dsDNA at the site of damage (Churchill et al, 1999). The RecB subunit recognizes the 3′ hydroxyl of the DNA strand terminus, while the RecC and RecD subunits recognize the 5′ phosphate of the other strand, thereby leading to recognition of a blunt DNA end by the combined RecBCD complex (Arnold & Kowalczykowski, 2001). As the DNA is unwinding, single-stranded binding (SSB) protein is loaded onto the DNA strands, until recognition of the Chi site in the strand with the 3′ terminus (a specific DNA sequence) by the RecBCD complex (Arnold & Kowalczykowski, 2001, Dillingham & Kowalczykowski, 2008). Following this, RecA is then loaded onto the 3′ DNA strand. The RecA-DNA complex is what is key in recognizing the homologous DNA, and initiating DNA invasion and strand exchange, and D-loop formation (Churchill et al, 1999, Dillingham & Kowalczykowski, 2008). DNA synthesis proceeds, using the homologous DNA as a template sequence for repair (Dillingham & Kowalczykowski, 2008). As synthesis is completed, the newly formed strand is then ligated back to the original damaged DNA strand. The sites at which the strands from the homologous DNA templates cross each other form a four-way junction, known as a Holliday junction, which must then be resolved (Kuzminov, 1999, Dillingham & Kowalczykowski, 2008). RuvC performs resolution of these Holliday junctions (Punatar et al, 2017). 

In eukaryotes, resolution of the Holliday junctions in homologous recombination can be performed by GEN1, a related enzyme to FEN-1 that belongs the same superfamily of 5′ nucleases (Punatar et al, 2017). FEN-1 is dispensible for homologous recombination conditional upon that perfect homologies exist between the DNA sequences. However, if the sequences have non-homologous tails, the direct involvement of FEN-1 is required to facilitate homologous recombination via the removal of these non-homologous sequences (Kikuchi et al, 2005).

Several types of excision repair pathways exist. One example is nucleotide-excision repair (NER), which is the pathway responsible for repairing damaged DNA that have arisen through exposure to UV light or mutagenic chemicals in the environment (Fagbemi et al, 2011). This exposure results in the addition of bulky adducts to the DNA, which are removed via the NER pathway. Two separate types of NER exist, namely transcription-coupled NER (TC-NER) and global genome NER (GG-NER). The first occurs on strands that are being transcribed, and involves the recognition of nucleotide damage when RNA-polymerase II has stalled. The latter involves the removal of DNA damage throughout the entire genome. XPG, a nuclease member of the FEN1 superfamily, is recruited to the site of damage via interaction with other proteins already at the site (i.e. transcription factor II H) and plays firstly, a structural role in stabilizing protein complex assembly, and secondly, a catalytic role in incising the DNA at the lesion (Schärer, 2013, Fagbemi et al, 2011). The base excision repair (BER) pathway is performed when DNA damage has occurred via spontaneous decay of DNA (Kim & Wilson, 2012). Where only one base of a nucleotide is required for repair, the short patch base excision repair (SP-BER) pathway is used. However, this depends on the fact that the sugar moiety of the nucleotide has not been damaged. In the case of such damage, the repair mechanism is switched to the long patch base excision repair (LP-BER) pathway instead, where a polymerase forms the damaged lesion into an intermediate flap substrate. Consequently, this substrate can then be recognized and cut by FEN activity (Liu et al, 2004).

The SOS-response is induced when global DNA damage has occurred, leading to the arrest of DNA replication and the cell cycle. Involvement of over 40 proteins is required during the SOS-response, which are upregulated and employed in roles including protection, DNA replication and repair, and mutagenesis. LexA and RecA* are the two major proteins that play a role in the SOS-response, where LexA is a transcriptional repressor for SOS genes, and RecA* is a protease that allows self-cleavage and inactivation of LexA when DNA damage is detected (Janion, 2008). In bacterial organisms, DNA polymerases I and III are the main polymerases acting in DNA replication. However, during the SOS response, the bacterial organism switches these to mainly DNA polymerases II, IV, and V that are able to bypass lesions (known as translesion synthesis) and continue carrying out replication. Pol IV and Pol V are both low-fidelity polymerases, thus leading to DNA mutations. This is one mechanism by which antibiotic resistance can arise in bacterial organisms, where mutations conferring an advantage to the organism will then multiply and spread through a population (Michel, 2005). Because of this, the SOS response has been identified as a potential target for antimicrobial therapy in order to reduce antibiotic-resistance acquisition, for example through an inhibitor that would block the interaction between LexA and RecA* (Kovačič et al, 2013).

In genomic stability, one example of a role that FEN1 plays is the prevention of the aging process through maintaining telomeric stability. Incomplete strands as well as single-stranded breaks in the DNA can result in the shortening of the DNA, but processing by FEN helps fight against early senescence (Liu et al, 2004).

The roles of FEN do not stop here. They are involved, non-homologous end joining, preventing chromosomal rearrangement to enhance genomic integrity, preventing the expansion of repeat sequences in the genome, and even in progressing the cell cycle (Liu et al, 2004). 

1.4.4 Protein-protein interactions 

FEN has been identified to interact with several other proteins in DNA metabolism. The many protein-interacting partners of FEN reflect its multifunctional role in the cell (Liu et al, 2004). In eukaryotic cells, PCNA (proliferating cell nuclear antigen) is another protein essential for DNA replication and repair. PCNA acts as a DNA sliding clamp, forming a homotrimer ring that encircles the DNA, while recruiting other proteins to the replication fork (Moldovan et al, 2007). In doing so, PCNA is able to stabilize the binding of FEN1 to DNA, thereby stimulating exo- and endonucleolytic cleavage (Liu et al, 2004) A crystal structure of the human PCNA-FEN1 complex has been determined (Figure 1.5), revealing that the C-terminal tail of FEN1 contains the PCNA binding motif. An extended beta-strand of the FEN1 C-terminus interacts with a beta-strand also found in the C-terminus of PCNA to form an antiparallel beta-beta interaction (Sakurai et al, 2005). 
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Figure 1.5: Crystal structure showing the interaction between human FEN1 and PCNA. The PCNA protein is able to form a trimeric ring structure that encircles the DNA, while 3 different human FEN1 proteins interact with one PCNA molecule each of the ring structure via their C-termini beta-strands. This brings the FEN1 enzymes in close proximity to their DNA substrates, stimulating binding of FEN1 to DNA, and consequently stimulating nucleolytic cleavage (Sakurai et al, 2005) (PDB ID: 1UL1).

Co-immunoprecipitation in pull-down assays showed that FEN1 also interacts with WRN (Werner syndrome ATP-dependent helicase), a protein that doesn’t enhance DNA binding, but rather, enhances FEN1 cleavage in a structure-dependent manner (Brosh et al, 2002, Liu et al, 2004, Finger et al, 2012). 

FEN also interacts with cell cycle proteins such as cyclin-dependent kinases (Cdk1 and Cdk2). The Cdk proteins phosphorylate the FEN enzyme in the late S-phase of the cell cycle (DNA replication stage), resulting in reduced nucleolytic activity, while also reducing its ability to interact with PCNA and WRN (Liu et al, 2004, Finger et al, 2012).

In yeast, processing of the Okazaki fragments involve additional proteins to FEN, depending on the length of the 5′ flaps. Pif1 (helicase) allows more efficient displacement of the DNA strand by polymerase, which consequently results in longer 5′ flaps. If the length of the ssDNA flap is 30 nt or longer, then RPA (replication protein A), a ssDNA binding protein, is recruited to coat the ssDNA strand. The Dna2 nuclease/helicase is then required to remove the RPA-coated 5′ flap by cleaving it imprecisely, leaving behind a short flap that can be precisely cleaved by FEN1 (Liu et al, 2004, Finger et al, 2012).

Direct interaction between the FEN enzyme and the cellular proteins discussed among others confirm its place as a centrally important protein in many pathways of DNA metabolism.

1.5 Structural studies

1.5.1 Structure of FENs from different organisms

The protein organization of FENs from a wide variety of organisms has now been elucidated through the analysis of their structures, which have been determined by X-ray crystallography. These models give visual insight into the structural conservation between FENs of different organisms, allowing important functional motifs of the enzyme to be identified. Similarly, they also give visual insight into the differences that can be observed between the FEN structures from different organisms.

The first crystal structure of a FEN to be determined was from Thermus aquaticus, as part of the full-length DNA polymerase I protein (Kim et al, 1995). To this day, the Taq polymerase structure remains the only published structure of a full-length DNA polymerase I. However, structural work on just the FEN enzyme has been much more successful. Since the first structure from T. aquaticus, many more FEN structures have been illuminated over the years. The Taq polymerase structure was successively followed by structures from the T4 and T5 bacteriophages (Mueser et al, 1996, Ceska et al, 1996). Several more in archaea were solved shortly afterwards (Hosfield et al, 1998, Hwang et al, 1998, Matsui et al, 2002, Mase et al, 2011), and then the human FEN1 by Tsutakawa et al in 2011. 

1.5.2 Conserved motifs found in FENs

Structural comparison reveals that the diversity of FENs discovered are connected by a common architecture despite a distant common ancestor, or low sequence identity (Figure 1.6) (Allawi et al, 2003, Finger et al, 2012).

[image: ]Figure 1.6: Comparison of FENs across different organisms reveals a common architecture. Conserved motifs include: 1) a common central core composed of several beta-strands (represented by yellow arrows) saddled between alpha-helices; 2) an active site containing at least 7 conserved carboxylate residues serving to create at least two metal-ion binding sites (metal ions represented by spheres); 3) a helical arch or loop directly above the active site which serves as a DNA clamp; 4) a helix-turn-helix motif for structure-specific DNA binding (Harrington and Lieber, 1994, Ceska et al, 1996, Hwang et al, 1998, Liu et al, 2004, Tsutakawa et al, 2011). Figures by the author created using PyMOL based on Ceska et al (1996), Hwang et al (1998), Tsutakawa et al (2011). PDB IDs for T5 phage, Methanococcus jannaschii and Homo sapiens FEN structures are 1UT5, 1A77, and 1UL1 respectively.
1.5.3 A common core of FENs

Firstly, a common core is revealed (Allawi et al, 2003), composed of several (~7) beta-strands sandwiched between alpha-helices (Liu et al, 2004, Finger et al, 2012). This is where the active site can be found, where a cluster of normally at least seven highly conserved carboxylates – mostly aspartates – have been identified (Kim et al, 1995, Xu et al, 2001, Tsutakawa et al, 2011). Mutagenesis experiments on certain residues have led to the abolishment of endonuclease function (Bhagwat et al, 1997, Shen et al, 1997, Xu et al, 2001).  Their function are for coordinating divalent metal-ions in at least two sites (Ceska et al, 1996, Mueser et al, 1996, Feng et al, 2004, Syson et al, 2008). Biochemical analysis reveals a wide variety of different metal ions are able to act as co-factors, supporting both exo- and endonucleolytic cleavage (Harrington and Lieber, 1994, Hosfield et al, 1998, Garforth et al, 2001, Feng et al, 2004). A two-metal-ion mechanism is widely thought to be utilized by FENs: the first allows scissile phosphate attack; the second stabilizes the leaving oxyanion (Syson et al, 2008) (Figure 1.7). Phosphate diester hydrolysis and substrate-structure stabilization are suggested for the first and second sites in human-FEN, although for T5 phage, only the first site is required for flap cleavage (Shen et al, 1997, Amblar et al, 2001, Tock et al, 2003, Feng et al, 2004, Allen et al, 2009). However, two ions may exist in the first T5FEN site, with a third for binding in the second site (Syson et al, 2008, Anstey-Gilbert et al, 2013).
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Figure 1.7: Generalized mechanism of phosphodiester hydrolysis. A two-metal-ion mechanism of metallonucleases is shown. The COO- group of a conserved aspartate coordinates the metal ions. Both metal ions stabilize the substrate as well as positioning the water molecules. The first metal ion (shown on the left) is able to activate a water molecule into a nucleophile. The then allows attack of the scissile phosphate by the nucleophile, since the phosphate is slightly positively charged, forming a covalent bond with the OH group. The OR1 group reacts with a second water molecule stabilized by the second metal ion, forming the leaving oxyanion, and completing phosphodiester cleavage. Figure based on Dupureur (2010).

1.5.4 The FEN arch

Extending above from the alpha/beta core, there can be found the presence of a clamp region, another common (but highly variable) motif among the FEN enzymes (Allawi et al, 2003, Sakurai et al, 2005, Finger et al, 2012). This was first identified as a helical arch in the T5 bacteriophage (Ceska et al, 1996), and has also been identified in the T4 bacteriophage and T. aquaticus (Kim et al, 1995, Mueser et al, 1996, Barnes et al, 1996), but is also referred to as a flexible loop, or helical clamp in various organisms (Storici et al, 2002, Sakurai et al, 2005). From T5 bacteriophage, the arch was calculated to have a diameter wide enough for ssDNA entry, but too small for dsDNA. It was thus proposed that the 5′ flap could be threaded through here before endonucleolytic attack took place (Ceska et al, 1996, Tock et al, 2003), and this seems to be supported by the first co-crystal structure of a FEN with its branched substrate (Devos et al, 2007).

1.5.5 Helix-turn-helix motifs

The helix-turn-helix motif represents another frequent motif of FENs. It is similar to the helix-hairpin-helix motif, a feature found in many proteins with a role in structure-specific, sequence-independent DNA binding (Doherty et al, 1996). Unsurprisingly, it turns out the helix-turn-helix of FEN is similarly and crucially involved in substrate interaction, as revealed by co-crystal structures of FEN bound to DNA (Devos et al, 2007, Tsutakawa et al, 2011, Orans et al, 2011, Anstey-Gilbert et al, 2013).

1.6 Mechanism of binding and cleavage/ threading models

1.6.1 Tracking model

[image: ]How FEN recognizes and cleaves its substrates is a subject of debate and two predominant competing models exist. 
Figure 1.8: Competing models for the recognition, binding, and cleavage of the DNA flap substrate by FEN. FEN is represented by a circle. A) The tracking model requires FEN to recognize the 5′ terminus of the free flap before tracking down this single-stranded arm to find the base of the flap for binding and cleavage. B) The threading model requires the FEN to first recognize and bind to the base of the flap before threading the single-stranded flap through it, much like a needle. Cleavage happens after threading has occurred. Both models require the flap DNA to move through the helical arch region of the FEN (Gloor et al, 2010). Figure by the author based on Gloor et al (2010).

One model proposed was the tracking model (Figure 1.8A). Experiments on FEN prevented cleavage where the substrate has been modified to either contain primers or bound streptavidin onto the 5′ flap (Murante et al, 1995). These results are reinforced by additional investigations using much smaller platinum adducts, which would avoid potential steric hindrance of FEN (Bornarth et al, 1999). Additionally, cleavage could not be detected for bubble substrates (Robins et al, 1994, Liu et al, 2004). These evidences suggest the requirement of an unblocked 5′ flap in order to access the branch point for cleavage, leading to the idea that FEN must first recognize the 5′ terminus before sliding or “tracking” along the flap to its base for catalysis (Robins et al, 1994, Liu et al, 2004, Balakrishnan et al, 2013). Before co-crystal complexes with DNA were created, it was proposed that the DNA-binding region was in the helical arch due to it being large enough to accommodate ssDNA (Xu et al, 2001). However, as it cannot accommodate dsDNA, this is consistent with the tracking model over the alternative model (Bornarth et al, 1999). Such a model is popular because it allows for protection of the DNA from unspecific nucleolytic attack (Bornarth et al, 1999, Balakrishnan et al, 2013).

1.6.2 Threading model

However, more evidence appears to support the opposing threading model (Figure 1.8B). The idea, conceived by Xu et al (2001), showed that a 30nt flap was cleaved more inefficiently than a shorter tail, reasoning that FEN tracking along a 30nt flap should not be much slower than that of a shorter flap, but may present entropic difficulties for binding in the threading model. Additionally, although many modified flap substrates inhibit cleavage, many also do not, such as the addition of biotin adducts (Murante et al, 1995), or even other various bulky products (Bornarth et al, 1999, Tsutakawa et al, 2011). It was also suggested that the use of certain adducts, such as the aforementioned platinum adducts, can inhibit cleavage because of the requirement for flexibility in the threading model (Xu et al, 2001). In any case, the presence of adducts inhibiting cleavage does not rule out the threading model, as they can still prevent the threading of the DNA through the enzyme (Gloor et al, 2010). Again, supporting this model is the demonstration that a structure missing a 5′ flap undergoes cleavage almost as well as one with, and that when a double flap substrate is cut into its short ssDNA 5′ and double stranded DNA 3′ products, the 3′ product acts as a competitive inhibitor while the 5′ product does not (Finger et al, 2009). Similarly, investigations have shown that FEN is able to bind to the base of a long flap with comparable affinity regardless of whether the 5′ end is blocked with biotin-streptavidin or not (Gloor et al, 2010), pointing towards the enzyme recognizing the flap base initially rather than the 5′ terminus as stipulated by the tracking model (Balakrishnan et al, 2013). The threading model has several advantages over the tracking model. Gloor et al (2010) suggested the requirement for threading works just as well in protecting the genome for long flaps, and additionally it: 1) allows FEN to keep in contact with the replication complex and associated proteins such as PCNA (Sakurai et al, 2005) rather than break free to access the 5′ terminal, and 2) allows FEN to bind its substrate while hairpin or bubble intermediates blocking the flap are resolved, increasing efficiency. While threading has the disadvantage in that association and disassembly of FEN occurs much slower, it appears that the mechanism is not normally required as flaps <5nt do not undergo threading (Gloor et al, 2010, Balakrishnan et al, 2013).

Perhaps the most convincing evidence for the threading model was one obtained recently by AlMalki et al (2016), where they provided the first structural evidence of a DNA substrate threading through the arch of a FEN enzyme. Generating a mutant T5FEN by substituting an active-site aspartate with a lysine to produce a variant which could bind DNA but not carry out any catalytic activity, they performed co-crystallization trials of the T5FEN D153K in complex with a short DNA substrate containing an 8-base pair duplex with single-stranded 4-base overhangs at each 5′ end (5OV4). From these trials, two different crystal structures were obtained at high resolution, showing different interactions of the DNA substrate with the arch. The first revealed the single-stranded 5′ terminus of the DNA just about to enter through FEN, below the helical arch and interacting directly with residues found there. In the second structure, the entire single-stranded overhang of the 5OV4 substrate was observed to thread through the T5FEN arch, allowing close interaction of the DNA backbone with the FEN active-site. It was also observed that the FEN distorted the DNA, and that the single-stranded threaded region formed a “barb” structure. This gave insight into the FEN mechanism, and it was proposed that the helical arch is first disordered to capture its DNA substrate more efficiently, before transitioning into a more ordered helical arch. The DNA then threads through the arch, and forms a barb-like structure through the other side, whose function was proposed to lock the substrate down to promote nucleolytic activity in the active-site (AlMalki et al, 2016).

1.7 A second bacterial fen

1.7.1 Identification of a separate FEN homolog in E. coli

As mentioned, the FEN enzyme forms an integral part of the DNA polymerase I enzyme in bacteria. This is in contrast to FEN homologs in other organisms and viruses, where the FEN exists as an independent protein (Sayers & Eckstein, 1990, Shen et al, 1998, Anstey-Gilbert et al, 2013).

We know presently that the FEN is essential for all organisms. However, in the past, the consensus was different. Experiments carried out in the 1970’s and 1980’s disputed the essential nature of FEN, as it was shown that mutating or deleting the E. coli FEN domain of DNA polymerase I showed that the bacteria could somehow still grow in rich media, albeit at a much slower rate. At least in some organisms, it seemed as though these FEN enzymes were not essential (Konrad & Lehman, 1974, Olivera & Bonhoeff, 1974), and that perhaps the Klenow fragment could compensate the activity of the FEN in its absence (Joyce & Grindley, 1984, Heijneke et al, 1973). 

It was eventually found that the reason underlying these results was because E. coli actually encodes a second homolog of FEN. This was first made aware by the use of bioinformatics techniques, where a homology search using the first 300 amino acids of DNA polymerase I enzymes revealed a previously unidentified ORF overlapping both the fucose operon and the serine deaminase gene in E. coli.  The putative gene was found to be 60% identical in its sequence to polA, with good capacity to encode for a 251 residue-long protein also with high amino acid sequence similarity and shared conserved domains to the DNA polymerase I FEN domain (Sayers, 1994). The gene was originally designated exo (Sayers, 1994), but later renamed to xni (Shafritz et al, 1998).


1.7.2 Reported activities of the xni gene product

At the time xni was found, it was not immediately clear that the gene encoded for a second FEN in E. coli despite the high sequence homology to the DNA polymerase I FEN domain. It was found that the putative ORF could indeed be expressed from a cloning vector system as predicted (Shafritz et al, 1998, Sayers, 1994), and was also concluded to be expressed within E. coli cells (Shafritz et al, 1998). However, some contradicting results came up as to the function of this gene product, termed exonuclease IX or ExoIX. Rather than the expected 5′-3′ nuclease activity, Shafritz et al (1998) found that the purified ExoIX actually appeared to perform the reverse reaction, 3′-5′ exonuclease activity, with much greater effect and with higher enzymatic activity detected for single-stranded DNA compared to double-stranded DNA. Additionally, they also detected a phosphodiesterase activity for the ExoIX, which removed 3′ sugar phosphate groups from AP sites, implicating its role in DNA repair (Shafritz et al, 1998).

The conflicting experimental results reported by Shafritz et al (1998) with the speculated activity of ExoIX based on its strong sequence and structural alignment (especially in its proposed active site) with a FEN probed suspicion and further investigation into its function by Hodskinson et al (2007), this time using a more extensive purification method. While Shafritz et al (1998) were convinced that their purified ExoIX were free from other contaminating E. coli exonucleases due to the observation of single peaks during elution from a gel filtration column. Hodskinson et al (2007) found through careful monitoring by 2D zymograms that the associated 3′-5′ exonuclease activity was due to low levels of ExoIII co-purifying with the ExoIX. Separation of ExoIX from the contaminating ExoIII by additional ion-exchange chromatography removed any traces of the 3′-5′ exonuclease activity. Although it was confirmed that ExoIX was not the 3′-5′ exonuclease suggested by Shafritz et al (1998), there was also no published indication that it possessed any DNase activity, let alone 5′-3′ nuclease activity, but it did appear to interact with DNA binding proteins (Hodskinson et al, 2007).

Hodskinson et al (2007) tried a range of different DNA substrates on the ExoIX but with no reported nuclease activity. Anstey-Gilbert et al (2013) reported that ExoIX did display FEN activity with double flap substrates consistent with conserved active-site residues.

1.7.3 Structure of ExoIX

ExoIX shares 32% identity with the E. coli DNA polymerase I N-terminal domain. High-resolution crystal structure determination revealed structural conservation of ExoIX to other FEN structures, but that it lacks nearly all Cat2 active site side chains found in other FENs (i.e. it only contains one metal-ion binding site in the active-site). Despite this, it still has retained activity. Instead, it was proposed that two metal ion cofactors could be accommodated in Cat1 of the active-site, which could also give rise to an explanation to why T5FEN still retains endonucleolytic activity even after the introduction of a mutation in its Cat2 site. A third metal-ion-binding site was also observed in a helix-turn-helix motif, proposed to bind potassium instead of magnesium, and thought to be important for DNA substrate binding (Angstey-Gilbert et al, 2013), similar to that seen in human FEN1 (Tsutakawa et al, 2011).

1.7.4 Classification of secondary FENs from bacteria

ExoIX represents the first identified bacterial FEN that is distinct from the DNA polymerase 5′ domain, but it is now estimated that 37% of all bacteria also encode a secondary FEN in their genome (Fukushima et al, 2007, Allen et al, 2009). Bacterial organisms can be divided into different groups based on the number and types of FENs they encode. As well as bacteria that encode only the N-terminal DNA polymerase I FEN, and bacteria that encode two FENs, there are also bacterial species that encode just one FEN that is not part of the DNA polymerase I protein (Allen et al, 2009). While not all bacteria encode the 3′-5′ exonuclease or polymerase I domain, all bacteria do contain the 5′-3′ nuclease (Fukushima et al, 2007). 

Phylogenetic analysis further classifies the secondary bacterial FENs into two distinct groups with key differences in their biochemical properties. While polymerase-integrated FENs all contain a cluster of highly conserved carboxylates including a high density of aspartates, ExoIX lacks three of these aspartates, containing only those required to make up the first metal ion-binding site. Similar to ExoIX are the secondary FENs from Salmonella sp. and Vibrio sp., for example. However, other secondary FENs like those of Bacillus subtilis and Staphylococcus aureus contain both metal ion-binding sites, like those described for the polymerase FEN homologs (Allen et al, 2009, Anstey-Gilbert et al, 2013). Mycoplasma spp. comprise a separate set of prokaryotes that contain no N-terminal FEN as part of its DNA polymerase I, but contains a separate FEN domain with two metal ion-binding sites (Allen et al, 2009).

Thus, FENs can be divided into two classes: those separate FENs with only one metal ion-binding site, such as ExoIX, fall into a novel subset of FENs (specified as encoded by xni), whereas all other FENs whether separate or part of the polymerase have been specified as fen (Allen et al, 2009).

Although ExoIX only has one functional site, two Mg2+ ions are observed here, thus still supporting the two-metal-ion hypothesis as the mechanism for how ExoIX works despite a different structure for the active-site (Anstey-Gilbert et al, 2013) (Figure 1.9).

In light of this, it certainly seems that FEN is indispensable for bacterial viability after all, as exemplified by more recent findings, which take both FENs into account. Where bacteria do not have this second homolog, the 5′ domain of DNA polymerase I is essential (Fukushima et al, 2007).
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Figure 1.9: The crystal structure of ExoIX, a secondary bacterial FEN. A close-up of the ExoIX active site reveals metal-ion binding sites. However, in contrast to most previously studied FENs, ExoIX contains only one metal-ion binding site in its active site. There is an empty cavity where the second site normally resides, and here, the usually highly conserved aspartate residues have been replaced by mostly hydrophobic residues. Despite this, two Mg2+ ions (separated by a distance of 2.52 Å) can actually reside within the first site alone, thereby still supporting the two-metal-ion hypothesis. In addition, there is a further site elsewhere in ExoIX which is able to bind a K+ ion, required for binding DNA. Therefore, this site in addition to the first two-metal-ion binding site may have made the second metal-ion binding site functionally redundant (Anstey-Gilbert et al, 2013). Figure by the author created using PyMOL based on Anstey-Gilbert et al (2013) (PDB ID: 3ZD8). 

1.7.5 Where did it come from?

Since phages also have FEN proteins that do not exist as a domain of a DNA polymerase, it is possible that the xni gene arose from a viral product, which integrated into the bacterial genome by chance. This is not unreasonable, given the intimate relationship between phages and bacteria, which provides ample opportunity for such an event to occur. However, phylogenetic analysis of the putative ORF groups it together with the E. coli and other bacterial DNA polymerase I proteins in a clade, separate from FEN proteins of phages (Sayers, 1994). ExoIX and the DNA polymerase I appears to share a common ancestor, suggesting that either 1) ExoIX was a product of a duplication event, diverging from the DNA polymerase I FEN, or 2) DNA polymerase I was a product of the ExoIX and a separate polymerase gene recombining together (Sayers, 1994). Although this does not rule out the possibility of xni being obtained from a phage, it does indicate that this event cannot have happened after the bacterial polA was already in existence.


1.8 The streptococcal FEN as a novel drug target 

1.8.1 Consideration of FEN targets

Streptococcus pneumoniae is a bacterial species that contains only one FEN. As previously discussed, experiments introducing large mutations (by replacing specific regions of the PolA with a cat gene insert that carries a transcriptional terminator, and also acts as a marker to select the mutants) affecting the FEN domain of the streptococcal DNA polymerase I demonstrate that it is crucial for organism viability (Díaz et al, 1992a). The experiments on SpFEN function go further to show that specific point mutations in the conserved carboxylates of the FEN active site abolish the activity of the enzyme (Amblar et al, 2001). Three mutations were introduced to the FEN domain of the full Pol1 protein, at sites D10, E88, and E114. For D10, the aspartate was mutated to 10 different amino acid residues, and the activity compared to the WT. It was found that this resulted in the total abolishment of exonucleolytic activity, with the exception of two mutants, D10G and D10A, where > 98% of exonucleolytic activity was lost. Similarly, the E114G mutation also resulted in the loss of > 98% exonucleolytic activity. Meanwhile, the E88K mutation still possessed 26% of the activity of the WT, indicating it is not essential (Amblar et al, 2001). Aligning the SpFEN and T5FEN sequences, D10 and E114 are both conserved residues that make up site I of the FEN active site (Feng et al, 2004).

The fact that Streptococcus pneumoniae only encodes for one FEN in its genome removes some of the additional complexity in drug design that would have been present had there been two FENs. Staphylococcus aureus is an example of a medically significant bacterial pathogen for which the development of new drugs would be desired. However, in contrast to Streptococcus pneumoniae, Staphylococcus aureus does contain two distinct FENs, both of which will need to be taken into consideration. The secondary FEN (SaFEN) has been structurally modelled, bearing remarkable resemblance to previous FEN structures. In contrast to ExoIX, SaFEN contains carboxylates for both metal-binding sites, probably explaining why its substrate activity is significantly different to that of ExoIX but more similar to those FEN-1 homologs previously characterized (Allen et al, 2009).

1.8.2 New opportunities in structure-based drug design

Because FENs play such a central role in DNA metabolism and are of paramount importance for bacterial survival, they make good potential drug targets. While a putative structure of the S. pneumoniae FEN (Amblar et al, 2001) has been generated, experimental crystal structures have not yet been obtained for the enzyme. More so, such structures also have not yet been obtained for the FEN enzyme from any infectious bacterial species or even any pathogenic organism. As well as characterizing the biochemical properties of the streptococcal FEN further, obtaining a crystal structure could provide insights into the mode of flap binding, which is still under debate. Additionally, a structure can greatly help in designing inhibitory molecules, such as by blocking the access of DNA to recognition, binding, or active sites. For the same reason, the functional significance of each catalytic site and the range of substrates recognized should also be worked out (Allen et al, 2009, Anstey-Gilbert et al, 2013). In addition, the consequences of knocking out either FEN in those bacterial pathogens that contain two distinct FENs should be determined - the existence of two FENs, which can provide functional redundancy, also has implications on antimicrobial design as it means that both will need to be effectively targeted (Robinson et al, 2012).

The rapidly emerging field of fragment- and structure-aided drug design provides new opportunities for tackling antibiotic resistance problems, where novel drug leads can be identified purely based on a target’s structural information. This approach combined with the ever-increasing capability of bioinformatic tools as well as progressively advanced crystallographic methods in recent years makes for a powerful approach with which to discover new antimicrobials. The obtaining of 3D structures for pathogenic bacterial FENs, such as the streptococcal FEN, is particularly important, since they will provide the source of structural data for drug design. Where molecules can be tested for their effects via biochemical assays, the co-crystal complex of the FEN and potential inhibitory compound reveal the site of interaction, possibly even allowing different fragments to be adhered together and modified for maximum efficacy (Anderson, 2003, Murray and Blundell, 2010).

The development of inhibitors has always been difficult for DNA replication targets, perhaps explaining its unpopularity (Robinson et al, 2012). The likely reason for this lies in that DNA replication is a fundamental process for all living organisms, making it hard for antibiotics to be selective without harming the host. A dilemma exists in that while we must target parts of a protein that are different from our own, we also need to target conserved regions (which so often happen to be regions similar to our own) so as to minimise the potential for drug-resistance. However, despite strong structural conservation between the human and bacterial FENs (as with all FENs across organisms), the sequence identity between them is actually rather low, coming to < 20%, giving hope that a selective drug can indeed be developed. Moreover, the significant advances in structural biology allow us to easier compare the similarities and dissimilarities in an enzyme's active (or other) site that can be used to design specific inhibitory compounds (Robinson et al, 2012).

Encouragingly, despite being a ubiquitous enzyme, preliminary experiments have revealed that small molecule inhibitors can be identified which dock at the active site of a putative T5 bacteriophage FEN co-structure, and when tested, specifically inhibit T5 FEN’s function, although no co-crystal has yet been obtained (Zhang, 2012). Additionally, unpublished preliminary experiments also hint that specific fragments against bacterial FENs can be identified in screening, even before the need for optimisation. It gives promising hope for the future regarding the situation of the antibiotic-resistant S. pneumoniae and other pathogenic strains, by exploiting their FEN enzymes as the target of attack.





1.9 Aims of the project

The aims of this project were to:
1) Produce highly purified samples of the WT SpFEN domain as well as 4 site II active-site mutants of SpFEN. This involved firstly, amplifying the WT SpFEN domain from a lab strain of Streptococcus pneumoniae by PCR using specifically designed primers, then cloning the gene into E. coli using a suitable vector. PCR-based site-directed mutagenesis was then applied to the recombinant vector to produce the relevant mutants. All genes were expressed, then purified by applying to a variety of ion-exchange, affinity-exchange, and gel filtration columns.
2) Determine the exonucleolytic and endonucleolytic functions of SpFEN and the generated active-site mutants. Exonucleolytic activities were measured using a previously developed UV-based assay. Endonucleolytic activities were measured using a FRET-based assay and dual fluorescently labelled DNA substrates. Comparisons of the activities were between the WT and the active-site mutants.
3) Determine the crystal structure of the SpFEN protein. Crystal trials of purified SpFEN protein were set up under a large variety of different conditions, both in complex with and without a DNA substrate. Diffraction data collected from crystals were selected for structure solution and refinement.
4) Carry out a preliminary fragment library screen to identify potential inhibitors of SpFEN. The WT SpFEN was screened against the Maybridge Ro3 Fragment Library biochemically using a FRET-based assay, as well as using an in silico screen. Preliminary data from both screens were compared.


Chapter 2: Materials and Methods

2.1 General materials

Chemicals were usually purchased from Sigma Aldrich or Thermo Fisher Scientific unless otherwise stated. Solutions were prepared using Milli-Q® water. Oligonucleotides were custom synthesised by EuroFins.

2.2 Molecular cloning

2.2.1 PCR amplification of streptococcal sequences 

The sequence of the full-length DNA polymerase I gene from Streptococcus pneumoniae was obtained from the NCBI GenBank database (NCBI, 2017). Since the length of the FEN domain is unknown, it was predicted based on the length of a previously characterized FEN, from Haemophilus influenzae (Thomson, 1996) (Table 2.1). 

Table 2.1: Accession numbers for the full-length DNA Pol1 and FEN domain from S. pneumoniae (NCBI, 2017).

Gene		Length (bp)		Accession number
DNA Pol1	2789			J04479.1	
FEN		891			J04479.1

2.2.2 PCR amplification of the streptococcal FEN sequence

A set of forward and reverse primers was designed to amplify the 891 bp FEN sequence of the PolA gene based on its predicted length (Table 2.2). The forward primer was designed to contain the unique restriction site, EcoRI, and a purine-rich ribosomal binding site to help maximise the efficiency of expression in Escherichia coli later. The reverse primers were designed to contain a different unique restriction site, PstI, and two consecutive stop codons for efficient termination of translation.

Primers were used to amplify streptococcal sequences from genomic DNA (boiled cell lysates of a lab strain of S. pneumoniae were obtained from Dr. Helen Marriott, University of Sheffield) by PCR under optimised conditions. Reactions were made to a total volume of 25 µL using a commercially available DNA polymerase.

PCR amplification products were purified either by using the standard protocol provided by the QIAquick PCR Purification Kit (QIAGEN, Cat No. 28106), or by gel extraction using the QIAquick Gel Extraction Kit (QIAGEN, Cat No. 28704).


Table 2.2: Designed primers (5′ to 3′) for amplifying the Streptococcus pneumoniae full-length and FEN sequence of PolA via PCR. F=Forward; R= Reverse. Bold represents the start and end of the predicted FEN sequence; red represents the unique restriction sites EcoRI (F) and PstI (R); Blue represents the AG-rich ribosomal binding site; Underlined represents the 2 stop codons.

Gene			F/R		Sequence

Streptococcus pneumoniae
PolA FEN domain	F		TATTGAATTCTGTTGAGGACTTAATTAAATA
ATGGATAAGAAAAAATTATTATTGATTGA
TGGG

			R		ATTCTGCAGCTATTACACATCAGCTGACGAC
ATATTTAAA 

Full-length PolA	F		TATTGAATTCTGTTGAGGACTTAATTAAATA
ATGGATAAGAAAAAATTATTATTGATTGA
TGGG

			R		AATTCTGCAGCTATTATTATTTAGCCTCGTAC
CAGGTTGC


2.2.3 Plasmid preparations

Escherichia coli stock cell lines containing either the pTTQ1852 (a pTTQ18 derivative) (Stark, 1987) or pJONEX4 (Sayers & Eckstein, 1990) expression vector were initially obtained from Prof. Jon Sayers, University of Sheffield. E. coli XL1-blue : pTTQ1852 cells were streaked from the stock cells onto an LB agar plate (1% (w/v) tryptone, 0.5% (w/v) yeast extract, 0.5% (w/v) NaCl, 1.5% (w/v) bacteriological agar) containing 0.1 mg.mL-1 ampicillin, 0.01 mg.mL-1 tetracycline, and 0.3% (w/v) glucose. The plate was incubated overnight at 37°C. Single colonies were picked and used to inoculate 10 mL liquid media (LB) supplemented with glucose and antibiotics (1% (w/v) tryptone, 0.5% (w/v) yeast extract, 0.5% (w/v) NaCl, 0.1 mg.mL-1 ampicillin, 0.01 mg.mL-1 tetracycline, 0.3% (w/v) glucose) at 37°C overnight with vigorous shaking. 

E. coli M72:pJONEX4 cells streaked from the stock cells onto an LB plate containing 0.1 mg.mL-1 ampicillin. 0.1 mM IPTG was also added to the plate to achieve a tighter level of control on expression. The plate was incubated overnight at 37°C. Single colonies were picked and used to inoculate 10 mL liquid media (LB) supplemented with IPTG (unless otherwise stated) and antibiotics (1% (w/v) tryptone, 0.5% (w/v) yeast extract, 0.5% (w/v) NaCl, 0.1 mg mL-1 ampicillin, 0.1 mM IPTG) at 30°C with vigorous shaking. 

Overnight cultures were spun down to obtain the cell pellets, from which the plasmid vectors were extracted. The pTTQ1852 or pJONEX4 plasmids were isolated from their cells using the mini-preparation by alkaline lysis method with SDS (Sambrook & Russell, 2006) or using the GenEluteTM Plasmid Miniprep Kit (Sigma-Aldrich, Cat No. PLN350).

2.2.4 Restriction digest

Restriction digests of the PCR-amplified inserts and the plasmid vectors using the two terminal restriction enzymes were optimised and performed typically over a 4 hr incubation period at 37°C. The restriction digest reaction for the insert was made up to a total volume of 60 µL (30 µL 50-500 ng.µL-1 DNA, 6 µL compatible enzyme buffer, 4 µL of each restriction enzyme at around 10 U.µL-1, 16 µL H2O), and incubated at 37°C for 4 hrs. The reaction for the plasmid vector was carried out with each restriction enzyme (Promega) separately in 40 µL reactions (20 µL 50 ng.µL-1 DNA, 4 µL compatible enzyme buffer, 2 µL of restriction enzyme at approximately 10 U.µL-1, 14 µL H2O) for 2 hrs. Samples of 35 µL from each of these reactions were combined to make a total volume of 70 µL and further supplemented with an additional 2 µL of each restriction enzyme. The reaction was incubated at 37°C for a further 2 hrs. The double-digested DNA products were extracted from a gel using the QIAquick Gel Extraction Kit (QIAGEN, Cat No. 28704) for sequencing and cloning work.

2.2.5 Ligation

Double-digested inserts and vectors were ligated together using T4 DNA ligase, typically using a 3:1 insert to vector ratio (DNA at variable concentrations, 1 µL 3 U.µL-1 T4 DNA ligase, 2 µL ligase buffer) made up with water to a 15 µL reaction. The ligation reaction was incubated overnight on ice and an additional 1 hr at room temperature. Enzymes were inactivated by incubation at 70°C for 20 minutes following the reaction. Negative controls without the addition of ligase were also carried out for comparison to estimate the number of colonies required for later screening.

2.2.6 Transformation

The ligated plasmids, pTTQ1852 and pJONEX4 with the desired insert were transformed into a suitable host cell line, E. coli XL1-blue and E. coli M72, respectively. Generally, 5 µL (around 100 ng DNA) of the ligation reaction is transformed into 100 µL of competent cells, and incubated on ice for 1 hr. After incubation, the cells were pelleted by gentle centrifugation at 600 x g for 5 minutes, and then re-suspended in 50 µL of LB. This was spread onto LB agar plates containing the corresponding supplements and antibiotics for overnight incubation (37°C for XL1-blue cells; 30°C for M72 cells).

2.2.7 Colony screening

Colonies were counted after overnight incubation of the transformed cells. Colonies were then selected from the plates to screen for the presence of an insert. The plasmids from these colonies were purified (Section 2.2.3), double digested (Section 2.2.4), and analysed on an agarose gel (Section 2.5.1) using the methods described. Colony plasmids carrying a DNA fragment at the expected size of the insert were sequenced at the Core Genomic Facility, University of Sheffield using an ABI machine and the modified Sanger dideoxy sequencing method to ensure they contained the correct sequence.

2.2.8 Sub-cloning

To transfer an insert gene from one plasmid to another, both the donor plasmid and the recipient plasmid were isolated from their cells using the mini-preparation method as described (Section 2.2.3) Both plasmids were then digested with the appropriate restriction enzymes, and the insert ligated to the recipient plasmid and transformed into the respective host cell line.

2.3 Generation of SpFEN mutants by site-directed mutagenesis

2.3.1 Primer design

Primers were designed to generate 4 active site mutants of S. pneumoniae FEN (SpFEN) using a PCR-based site-directed mutagenesis approach, similar to a method described by Hemsley et al (1989) and NEB (2017) where back-to-back primers were used to amplify whole plasmids. 

Conserved aspartates of site II of the SpFEN active site were identified in the protein sequence (Accession number: AAA26954.1) through BLAST alignment with the T5FEN sequence (Accession number: YP_006958.1). The primers were then designed based on the SpFEN DNA sequence (Accession number: J04479.1) (Table 2.3).

Table 2.3: Designed primers (5′ to 3′) for generating active-site aspartate (D) to lysine (K) mutants in SpFEN via site-directed mutagenesis. F=Forward; R= Reverse. They were modelled on the sequence from NCBI accession number: J04479.1.

Mutant	F/R	Sequence					

D139K	F	TGTCAGTGGGAAAAAGGATTTGATTC
		R	ATGGTAATATCAAAACCATCC

D141K	F	TGGGGACAAGAAATTGATTCAGC
		R	CTGACAATGGTAATATCAAAAC

D190K	F	GCTCATGGGTAAAAAGTCGGATAATATC
		R	GCCTTGAGATCGATAAAC

D193K	F	TGATAAGTCGAAAAATATCCCTGGGGTG
		R	CCCATGAGCGCCTTGAGA
2.3.2 PCR-based site-directed mutagenesis

Plasmid containing the wildtype SpFEN gene was used as the template for PCR, and reactions were made to a total of 12.5 µL using a high-fidelity DNA polymerase. PCR products were purified using the QIAquick PCR Purification Kit (QIAGEN).

The purified PCR product was first treated with DPN1 enzyme (5 U per 5 µL ≤500 ng.µL-1 DNA) at 37°C for 1 hr to remove methylated template DNA. Since the PCR product is linear, a ligation reaction was done to circularise the plasmid. For 5 µL ≤500 ng.µL-1 DNA the ligation reagents of 1.5 U T4 DNA ligase, 5 U T4 polynucleotide kinase, 1.5 µL ligase buffer, and 0.25 µL 10 mM ATP were added to the reaction. The final volume was made up to 8.25 µL with H2O, and the reaction left at room temperature for at least 45 minutes. All enzymes were then inactivated by incubation at 70°C for 10 minutes.

Ten µL of the final reaction was transformed into 200 µL of competent cells, and incubated on ice for 1 hr. The cells were then spread onto LB agar plates containing the corresponding supplements and antibiotics, and incubated overnight at the appropriate temperature. Colonies were screened and sequenced as described previously (Section 2.2.7). 

2.4 Overexpression and purification of nuclease protein

2.4.1 Overexpression of the nuclease protein

Expression of nuclease protein depended on which plasmid the gene was inserted into. For inserts in the pTTQ1852 plasmid, the plasmid was isolated and transformed into a range of different E. coli cells (HW110, BL21, SURE, ER2566). 

Cells were initially grown in 5mL liquid cultures (LB / 100 µg.mL-1 ampicillin / 10 µg.mL-1 tetracycline / 0.3% (w/v) glucose) and incubated overnight at 37°C with vigorous shaking. 1 mL of the overnight culture was used to inoculate 10 mL 4YT media (2% (w/v) tryptone, 1% (w/v) yeast extract, 0.5% (w/v) NaCl) supplemented with 100 µg.mL-1 ampicillin and 0.3% (w/v) glucose (Culture A). Another 1 mL of overnight culture was added to 10 mL 4YT media supplemented with 20 µL 1M MgSO4 and 200 µL 5052 autoinduction supplement (25% (v/v) glycerol, 2.5% (w/v) glucose, 10% (w/v) lactose) (Culture B). Both cultures are incubated at 37°C with vigorous shaking. When the A600nm of Culture A reached around 0.8-1.0, 1 mM IPTG was added to this culture to induce expression. Both cultures were then incubated overnight at 37°C. Samples (1 mL) were taken before induction and after overnight incubation for analysis by SDS-PAGE and zymograms.

For inserts in the pJONEX4 plasmid, the M72 cells containing the plasmid were grown in 5 mL liquid cultures (LB / 100 µg.mL-1 ampicillin / 0.1 mM IPTG) and incubated overnight at 30°C with vigorous shaking. A 1 mL sample of the overnight culture was used to inoculate 10 mL 4YT media, and re-incubated at 30°C. When the A600 reached around 2.0, the temperature was increased to 42°C for several hours for heat-shock induction, then reduced to 30°C for overnight incubation. Samples were collected before induction, after induction was completed, and after overnight incubation for analysis.

2.4.2 Large-scale expression of protein

After optimization of protein expression level at a small-scale level, the protein was expressed at a larger scale in a 4L culture using a fermentor. Carbenicillin at 100 µg.mL-1 was used to replace ampicillin as it is a more stable antibiotic. Cells were harvested by centrifuging at 22000 x g for 30 minutes, and stored at -80°C.

2.4.3 Protein extraction

The cell paste obtained after cell harvest (Section 2.4.1) was resuspended in 5 mL.g-1 of lysis buffer (25 mM Tris-base, 1 mM EDTA, 5% glycerol, 200 mM NaCl. 10 µL.mL-1 lysozyme (10 mg.mL-1) was added to the resuspended cells and the mixture was stirred at room temperature for 1 hr. 10 µL.mL-1 of sodium deoxycholate (25 mg.mL-1) and 1 µL.mL-1 of PMSF (25 mg.mL-1 dissolved in ethanol) was added, and the mixture incubated on ice for 30 minutes. 

The suspension was then sonicated (3 cycles of 10 second intermissions after each 10 seconds of sonication), to reduce viscosity, and the debris pelleted by centrifugation at 43,600 x g for 30 minutes at 4°C. 

2.4.4 PEI precipitation

The supernatant was carried forward for DNA precipitation using the minimum amount of polyethylenimine (PEI, pH 8, determined by pilot titrations, with prior addition of ammonium sulphate to 500 mM), and left on a mixer for 30 minutes before centrifugation at 43,600 x g for 30 minutes at 4°C. The supernatant was then transferred to a new tube.

2.4.5 Ammonium sulphate precipitation

Ammonium sulphate was added to the supernatant (final concentration 3 M), gently mixed until dissolved, and centrifuged at 43,600 x g for 30 minutes at 4°C. The pellet was dissolved in KP7/0 buffer (20 mM KPO4-, pH 7 [61 mL 0.2 M K2HPO4 and 39 mL 0.2 M KH2PO4 in a 1 L volume], 1 mM DTT, 1 mM EDTA, 5% (v/v) glycerol) and dialysed overnight in the same buffer to remove the ammonium sulphate.

2.4.6 Ion-exchange chromatography

Purification of nuclease proteins was done using a range of ion-exchange and affinity chromatography columns. Buffers and buffer pHs were modified depending on the protein or column used during purification. The flow rate was typically set at approximately 1 mL.min-1.

Columns were first equilibrated using 10 column volumes of low salt buffer. The protein sample was loaded into the column, and the flow-through collected. A column wash was done with 10 column volumes of low salt buffer. Bound protein was then eluted using 20 column volumes of high NaCl salt buffer (SP column) or a gradient of low to high NaCl salt buffer (e.g. Heparin and Blue columns). Fractions of 1 column volume were collected during these elutions. Samples collected from the load, flow-through, wash, and elution stages were analysed on SDS-PAGE gels to detect the presence of the overexpressed protein.

2.4.7 Size exclusion chromatography

Gel filtration was performed using the 1.5x60 cm HiLoad Superdex200 column (GE Healthcare) equilibrated with salt buffer (0.5 M NaCl, 50 mM Tris pH 8). Gel filtration was performed on the AKTA purifier machine at a flow rate of 1.5 mL.min-1.  Fractions of 2 mL were collected and analysed by SDS-PAGE gel.

2.4.8 Protein storage

Purified proteins were concentrated and exchanged into a low salt buffer, and stored at 4°C for up to a week. For longer-term storage, purified proteins were mixed with 50% (v/v) glycerol, and stored at -20°C.

2.5 Gel electrophoresis techniques

2.5.1 Agarose gel electrophoresis

Agarose gels at 1.5% (w/v) in 1x TAE buffer (40 mM Tris-base, 20 mM acetic acid, 1 mM EDTA pH 8.0) run at 7 V/cm were used to separate and analyse DNA fragments, and visualized using ethidium bromide (0.5 µg.mL-1 in the running buffer/gel) under UV light. A 3 µL volume of sample was loaded onto each lane unless otherwise stated. The marker used to determine the molecular weight of DNA fragments was the 1 kb DNA ladder (New England BioLabs, Cat No. N3232S) unless otherwise stated. 

2.5.2 SDS-PAGE 

Polyacrylamide gel electrophoresis (PAGE) was used to analyse protein samples on 10% SDS-PAGE gels. Resolving gel: 4.5 mL H2O, 2 mL pH 8.3 resolving buffer [500 mM Tris-base, 500 mM Bicine], 3.3 mL 30% (w/v) acrylamide, 100 µL 10% (w/v) SDS, 50 µL (w/v) ammonium persulfate (APS), 16 µL tetramethylethylenediamine (TEMED); Stacking gel: 1 mL H2O, 1.5 mL 2x pH6.9 stacking buffer [250 mM Tris-base], 0.5 mL 30% (w/v) acrylamide, 30 µL 10% (w/v) sodium dodecyl sulphate (SDS), 20 µL (w/v) APS, 10 µL TEMED) gel electrophoresis was used to analyse protein samples. Gels were run in SDS-PAGE running buffer (100 mM Tris-base, 100 mM Bicine, 2 mM EDTA, 0.1% (w/v) SDS, pH 8.3) at 35 mA. To visualize protein bands, gels were stained (2 mg.mL-1 Coomassie Brilliant Blue, 40% (v/v) methanol, 10% (v/v) acetic acid) and then destained (40% (v/v) methanol, 10% (v,v) acetic acid. A 5 µL volume of sample was loaded onto each lane unless otherwise stated. The marker used was the Precision Plus ProteinTM Unstained Standard 10-250 kDa (Bio-Rad, Cat No. 1610363) unless otherwise stated.

2.5.3 Zymograms

Zymograms were made in the same way as SDS-PAGE gels but 400 µL of H2O was replaced with the same volume of high molecular weight DNA (Sigma type XIV DNA [2 mg.mL-1]) in the resolving gel. To allow detection of nuclease activity, gels were washed 3 times in TBG buffer (100 mM Tris-base, 100 mM Bicine, 10% (v/v) glycerol) for 15 minutes each, and then incubated in reaction buffer (100 mM Tris-base, 100 mM Bicine, 10% (v/v) glycerol, 50 mM NaCl, 10 mM MgCl2, 100 mM KCl, 1 mM DTT) typically for 30 minutes. This was followed by a 15 minute wash in TBG buffer, then another 15 minutes in 20 mL of TBG buffer with 10 µL of 10 mg.ml-1 ethidium bromide. Gels were visualized using a UV transilluminator.

2.6 Confirmation of the identity of purified proteins

2.6.1 Mass spectrometry

The identity of purified proteins were confirmed by mass spectrometry, performed through the Mass Spectrometry Service at the University of Sheffield. The results were analysed by comparing the MW of the major peak in the mass spectrometry data to the MW of the target protein.

2.6.2 N-terminal sequencing

Electroblotting of the protein sample was performed according to the protocol described by Yuen et al (1990). 10 µL of the protein sample was loaded and run into an SDS-PAGE gel. The gel was the soaked in 100 mL of electroblotting buffer (10 mM CAPS, 10% (v/v) methanol) for 5 minutes. The ProBlottTM membrane was soaked in 100% methanol for a few seconds, and transferred into the electroblotting buffer. Sponges and filter paper are also prepared by soaking in the same buffer. The transblotting sandwich is then assembled using in order, a sponge, filter paper, 2 sheets of the ProBlottTM membrane, the SDS-PAGE gel, filter paper, sponge, from the anode side. This sandwich is then inserted into the transblot cell with 1 L of the electroblotting buffer. The electroblot is run at 50 V at room temperature for 30 minutes. The ProBlottTM membrane is then removed and rinsed with deionized water, then soaked in 100% methanol for a few seconds. The ProBlottTM membrane is then stained with 0.1% Coomassie Blue R-250 in 1% acetic acid and 40% methanol, under orbital shaking. After 1 minute, the ProBlottTM membrane is destained in 50% methanol, then rinsed with deionized water (Yuen et al, 1990). 

The target bands are then excised and N-terminal sequencing was performed by Dr Arthur Moir (University of Sheffield) to confirm the identity of the purified WT SpFEN.



2.7 Quantification of purified protein

2.7.1 Bradford assay

The concentration of the purified nucleases was quantified (Bradford, 1976) using the Bio-Rad Bradford Protein Assay kit. For quick estimation of protein concentration and quantity during the purification process, 1-10 µL of the protein sample was placed into a plastic cuvette, and 0.8 mL of milliQ water and 0.2 mL of the Bio-Rad Dye reagent was added. The cuvette was then inverted several times to mix the reagents, and then placed into the spectrophotometer to take the 595 nm reading. Readings should be somewhere between 0.1-0.7 to obtain a more accurate measurement of protein concentration. The concentration of the protein in mg.mL-1 was calculated as follows: (A595 x 15)/Volume of protein (µL).

After the final purification of the protein, its concentration and quantity was determined using a more extensive version of the Bradford assay. Protein standards were generated from a series of diluted bovine serum albumin (BSA) from 0-10 µg.mL-1. Absorbance at 595 nm was measured following the addition of Bradford reagent to the standards.  The A595 of the nuclease sample was then determined and fitted onto the BSA standard curve to estimate its concentration.

2.8 Kinetic characterisation of nucleases

2.8.1 UV nuclease assay

A UV nuclease assay (Sayers & Eckstein, 1990) was used to measure for SpFEN exonuclease activity. 200 µL 2  mg.mL-1 Sigma type XIV DNA in 50 mM pH8 Tris-base, 120 µL 250 mM buffer at the optimized pH, 60 µL 100 mM MgCl2, 60 µL 1M KCl, 6 µL 100 mM DTT, and 154 µL H2O was mixed to a total volume of 600 µL, and incubated at 37°C for 10 minutes. 1-4µg of the nuclease protein was added to the reaction and incubated at 37°C. 100 µL samples were collected at 3, 6, 12, 24, and 60 minutes, and immediately added to 100 µL 6% (v/v) perchloric acid, and incubated on ice for 10 minutes. Samples were centrifuged for 5 minutes at around 11,300 x g. The absorbance at 260nm of 150 µL of the supernatant diluted in 850 µL of water was then measured. 

The A260 was plotted against time to obtain the initial rate of reaction, and the enzyme activity determined. Plots were generated using the R statistical and graphics software (R Development Core Team, 2014).

2.8.2 FRET assay

A FRET assay was used to measure the endonuclease activity of SpFEN. A stock of 5x FRET assay buffer was made up using 125 mM of the appropriate buffer at a certain pH, 5 mM EDTA, and 500 mM NaCl. This was then used to make freshly prepared 1x FRET assay buffer by mixing 2 mL of the 5x FRET assay buffer, 200 µL 100 mM DTT, 1 mL 1 M KCl, 100 µL 10 mg.mL-1 BSA, and 6.7 mL water.

The SpFEN enzyme was diluted in the 1x assay buffer to the optimized concentration for the assay. Dual-labelled fluorescent DNA substrate (Table 2.4, Figure 2.1) was also prepared by diluting in the 1x assay buffer to a final concentration of 1 µM after self-annealing at 95°C for 5 minutes and cooling to room temperature. OHP2 anneals to itself to form a hairpin structure with a 5′ overhang. Flap and Invader substrates were prepared by annealing to the 5′ CY3, 3′ FLU oligonucleotide, to form a duplex substrate with a labeled 5′ arm. The Invader has an additional 1 nt 3′ overhang to form a double flap structure, compared to the Flap substrate. 

Table 2.4: Fluorescently labelled DNA substrates for FRET assay. Red regions show internal complementary regions within sequences that self-anneal. Blue sequences show complementary regions that anneal together between the Flap or Invader sequence with the 5′CY3, 3′ FLU sequence. FAM = fluorescein in the OHP2 substrate.

Substrate		Sequence

OHP2			5′-CY3-CTCTGTCGAACACACGC-FAM-TGCGTGTGTTC-3′
Flap			5′-ACTCAGCGAGACAGCGCCGGAACACACGCTGCGTGTGTTCCGG-3′
Invader		5′-ACTCAGCGAGACAGCGCCGGAACACACGCTGCGTGTGTTCCGGT-3′
5′ CY3, 3′ FLU		5′-CY3-TTTTCGCTGTCTCGCTGAGT-FLU-3′
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Figure 2.1: Structures of DNA substrates used for FRET assay (corresponding to Table 2.4). Red lines represent internal complementary sequences that anneal to each other within OHP2, Flap, and Invader substrates. Blue lines represent complementary sequences between the 5′ CY3, 3′ FLU sequence and the Flap or Invader substrates to generate the dually labeled substrated.


Each reaction for the FRET assay is made up to 150 µL. 1x FRET assay buffer, the DNA substrate, and the SpFEN enzyme are all mixed together in a black Eppendorf tube at varying concentrations and incubated in a 37°C water bath for at least 5 minutes. 1.5 µL of 1 M MgCl2 (10 mM final concentration) is then added to the reaction, mixed, and placed immediately in the Hitachi F-2500 FL spectrofluorometer for reading. Data was collected at 496 nm excitation / 519 nm emission. The slit width was set at 10 nm / 10 nm, and the PMT volt set at 400 or 700 V depending on the amount of fluorescent substrate used.

2.8.3 Statistical analysis

Single-sample t-tests were performed to test for statistical significance between WT FEN activity and the negative control, and between FEN mutant activities and the negative control. These were performed with a one-tail analysis, to measure whether activities of the WT or mutant FENs were greater than the control. A significance value of P<0.05 was used.

2.9 X-ray Crystallography

2.9.1 Crystal trials

To set up crystal trials, purified proteins were exchanged into a pH 8 TRIS buffer using a mini Vivaspin column (1 mL, 10 kDa) to remove salt, glycerol, and other components from the purification process. In the same process, the protein was concentrated down to various concentrations appropriate for protein crystallization (i.e. from around 10-40 mg.mL-1).

Crystal trials were set up either with the protein on its own, or in the presence of a DNA substrate. DNA substrates used in various trials included the 5OV4 substrate, the 5OV4 with a 5′ phosphate (5OV4P), and the 3OV6 substrate (Table 2.5). 

Table 2.5: DNA substrates (5′ to 3′) for use in co-crystal trials with SpFEN.

Substrate 	Sequence

5OV4		5′-AAAAGCGTACGC-3′
5OV4P 	5′-P-AAAAGCGTACGC-3′
3OV6		5′-GATCTATATGCCATCGG-3′

DNA substrates were annealed together by heating to 95°C for 10 minutes, and cooling to room temperature. Stock concentrations were made to 1 mM. The DNA was then mixed with the purified protein, either in a 1:1 or a 2:1 ratio of protein to DNA.

For some screens, 0.1 M MgCl2 and 0.1 M KCl were also added to the protein or protein:DNA mixture before setting up the crystal trial.

Crystallization screens provided were JCSG-plus, Morpheus, Classic, PEG, MPD, PACT, and Ammonium sulphate (various screens from Qiagen, Molecular Dimensions, Nextal). Depending on the amount of purified protein available, the protein was screened against a variety of these screens. Crystal trials were set up in 96-well crystallization plates (used for the sitting drop technique) using the Matrix Hydra II PlusOne crystallization robot. 50 μL of each condition from the screen is transferred to the reservoir in the 96-well plate. 200 nL of the protein or protein:DNA mixture was then mixed with 200 nL of each condition in the screens, and transferred to a protein well beside the reservoir. The plates were then centrifuged for 2 minutes at around 3000 x g, then sealed and left at a stable temperature (around 15°C). Plates were checked for crystals after 1 day, up to several months.

2.9.2 Optimization of crystal trials

From the initial crystal trials, various conditions were selected for optimization, either to try and produce crystals from a condition that showed phase separation, or to try and produce larger and better quality crystals from those conditions where crystals were observed in the initial screen.

Optimization trials involved using the hanging drop method in 24-well plates. Circular coverslips were first siliconized by placing them in a vacuum alongside a beaker containing dimethyldichlorosilane solution for 30 minutes. The siliconized coverslips are then blasted with air to get rid of any particles and dust, then polished by wiping with a lint-free cloth.

The different components of the selected conditions were then noted and different parameters were tweaked, such as the pH or concentrations of precipitants so that each 24-well plate would cover a range of conditions based around modification of the original condition. Alternatively, precipitants were also removed to compare the difference.

For each condition, 0.5 mL was transferred into each well of the 24-well plate. 1 μL of the protein or protein:DNA mixture was mixed with 1 μL of the condition in the well, on top of a polished, siliconized coverslip. The coverslip is then turned upside down and placed over the well, sealed using oil. 

Additional precipitants were also added in some cases, such as a high concentration (0.1/0.2 M) MgCl2 and KCl, as these are known metal ion cofactors of the FEN protein, and therefore might help in DNA binding and stabilising the structure for crystal formation. These were added to the protein:DNA sample, and then mixed with the solution in a 1:1 ratio (1 μL droplet of each mixed together). Plates with or without these additional metal ions were compared.

Plates were left at a constant temperature as with the initial crystal trials, and checked periodically for the presence of crystals.


2.9.3 Data collection

Cryo-solutions were made according to the concentrations found in the original condition, but with an additional cryo-protectant added depending on the condition. 

Crystals were looped using polyimide resin litholoops according to size, dipped in the appropriate cryo-solution for 5 seconds, then flash frozen and stored in liquid nitrogen. For those conditions with high salt concentrations, parathone oil was used as a cryoprotectant instead of a cryo-solution.

Diffraction data for the crystals were collected at various beamlines at the Diamond Light Source, UK. Crystals were initially tested by collecting 5 images in a 180o angle to analyse whether it is protein, and also to analyse its resolution. For those crystals with good diffraction, a further >1000 images were collected in a 360° angle for structure determination.

Diffraction data was autoprocessed in Diamond’s ISpyB, determining the resolution and space group for each crystal, as well as other statistical parameters (e.g. completeness, I over sigma, multiplicity) for the data. These parameters are compared between crystals to select the most suitable dataset for structure determination.

2.9.4 Structure determination

Protein structures were determined by molecular replacement using the Phaser_MR program using previously solved FEN structures. Structures were built in Coot, and refined using Refmac5. Validation was performed in Coot, and also using the Molprobity server.

DNA was manually built in Coot for co-crystal structures. Water, metal ions, and other solvent molecules were also manually inserted in Coot, and subsequently refined via Refmac5.

2.10 Fragment library screening

2.10.1 Nuclease inhibition screen
One thousand “fragments” (small molecule with MW ≤ 300 Da) from the Maybridge Ro3 library were tested against the WT SpFEN enzyme for inhibition using a 96-well FRET end-point assay.
To test a fragment for inhibition, a reaction was made up containing 45 μL of the reaction buffer (25 mM HEPES pH 7, 0.5 mM EDTA, 100 mM NaCl, 10 mM MgCl, 100 mM KCl, 2 mM DTT, 0.1 mg.mL-1 acetylated BSA), 25 μL of the SpFEN enzyme at the optimized concentration, 3 μL of 20% DMSO, and 2 μL of each fragment molecule (at a stock concentration of 100 mM). This reaction was mixed and incubated at room temperature for 10 minutes, after which 25 μL of the Invader DNA substrate (at a concentration of 0.8 μM) was added to the reaction. The final reaction contains the fragment at 2 mM, 5% DMSO, and the DNA substrate at 0.2 μM. 

For each 96-well plate, 16 wells were set aside for 8 negative controls and 8 positive controls, which were run alongside the fragment tests (80 fragments per plate). For the negative control, no SpFEN was added to the reaction. Instead, the reaction contained just 50 μL of reaction buffer and 25 μL of 20% DMSO, followed by 25 μL of the Invader DNA substrate after 10 minutes incubation at room temperature. For the positive control, all conditions were kept the same as the negative control except 25 μL of the reaction buffer was replaced with 25 μL of the SpFEN enzyme at the optimized concentration.

These final reactions for the fragment tests and the controls were mixed and immediately placed into the VarioSkan Flash instrument for measurement using the following protocol: Shake for 20 seconds, pause for 10 seconds, read the 495 nm absorbance / 520 nm emission using a 12 nm slit and at 100 ms/well, repeat the read 40 times every 30 seconds for a total of 20 minutes. 

For each plate, the fragment tests were compared to the positive controls, and the inhibition of the SpFEN enzyme was calculated for each fragment.

2.10.2 In silico screen

The 1000 fragments from the Maybridge Ro3 library were also tested against the WT SpFEN structure using an in silico screen. AutoDock Vina was used to virtually screen each fragment and predict where they might dock onto the SpFEN enzyme (Figure 2.2).
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Figure 2.2: Flow diagram of the Maybridge Fragment library screening strategy. Firstly, the library was screened against the purified WT SpFEN using a FRET-based biochemical HTS to identify potential inhibitors of SpFEN nuclease activity. Secondly, using the solved X-ray structure of SpFEN, in silico docking of the fragment library was also performed. Data from both methods were compared with each other to identify possible fragments with high inhibition and low binding energy of the fragment to the SpFEN structure.
Chapter 3: Results - Cloning, Expression, and Purification of the Streptococcus pneumoniae FEN and active-site mutants

3.1 Introduction

3.1.1 Using general molecular biology methods for understanding SpFEN

In this chapter, the cloning, expression, and purification processes are described for the Streptococcus pneumoniae WT FEN as well as 4 active-site mutants generated by site-directed mutagenesis. 

FENs have been generally well characterized in the literature. This is especially true for one FEN in particular, the FEN of T5 bacteriophage, where its biochemical and structural properties have been well characterized. However, there remain some issues in contention with regards to the functional mechanism of FENs, and the question still remains open as to whether bacterial FENs use the same mechanism of action in DNA binding and catalysis compared to the T5FEN. In particular, characterization of FEN enzymes from bacterial pathogenic organisms has not achieved quite the same level of attention so far. In studying the streptococcal FEN biochemically and structurally, it can serve as a model for which to study other bacterial and pathogenic FENs, and also to compare to the T5 FEN.

This chapter serves as the starting point, using general molecular biology methods to create the “ingredients” necessary for which to carry out the experiments to successfully characterise the streptococcal FEN. Generation of purified WT Streptococcus pneumoniae FEN (SpFEN) and its active-site mutants was done in order to be able to perform downstream functional and structural studies via biochemical experiments and X-ray crystallography. 

The 4 active-site mutations target the conserved aspartates of site II of the SpFEN active site, where in T5FEN, the corresponding residues coordinate a second metal cation binding site (Feng et al, 2004). In T5FEN, it was found that site II appears to be required for exonucleolytic activity of the enzyme, but mutation of some conserved site II aspartates retained endonucleolytic activity (Feng et al, 2004). Generation of site II active-site mutants in SpFEN will help reveal whether they are important for catalytic function of the enzyme, and whether they play the same roles in exonucleolytic and endonucleolytic activity as the T5FEN. Additionally, these mutants can also serve an important role in the structural experiments, permitting DNA to bind and interact with the SpFEN but preventing catalysis, thus allowing protein:DNA co-crystal structures to be determined.

3.1.2 Aims

The aim of this section was to firstly, clone the WT SpFEN into E. coli for expression and purification to a reasonable yield of protein, and secondly to generate 4 site II active-site mutants of the SpFEN by PCR site-directed mutagenesis, converting the conserved aspartates to lysine residues, followed by expression and purification.

3.2 Amplification of the FEN sequence from Streptococcus pneumoniae 

3.2.1 Determining the FEN region of the DNA polymerase I gene

The S. pneumoniae DNA polymerase I (SpPol1) is an 877-residue long protein, encoded by the PolA gene. The gene itself is 2634 bp in length, and encodes for both the Klenow fragment and the FEN domain of SpPol1. The 5′ region of the PolA gene encodes the N-terminal FEN domain, although the exact length of this sequence is uncertain. 

The sequence of PolA from Streptococcus pneumoniae was obtained from NCBI GenBank. To estimate the full length of the streptococcal FEN domain (SpFEN), a sequence alignment was performed on Clustal Omega against the sequence of the Haemophilus influenzae FEN domain (Figure 3.1), a FEN that has already been structurally characterized (Thomson, 1996). From the alignment, the protein sequence of the SpFEN was predicted to be 297 amino acids long, encoded by 891 bp of the 5′ end of the PolA gene. 

Sp ---MDKKKLLLIDGSSVAFRAFFALYQQLDRFKNAAGLHTNAIYGFQLMLSHLLERVEPS
Hi  MPIAPNPLVLVDGSSYLYRAFHA----FPPLTNSAGEPTGAMYGVLNMLKSLISQVQPS
      :  : *:*:****  :***.*    :  :.*:**  *.*:**.  **. *:.:*:**

Sp HILVAFDAGKTTFRTEMYADYKGGRAKTPDEFREQFPFIRELLDHMGIRHYELAQYEADD
Hi HIAVVFDAKGKTFRDEMFEQYKSHRPPMPDDLRKQIQPLHDIIRALGIPLLVIEGVEADD
   ** *.***  .*** **: :**. *   **::*:*:  :::::  :**    :   ****

Sp IIGTLDKLAEQDGFDITIVSGDKDLIQLTDEHTVVEISKKGVAEFEAFTPDYLMEEMGLT
Hi VIGTLAVAASKANQKVLISTGDKDMAQLVDDNIMLINT----MNNTLLDRDAVIEKYGIP
   :****   *.: . .: * :****: **.*:: ::  :     :   :  * ::*: *: 

Sp PAQFIDLKALMGDKSDNIPGVTKVGEKTGIKLLLEHGSLEGIYENIDGMKTS------KM
Hi PELIIDYLALMGDSADNIPGVAGVGEKTALGLLQGIGSMAEIYANLDKVAELPIRGAKKL
   *  :**  *****.:******: *****.: **   **:  ** *:* :         *:

Sp KENLINDKEQAFLSKTLATIDTKAPIAIGLEDLVYSGPDVENLGKFYDEMGFKQLKQALN
Hi GDKLLAEKEMADLSYRLATIKTDVDLDITPEQLTLGASNNDQLTEYFGRYEFKRWLNEVM
    ::*: :** * **  ****.*.. : *  *:*. .. : ::* :::..  **:  : : 

Sp MSSADV
Hi NGADSI
    .: .:

Figure 3.1: Alignment of the S. pneumoniae protein sequence (Accession number: AAA26954.1)
 with the characterized H. influenzae FEN sequence (Accession number: WP_049367212.1). Alignment was performed using Clustal Omega (Goujon et al, 2010) Sp = Streptococcus pneumoniae; Hi = Haemophilus influenzae. * represents fully conserved residues; : represents conserved residues with strongly similar properties; . represents conserved residues with weakly similar properties.


3.2.2 PCR amplification of the FEN sequence

Primers were designed for amplifying the SpFEN sequence from DNA polymerase I (Section 2.2.2, Table 2.2). The PCR reaction used for amplifying the FEN sequence was 1 μL (containing approximately 10-100 ng) genomic template DNA (using boiled cell lysates of S. pneumoniae), 1 μL 10 pmol, μL-1 forward primer, 1 μL 10 pmol,uL-1 reverse primer, 12.5 μL 0.05 U.uL-1 2x PCR MasterMix (Thermo Scientific), and 9.5 μL water.

The PCR reaction was optimised in a 3-stage process as follows: initial denaturation at 95°C for 5 minutes followed by 30 cycles, each consisting of denaturation at 95°C for 5 1 minute, annealing at 57°C for 1 minute, and extension at 72°C for 1 minute, followed by a final extension step at 72°C for 5 minutes.

Once the PCR reaction had been optimised to give a detectable yield of DNA product (Figure 3.2 A), 10 PCR reactions were carried out and their products combined together to increase the amount of DNA and maximise the chances of success for cloning (Figure 3.2 B). Visualization of the PCR product by agarose gel electrophoresis revealed a band just below 1 kb in size, corresponding with the expected length of the FEN sequence (891 bp). The PCR products were purified by gel extraction using the QIAGEN QIAquick Gel Extraction Kit (Section 2.1.1).A
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Figure 3.2: Agarose gel (1% w/v) electrophoresis of the amplified PCR product. Lane M: marker (as described in Materials and Methods). A) PCR amplification of SpFEN. B) PCR amplification of SpFEN pooled from 10 reactions and concentrated after PCR purification.

3.3 Cloning the SpFEN gene into the pJONEX4 vector

3.3.1 Initial cloning and expression studies of SpFEN in the pTTQ1852 vector

Initially, the SpFEN gene was cloned into pTTQ1852 (Section 2.1), a tightly controlled expression vector, using E. coli XL1-blue as the host cell line. This vector has a multiple cloning site, just downstream of a lactose-inducible T5 promoter. Therefore, expression of an inserted gene in the multiple cloning site was induced via the addition of lactose or IPTG to the system.
The pTTQ1852:SpFEN recombinant vector was then transformed into a range of different E. coli cell lines (HW1110, BL21, ER2566, SURE) for performing small-scale expression studies. SpFEN was induced using the addition of IPTG or auto-inducing media (containing lactose), and expression levels between different cell lines were compared (Section 2.4.1). However, analysis using SDS-PAGE and zymograms revealed a very low level of expression of the SpFEN protein for all the cell lines tested, likely too low for any feasible purification. Therefore, sub-cloning the SpFEN into another plasmid vector was considered.

3.3.2 Sub-cloning SpFEN from pTTQ1852 into pJONEX4

The pJONEX4 plasmid vector differs from the pTTQ1852 plasmid vector in that it uses a heat-shock system for protein expression as opposed to a lac-inducible system. The plasmid was built based on the pUC19 vector (Sayers & Eckstein, 1991). Because of the low expression levels of SpFEN from the pTTQ1852 plasmid, the SpFEN insert was sub-cloned into the pJONEX4 plasmid for investigation.

The SpFEN gene was cut out of the pTTQ1852 vector using the EcoRI and PstI restriction enzymes (Figure 3.3 A). Similarly, the pJONEX4 underwent a double restriction digest with the same restriction enzymes (Figure 3.3 B) (Section 2.2.4).3 kb
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Figure 3.3: Restriction digests of insert and vectors for SpFEN and pTTQ1852/pJONEX4. M: marker. A) Restriction digest of SpFEN from pTTQ1852. Lane 1: pTTQ1852 : SpFEN digested with EcoRI and PstI; Lane 2: pTTQ1852 : SpFEN digested with PstI; Lane 2: pTTQ1852 : SpFEN digested with EcoRI; :Lane 4: uncut pTTQ1852 : SpFEN. The SpFEN in Lane 1 is excised from the gel for gel extraction prior to ligation. B) Restriction digest of pJONEX4 plasmid. Lane 1: pJONEX4 uncut plasmid. Lane 2: pJONEX4 digested with EcoRI. Lane 3: pJONEX4 digested with PstI. Lane 4: pJONEX4 digested with EcoRI and PstI.

From both gels, it appears that the double restriction digest was performed to completion. After the pTTQ1852 : SpFEN was digested with EcoRI and PstI, a band at around 1 kb was identified on the agarose gel as the SpFEN insert and was excised out of the gel. Similarly, the pJONEX4 was excised out of the gel after double restriction digest. Both the SpFEN insert and the pJONEX4 plasmid were purified using the QIAquick Gel Extraction Kit (QIAGEN). 

The SpFEN insert was then ligated into the pJONEX4 plasmid using a 3:1 insert:vector ratio, the resulting recombinant plasmid transformed into the host E. coli M72 cell line, and colonies screened for the presence of the SpFEN insert (Section 2.2.5 to 2.2.7).

3.4 Small-scale expression studies of pJONEX4:SpFEN

3.4.1 Overexpression of SpFEN from pJONEX4

Since pJONEX4 uses a heat-shock system, where high temperatures inactivate the pcI857 repressor, induction of SpFEN was carried out by increasing the temperature from 30°C to 42°C. The temperature was kept at 42°C for 3 hours, then reduced back to 30°C and kept overnight (Section 2.4.1).

Samples were collected for analysis using SDS-PAGE and zymograms before induction, 3 hours after induction, and overnight after induction. A negative control (empty pJONEX4) and positive control (pJONEX4 : Haemophilus influenzae FEN) were also included for induction (Figure 3.4).
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Figure 3.4: Analysis of SpFEN expression. A) SDS-PAGE gel showing induction of SpFEN. Lane 1: pJONEX4:SpFEN before induction; Lane 2: pJONEX4:SpFEN 3 hrs post-induction; Lane 3: pJONEX4:SpFEN overnight post-induction. B) SDS-PAGE gel showing overnight post-induced samples of the Haemophilus influenzae FEN (Lane 1), and the empty pJONEX4 vector (Lane 2). C) Corresponding zymogram for panel A. D) Corresponding zymogram for panel B.

3.4.2 Comparison of small-scale expression between pJONEX4:SpFEN and pTTQ1852:SpFEN

The SDS-PAGE gel showed the appearance of an induced band at the expected size of SpFEN, which is around 33.3 kDa. This was not present before induction or in the negative control, suggesting the SpFEN has been successfully induced by heat-shock. The zymogram also clearly shows a massive increase in nuclease activity after heat-shock induction at around the expected size, reinforcing what was seen on the SDS-PAGE gel. The size of the nuclease bands were slightly higher than that of the positive control (Haemophilus influenzae FEN), which agreed with the bands observed on the SDS-PAGE gel, indicating that these bands correlate with the SpFEN. It is also interesting to note that the nuclease bands for the SpFEN are much darker than the Haemophilus influenzae FEN for the same amount of nuclease material loaded, indicating that the SpFEN may have a higher nuclease activity or that it refolds more efficiently in situ.

In the zymogram, there was a thin band showing the presence of minor nuclease activity before induction. One reason for this might be overspill of sample from an adjacent lane during loading, but without running blank lanes in between samples, this cannot be certain. An alternative reason is perhaps that some pre-induction leakage expression had taken place.  Leakage expression can cause possible problems because the overexpression of a certain protein may be toxic to the cell and cause premature cell death, which can affect expression levels post-induction. This work was not supplemented with IPTG, which could help with repressing the leakage expression. Although a reasonable expression level was detected, all further work involving the use of pJONEX4 was supplemented with 0.1 mM IPTG in the media as a precautionary measure, so as to more tightly control the expression system by production of an anti-sense RNA transcript from the convergent lac promoter (Sayers & Eckstein, 1991).

The pJONEX4 heat-shock system gave a detectable expression level on the SDS-PAGE gel, compared to the pTTQ1852 vector, which gave no detectable expression. Additionally, the zymograms reveal strong thick bands from the pJONEX4 expression system, compared to the thin faint bands from the pTTQ1852 expression system. Thus, the pJONEX4 system appears more suitable for this protein for downstream purification steps.

3.5 Large-scale expression of SpFEN

3.5.1 Large-scale expression

Small-scale expression studies gave a detectable level of SpFEN protein after heat-shock induction. Therefore, large-scale expression using rich 4YT media in a 4 L fermenter was carried out for protein purification (Section 2.4.2). Cell samples were collected 3 hours and overnight post-induction to analyse expression levels (Figure 3.5). A
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Figure 3.5: Analysis of SpFEN large-scale expression. A) SDS-PAGE gel showing induction of SpFEN. Lane 1: pJONEX4:SpFEN before induction; Lane 2: pJONEX4:SpFEN 3 hrs post-induction; Lane 3: pJONEX4:SpFEN overnight post-induction. B) Corresponding zymogram for panel A.

Since the overnight post-induction sample revealed a higher level of protein expression detected in both the SDS-PAGE gel and the zymogram, the M72 cells were harvested at this time point and used for further SpFEN purification.

3.6 Purification of SpFEN

3.6.1 Protein extraction from harvested cells

A 5 g cell pellet was lysed using lysozyme and sonication, and subjected to polyethyleneimine (PEI) precipitation, ammonium sulphate precipitation, and dialysis with KP7/0 buffer as described (Section 2.4.3 to 2.4.5). Supernatants and/or pellets after each of these steps were analysed to track the presence of SpFEN (Figure 3.6).
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Figure 3.6: Analysis of SpFEN after cell lysis, PEI precipitation, ammonium sulfate precipitation, and dialysis in KP7/0 buffer. A) SDS-PAGE gel showing the presence of SpFEN after each of these steps. Lane 1: Cell lysis pellet; Lane 2: Cell lysis supernatant; Lane 3: PEI precipitation supernatant; Lane 4: Ammonium sulfate precipitation pellet; Lane 5: Ammonium sulphate precipitation supernatant; Lane 6: KP7/0 dialysis pellet; Lane 7: KP7/0 dialysis supernatant. B) Corresponding zymogram for panel A.

After cell lysis, the solution was separated into a pellet and supernatant. SDS-PAGE and zymogram analysis revealed that most of the SpFEN was in the supernatant and is therefore soluble, although some SpFEN was also found in the pellet. This may be because some of the protein is in an insoluble form, or it may be because cell lysis was not completed efficiently. After PEI precipitation of the previous supernatant, the solution was centrifuged and the pellet of precipitated nucleic acids discarded. After this stage, the supernatant was analysed for SpFEN by the SDS-PAGE and zymogram gels, where it appears the amount may have reduced by about half. Following PEI precipitation, ammonium sulfate precipitation of the supernatant was carried out to precipitate the protein to concentrate it into a smaller, workable volume. This stage also helped with the purification as some proteins did not precipitate and were thus removed. On the other hand, it allowed for the loss of some SpFEN protein as well. The gels reveal that most of the SpFEN was found in the pellet as expected, but some was also retained in the supernatant. The pellet was then dissolved in a minimal volume (around 20-30 mL) of KP7/0 buffer and dialysed overnight to prepare for purification by ion-exchange chromatography and also to reduce the ammonium sulfate concentration. SDS-PAGE and zymogram analysis show that the majority of the protein was found in the supernatant post-dialysis.

These gels track the SpFEN protein through the different stages of protein extraction from harvested cells, revealing where the majority of SpFEN can be found each time whether it is in the pellet or in the supernatant so that this can be carried forward for further work. It can be seen (especially on the zymogram) that after each step, some SpFEN was lost, giving a lower concentration of SpFEN after dialysis compared to immediately after cell lysis. Because of these inevitable losses of the desired protein, it is important to have a good level of expression to begin with.

3.6.2 Purification of SpFEN by ion-exchange chromatography

Half of the post-dialysis volume was carried forward for SpFEN purification by ion-exchange chromatography (Section 2.4.6) so as not to overload the column. Since all the columns used for SpFEN purification made use of the KP7/0 buffer, no buffer exchange was required between each purification step. The pI of SpFEN was calculated at 4.85 (Gasteiger, 2005), so it is expected to be negatively charged at pH 7.

The post-dialysis supernatant was first loaded through a 5 mL SP column, a strong cation exchanger. Therefore, the SpFEN would be expected to flow straight through the column rather than bind to it.
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Figure 3.7: Analysis of SpFEN after purification by SP column. A) SDS-PAGE gel analysis. Lane 1: SP load; Lane 2: Flowthrough of SP; Lane 3: SP wash; Lane 4: SP elution using 1M NaCl. B) Corresponding zymogram for panel A.

The SDS-PAGE and zymogram showed that most of the SpFEN was recovered in the flowthrough as expected (Figure 3.7). However, the SP flowthrough still contained most of the original bands found in the sample before loading into the column, indicating that most of the E. coli proteins are also negatively charged at pH 7, so further purification must be carried out. The zymogram also revealed some SpFEN in the wash, but it was too little to be detected in the SDS-PAGE gel (the SpFEN in the zymogram could alternatively correspond to overflow of sample from the flowthrough when pipetting in the lanes). The eluate did not contain SpFEN, although there were several bands present, which had been separated from the flowthrough and can be discarded.

The SP flowthrough, where most of the SpFEN was present, was further purified by passing it through a 5 mL Heparin column (Figure 3.8). The Heparin column is also a cation exchanger. However, because it also separates protein based on affinity as well as charge, and is able to bind to specific proteins such as DNA-binding proteins (GE Healthcare Life Sciences, 2017), we would expect the SpFEN to bind to the Heparin column despite its negative charge at pH 7. At the same time, the rest of the E. coli proteins which were negatively charged at pH7 and came out of the SP flowthrough should similarly come out of the flowthrough of the Heparin column.
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Figure 3.8: Analysis of SpFEN after purification by Heparin column. A) SDS-PAGE gel analysis. Lane 1: Heparin load; Lane 2: Heparin flowthrough; Lane 3: Heparin wash; Lanes 4-9: Fractions 1-6 of 20 fractions collected from the 0.2-0.7M NaCl elution gradient. A ladder is not seen in the gel as it is part of the same gel as the one for the SP column above. B) Corresponding zymogram for panel A.

The SDS-PAGE and zymogram gels reveal that the majority of other proteins were removed from the SpFEN in the Heparin flowthrough as expected, while the SpFEN was bound and eluted out by the salt gradient. From the SDS-PAGE gel, most of the SpFEN can be found in fractions 3 to 5 of the elution gradient, as confirmed by the nuclease activity observed on the zymogram. However, since fraction 3 can be seen to still contain a lot of other E. coli proteins on the SDS-PAGE gel, only fractions 4 and 5 were pooled together for further purification in the next exchange column. 

These fractions were loaded into the Blue column (Figure 3.9). This is similar to the Heparin column, also separating proteins based on charge and affinity. However, it is an anion exchanger (GE Healthcare Life Sciences, 2017), so we would expect to find the SpFEN in the eluate. The concentration gradient for elution was optimised from 0.5-1.5 M NaCl.
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Figure 3.9: Analysis of SpFEN after purification by Blue column. A) SDS-PAGE gel analysis. Lane 1: Blue load; Lane 2: Blue flowthrough; Lane 3: Blue wash. B) SDS-PAGE gel analysis. Lanes 1-8: Fractions 13-20 of 20 fractions collected from the 0.5-1.5M NaCl elution gradient. C) Corresponding zymogram for panel A. D) Corresponding zymogram for panel B.

SDS-PAGE and zymogram gels reveal that the SpFEN protein eluted out of the concentration gradient over a wide number of fractions, unlike in the Heparin column. The SpFEN was found mainly through fractions 14-20 of the eluate, while the other proteins were separated out in the lower end of the salt gradient. As the SpFEN was still found in fraction 20, this indicates that more SpFEN could have been eluted out if more high salt buffer was passed through the column. Based on this, the concentration gradient could perhaps be optimised further using higher concentrations for the start and end points (e.g. 0.8-1.8 M NaCl).

After this final purification step with the Blue column, only 2 distinct bands were present to >90% purity. All other bands were very faint on the SDS-PAGE gel and did not reveal contaminating nuclease activity on the zymogram, and therefore will likely have negligible effect on downstream studies. Regarding the 2 distinct bands, the higher main band most likely corresponds to the SpFEN nuclease protein (around 33.3 kDa). However, there was also the presence of a faint band below the suspected SpFEN, more obviously seen on the zymogram. The fact that the band appears in the zymogram reveals that this lower band also has nuclease activity. Since the presence of this nuclease is not found in the negative control  (expression of pJONEX4 without the SpFEN insert), it is likely that this is a degradation product of the SpFEN nuclease, where possibly a small portion of its C-terminus has been cleaved off without affecting its activity.

3.6.3 Determining the identity of the smaller nuclease and confirming the MW of the SpFEN

Since the presence of another contaminating nuclease can affect downstream applications of the SpFEN protein, such as the results of nuclease assays and also protein crystallization. While the amount of the smaller unknown nuclease is probably less than 5% of the total amount of SpFEN nuclease purified and unlikely to have a significant effect on the downstream experiments, it is still best to determine the identity of this nuclease. If the nuclease present is a different product rather than derived from SpFEN, then this will need to be separated from the SpFEN. However, a degradation product of SpFEN is less likely to affect protein crystallization for x-ray crystallography, and is also likely to have the same activity as the SpFEN itself.

N-terminal sequencing of the protein is a method that can give a definitive answer to the problem posed, by determining the first few residues of a given protein (Section 2.6.2). While the identity of the main protein in the purified sample could be confirmed as the SpFEN protein (first 6 residues were determined as M-D-K-K-K-L), the amount of the smaller nuclease in the sample was too low to give back a result from the N-terminal sequencing.

Therefore, mass spectrometry was used (Section 2.6.1), firstly to make sure that the MW of the SpFEN is correct, thus ensuring the correct full-length domain has been purified, and secondly to compare the masses of both the SpFEN and the unknown smaller nuclease. From the MW of the smaller nuclease, the masses of residues of the SpFEN can be subtracted from the C-terminal end to see if the mass of the unknown nuclease can be obtained, which would suggest that the smaller nuclease is a degradation product of the full-length SpFEN.

From the mass spectrometry results, a peak was detected at 33297.2, which corresponds to the MW of the SpFEN (33297.02) as calculated from the ExPASy Compute pI/Mw tool (Gasteiger, 2005). There was also a peak with a smaller MW detected at 31635.8 from the mass spectrometry results. From the amino acid sequence of the SpFEN, 15 residues (FKQLKQALNMSSADV) can be removed from the C-terminal end to give a MW of 31635.09, which corresponds well to the MW detected. Therefore, this peak likely corresponds to the smaller nuclease detected on the gel, which in turn is likely to be a degradation product of the full length SpFEN. 

Modelling the SpFEN structure via the Phyre2 server modelled on Taq polymerase gives a putative structure where the C-terminal 15 amino acids corresponds to a tail before an alpha-helix, which is likely not too important for the structural integrity or function of the enzyme.

3.7 Generating active-site mutants of the SpFEN 

3.7.1 Primer design

Active-site mutations of SpFEN were based on the conserved aspartate residues (153, 155, 201, and 204) of the metal ion-binding site II of T5 bacteriophage FEN (Feng et al, 2004). The positions of the mutations in the SpFEN were determined by alignment analysis with the T5FEN amino acid sequence using BLASTP (NCBI, 2017) and targeted for site-directed mutagenesis. 


T5 19  RRNLMIVDGTNLGFR-----------FK-----HNNSKKPFASSYVSTIQSLAKSYSART 
       ++ L+++DG+++ FR           FK     H N+   F       ++ +  S+    
Sp 3   KKKLLLIDGSSVAFRAFFALYQQLDRFKNAAGLHTNAIYGFQLMLSHLLERVEPSH---- 

T5 63  TIVLGDKGKSVFRLEHLPEYKGNRDEKYAQRTEEEKALDEQFFEYLKDAFELCKTTFPTF 
        +V  D GK+ FR E   +YKG R      +T +E    EQF  ++++   L       +
Sp 59  ILVAFDAGKTTFRTEMYADYKGGR-----AKTPDE--FREQF-PFIREL--LDHMGIRHY 
 
T5 123 TIRGVEADDMAAYIVKLIGHLYDHVWLISTDGDWDTLLTDKVSRFSFTTRREYHLRDMYE 
        +   EADD+   + KL       + ++S D D    LTD+ +    + +          
Sp 109 ELAQYEADDIIGTLDKLAEQDGFDITIVSGDKDL-IQLTDEHTVVEISKKGVAEFEAFTP 

T5 183 HHNVDDV----EQFISLKAIMGDLGDNIRGVEGIGAKRGYNIIREFGNVLDIIDQLPLPG 
        + ++++     QFI LKA+MGD  DNI GV  +G K G  ++ E G++  I + +    
Sp 168 DYLMEEMGLTPAQFIDLKALMGDKSDNIPGVTKVGEKTGIKLLLEHGSLEGIYENIDGMK 

T5 239 KQKYIQNLNASEELLFRNLILVDLPTYCVDAIA 
         K  +NL   +E  F +  L  + T    AI 
Sp 228 TSKMKENLINDKEQAFLSKTLATIDTKAPIAIG 

Figure 3.10: Alignment of SpFEN (Sp) protein sequence to T5 FEN (T5). Conserved aspartate residues (D139, D141, D190, D193) of site II of the active-site are identified in SpFEN and highlighted in red. The highlighted residues were identified for site-directed mutagenesis to convert the aspartate to a lysine residue.

The alignment (Figure 3.10) shows that the corresponding conserved aspartates in the SpFEN site II of the active site were found to be at positions 139, 141, 190, and 193 respectively. Primers were designed (Section 2.3.1, Table 2.3) to mutate the respective aspartate acid (D) to a lysine residue (K), effectively converting an acidic negatively charged residue to a basic positively charged one so as to determine the importance and role of that particular conserved aspartate in FEN function.

Back-to-back primers were designed as opposed to overlapping primers to amplify a whole plasmid from the already made construct containing the WT SpFEN gene. Although designing back-to-back primers would require an additional ligation step, this has the advantage of allowing exponential amplification, thereby generating more PCR product. With overlapping primers, DNA can only be synthesized using the original template as the PCR products are nicked, incomplete circles. Additionally, generating non-nicked plasmids using back-to-back primers will have a greater efficiency during transformation (NEB, 2017). 

3.7.2 PCR-based site-directed mutagenesis

Reactions were made to a total of 12.5 μL using pJONEX4:SpFEN (WT) as the template. 1 μL template DNA, 0.5 μL 10 pmol.μL-1 forward primer, 0.5 μL 10 pmol.μL-1 reverse primer, 1.75 μL 0.05 U.μL-1 KAPATaq ReadyMix DNA polymerase, and 8.75 μL water was used per reaction. 5 PCR reactions of each were combined to increase the amount of DNA for transformation.

The KAPA Taq polymerase was used to replace the PCR MasterMix (ThermoScientific) since it was found to give a much better yield of PCR product per reaction, as well as also having the advantages of a shorter PCR cycle and high fidelity.

The conditions optimised for PCR as follows: initial denaturation at 95°C for 5 minutes, followed by 16 cycles consisting of denaturation at 98°C for 50 seconds, annealing at 50°C for 50 seconds, and extension at 72°C for 4 minutes, followed by a final extension step at 72°C for 7 minutes. Purified PCR products were analysed by agarose gel electrophoresis (Figure 3.11).
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Figure 3.11: PCR product of pJONEX4:D141K after PCR purification. The main band is found at the expected size of 3-4 kb. PCR products of the other 3 mutants in pJONEX4 showed similar high levels of DNA. The molecular marker used was the Quick-Load Purple 2-log DNA ladder, 0.1-10 kb (Biolabs).

3.7.3 Generation of active-site mutants

Since it was found to be difficult to obtain colonies during transformation, all the DNA produced during PCR was retained for this stage. Therefore, agarose gels were not run to analyse the DNA after enzyme digest and ligation stages.

The number of transformants obtained for the active-site mutants were low despite the high concentration of DNA obtained from PCR (Figure 3.11) For the D139K mutant, 2 colonies were obtained after transformation and 1 contained the correct mutation while the other was the WT SpFEN sequence. For the D141K mutant, 3 colonies were obtained which all contained the desired mutation, but 2 of them also contained an additional single-base deletion at the 5′ end of the forward primer. The D190K mutant yielded 11 colonies, 6 of which were sequenced. Of these 6 colonies, 3 contained the correct mutation, 2 contained the WT sequence, and 1 contained a deletion of 12 bases in the position of the forward primer. No correct transformants were successfully obtained at all for the D193K mutant during this project, although one was obtained which contained the D193K mutation as well as another mutation upstream, D116G, found in site I of the active site. This double mutant was also carried forward for further experimental analysis alongside the 3 other single mutants.

It was particularly important that a good sequence read is obtained for these generated active-site mutants to ensure that no mutations have occurred elsewhere in the sequence, which can affect the interpretation of the importance and function of the targeted conserved aspartates. Since mutations have already been observed for a good number of those colonies sequenced, SpFEN internal sequencing primers were therefore designed to give further verification that the sequences were correct (Table 3.1). Sequencing results using these designed primers revealed at least one colony containing a plasmid with the correct full-length sequence for each of the 3 successfully obtained mutants (D139K, D141K, and D190K).

Table 3.1: Designed primers (5′-3′) for sequencing the internal regions of the SpFEN mutants. F=Forward; R= Reverse.
F/R		Sequence

F		TCGTGAGTTGCTGGATCATATGGGG
R		CTTAATACCCGTCTTTTCACCGACT

3.8 Overexpression of SpFEN active-site mutants

3.8.1 Small-scale expression of active-site mutants

Expression for the active-site mutants was carried out in the same way as pJONEX4:SpFEN, by heat-shock induction for 3 hours (except in the case of D116G D193K, where the cells were induced for only 1.5 hours) followed by overnight incubation. SDS-PAGE gels and zymograms were used to analyse expression levels pre-induction, 3 (or 1.5) hours post-induction, and overnight post-induction (Figure 3.12). 

Expression of the active-site mutants gave detectable levels of expression similar to or higher than the WT SpFEN. If the mutants were more toxic to the cell than SpFEN, we might expect a lower level of expression.

The zymograms did not reveal the presence of any nuclease activity for the active-site SpFEN mutants, except possibly for the D190K mutant where faint bands were observed. The lack of nuclease activity is expected: if the active-site was dysfunctional, then it would not be able to cut DNA. It appears that mutating the conserved aspartate residues in site II of the active-site of SpFEN led to the loss of nucleolytic activity. However, it must be noted that the zymogram gels were incubated for 30 minutes in the reaction buffer so as to make a direct comparison to the WT SpFEN. However, longer incubation times in the reaction buffer may be needed in order to detect activity, such as if the active-site mutants still retained some activity but at a lower level than the WT. In the case of D190K, some nucleolytic activity may have been retained (but not to the full degree as the WT SpFEN), although this should be confirmed through kinetic experiments.
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Figure 3.12: Analysis of small-scale expression of SpFEN active-site mutants. A) SDS-PAGE gel showing D139K and D141K expression. Lane 1: pJONEX4:D139K before induction; Lane 2: pJONEX4:D139K 3 hrs post-induction; Lane 3: pJONEX4:D139K overnight post-induction; Lane 4: pJONEX4:D141K before induction; Lane 5: pJONEX4:D141K 3 hrs post-induction; Lane 6: pJONEX4:D141K overnight post-induction; Lane 7: Empty pJONEX4 overnight post-induction. B) Corresponding zymogram for panel A. C) SDS-PAGE gel showing D190K expression. Lane 1: pJONEX4:D190K before induction; Lane 2: pJONEX4:D190K 3 hrs post-induction; Lane 3: pJONEX4:D190K overnight post-induction; Lane 4: pJONEX4:T5FENΔ19 overnight post-induction; Lane 5: Empty pJONEX4 overnight post-induction. D) Corresponding zymogram for panel C. E) SDS-PAGE gel showing D116G D193K expression. Lane 1: pJONEX4:D116G D193K before induction; Lane 2: pJONEX4:D116G D193K 1.5 hrs post-induction; Lane 3: pJONEX4:D116G D193K overnight post-induction. F) Corresponding zymogram for panel E.





3.8.2 Large-scale expression

After a reasonable level of expression was found for each active-site SpFEN mutant in the small-scale expression studies, large-scale expression of the mutants were carried out for purification. Large-scale expression of the mutants was carried out either in 3 L or 4 L of 4YT, and concentrations of each component adjusted accordingly. A 1000x metal mix (600 μL to 3 L culture, 800 μL to 4 L culture) was also added to the cultures this time, to possibly increase the yield of expressed protein. This mixture supplements the E. coli cells with rare metals it may need, that are not found in the media. Induction was carried out for 3 hours for each mutant except D116G D193K, where induction was carried out for 1.5 hours as with the small-scale expression. Induction was started when the A600 reached around 2.
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Figure 3.13: Analysis of large-scale expression of SpFEN active-site mutants. A) SDS-PAGE gel showing D139K expression. Lane 1: pJONEX4:D139K before induction; Lane 2: pJONEX4:D139K 3 hrs post-induction; Lane 3: pJONEX4:D139K overnight post-induction. B) SDS-PAGE gel showing D141K expression. Lane 1: pJONEX4:D141K before induction; Lane 2: pJONEX4:D141K 3 hrs post-induction; Lane 3: pJONEX4:D141K overnight post-induction. C) SDS-PAGE gel showing D190K expression. Lane 1: pJONEX4:D190K before induction; Lane 2: pJONEX4:D141K 3 hrs post-induction; Lane 3: pJONEX4:D190K overnight post-induction. D) SDS-PAGE gel showing D116G D193K expression. Lane 1: pJONEX4:D116G D193K before induction; Lane 2: pJONEX4:D116G D193K 1.5 hrs post-induction; Lane 3: pJONEX4:D116G D193K overnight post-induction.

The SDS-PAGE gels (Figure 3.13) show that expression of each of the SpFEN mutant proteins is more prominent after overnight induction, so cells were harvested at this time point.

27 g of cells for D139K were harvested from 3 L of 4YT culture. 36 g of cells for D141K were harvested from 3 L of 4YT culture. 35 g of cells for D190K were harvested from 3 L of 4YT culture. 30 g of cells for D116G D193K were harvested from 4 L of 4YT culture.

3.9 Purification of SpFEN active-site mutants

3.9.1 Purification of D139K

The pI of the D139K, D141K, and D190K SpFEN mutants are 4.95. The pI of the D116G D193K double mutant is 5.00. The pI of each mutant remains similar to the pI of the WT SpFEN (4.85). Therefore, a similar protocol for protein purification of the WT SpFEN would be expected to achieve purity for the mutants.

The D139K mutant underwent the same process of cell lysis as the WT SpFEN, using lysozyme and sonication. After lysis of 5 g of cell paste, the majority of the D139K protein was found in the supernatant, indicating most of it to be in a soluble form. Ion-exchange chromatography was carried out for the D139K mutant at 4°C to help prevent protein degradation.  The same steps were followed for the D139K protein as with the WT SpFEN regarding the SP and Heparin columns. The cleanest fraction from the Heparin column elution containing the majority of the D139K protein was then loaded into a 1 mL Blue column as previously with the WT SpFEN, but this time a 1-2 M NaCl gradient was used (as the NaCl concentration of 1 M used for the WT did not appear to elute out all the protein). Additionally, since the Blue column reached a maximum flow rate of around 3 mL hr-1 in the cold room for unknown reasons after loading in the protein sample, a step gradient (increasing in 0.2 M increments) was used to elute out the proteins in 2 mL fractions (Figure 3.14).    M     1     2     3    4     5    6                  1     2     3    4          5
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Figure 3.14: Analysis of D139K purification. A) SDS-PAGE gel of D139K protein after step gradient elution from Blue column. Lane 1: 1.0 M elution; Lane 2: 1.2 M elution; Lane 3: 1.4 M elution; Lane 4: 1.6 M elution; Lane 5: 1.8 M elution; Lane 6: 2.0 M elution. B) Zymogram showing Lane 1: 1.4 M elution; Lane 2: 1.6 M elution; Lane 3: 1.8 M elution; Lane 4: 2.0 M elution; Lane 5: WT SpFEN as positive control.

Fractions from 1.4-2 M NaCl were found to be >90% purity when checked by densitometry using the ImageJ software, and were pooled together. The zymogram shows no other contaminating nucleases present, and also no indication of nuclease activity from the purified D139K mutant, when incubated in reaction buffer for 30 minutes or overnight.

3.9.2 Purification of D141K

The D141K mutant was purified with the assistance of Sveta Sedelnikova, University of Sheffield. A 5 g cell paste was resuspended in 50 mL of buffer A (50 mM TRIS-HCl, pH 8). After resuspension, the sample was divided into 12-15 mL protions in 20 mL vials, placed on ice, and sonicated at 16 micron amplitude for 3 times at 20 seconds each. The samples were then centrifuged at 19000 RPM for 15 minutes. The supernatant was extracted and applied directly onto a 5 mL Heparin-HP column on an AKTA FPLC. Elution was carried out with 10 column volumes of a 0-80% gradient of Buffer A-B (Buffer B = Buffer A + 1 M NaCl), with a flow rate of 5 mL.min-1, in 5 mL fractions. Fractions analysed to contain the most D141K protein were pooled together and loaded onto a 6 mL Resource Q column using the same buffers. The protein was eluted out of the Resource Q column using a 5-50% gradient of A-B in 10 column volumes, with a flow rate of 5 mL.min-1, collected in 2.5 mL fractions. Again, analysed fractions with the most D141K were pooled together, and concentrated to 1-2 mL for application onto a 1.5 x 60 cm Superdex200 gel filtration column for size exclusion chromatography. The column was equilibrated in buffer A with 0.5 M NaCl, and the flow rate was set at 1-1.5 mL.min-1. Fractions of 2 mL were collected. The purified sample of D141K was then concentrated and analysed on an SDS-PAGE gel and zymogram (Figure 3.15). The zymogram was incubated in the reaction buffer overnight.    M    1    2    3                            1             2
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Figure 3.15: Analysis of D141K purification. A) SDS-PAGE gel of D141K protein after concentration of purified sample. Lane 1- 3 contained 3, 6 and 9 μL of sample, respectively. B) Zymogram showing Lane 1: WT SpFEN as positive control; Lane 2: D141K.

The SDS-PAGE showed that the D141K protein was the only major band observed in the sample after purification, and was >90% pure, as checked by densitometry analysis in ImageJ. The zymogram shows no contaminating nucleases, and also reveals no nucleolytic activity for the D141K mutant after overnight incubation.

3.9.3 Purification of D190K

A 5 g cell paste of the D190K mutant was resuspended in lysis buffer as before, but this time, the EDTA concentration was increased from 1 mM to 5 mM. The excess EDTA should sequester heavy metal ions, which can hinder the efficiency of the lysozyme, thus an increased EDTA concentration should lead to increased cell lysis. Additionally, the amount of 10 mg.mL-1 lysozyme was doubled from 10 μL.mL-1 to 20 μL.mL-1. It was observed that these additional steps greatly increased the viscosity of the liquid sample compared to the previous method, indicating that the lysis of the cells was performed to greater completion. Since it was noticed from the WT SpFEN, that a lot of the protein was lost during the PEI step, 500 mM ammonium sulphate was added to the reaction during PEI precipitation to try and dissociate the protein from the DNA and minimize protein loss via pull-down of the protein with the DNA. The majority of the D190K was found in the soluble fraction after dialysis. Purification was then carried out using the SP and Heparin columns as before, then applied to the Blue column using a stepwise elution of 0.5-2 M NaCl, with increasing increments of 0.5 M NaCl. The majority of the D190K protein was found to elute in the 2 M step, which was then concentrated and analysed by SDS-PAGE gel and zymogram (Figure 3.16). The zymogram was incubated in the reaction buffer overnight.     M        1                                 1       2
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Figure 3.16: Analysis of D190K purification. A) SDS-PAGE gel of D190K protein after concentration of purified sample. B) Zymogram showing Lane 1: WT SpFEN as positive control; Lane 2: D190K sample after purification.

The SDS-PAGE revealed that the D190K protein was the only major band in the sample after purification, and was >90% pure, as checked by densitometry analysis in ImageJ (Schneider et al, 2012). The zymogram does show a faint band for the D190K, which may correspond to weak nucleolytic activity or binding as previously discussed. There was also the presence of two other bands below this. The first one directly below the D190K band can be discounted as it was also found in the positive control as well as other empty lanes in the gel (not shown here), and is therefore likely to be due to some contaminating product in the electrophoresis buffer. However, the second band below the D190K band does not appear in the positive control, and therefore could either be a degradation product (as observed with the WT SpFEN) or a contaminating nuclease. However, because this band does correspond to any obvious band on the SDS-PAGE gel, if it were a contaminating nuclease, it is likely to be of a very low quantity in the sample compared to D190K, and unlikely to affect kinetic experiments (especially since the zymogram reaction took place overnight, while the kinetic experiments take measurements over several minutes to a few hours).

3.9.4 Purification of D116G D193K

A 5 g cell pellet of D116G D193K was resuspended in lysis buffer with the additional EDTA and lysozyme supplemented, as done with the D190K mutant. The reaction was left overnight at 4°C to allow the cell lysis to complete. Sonication was performed until the sample was no longer viscous, and the supernatant separated from the pellet by centrifugation. The supernatant was dialysed straight into the KP7/0 buffer, skipping out the PEI and ammonium sulphate precipitation steps to try and minimize the loss of protein. The supernatant post-dialysis was then collected and passed through an SP column. The flowthrough was collected and passed through a 5 mL Heparin column, with an elution gradient of 0.2-0.7 M NaCl. Fractions from the eluate were pooled together and used to load onto a 1 mL Blue column, using an elution gradient at 0.2-2 M NaCl. Since the Blue column did not remove many of the bands for this mutant, fractions were again pooled together and this time, exchanged into a Q8/0 buffer (pH 8, 20 mM TRIS, 1 mM DTT, 1 mM EDTA, 5% (v/v) glycerol). The protein sample was then passed through a 1 mL Q column, using a 0-1 M gradient, which purified the D116G D193K. The purified sample was analysed by SDS-PAGE and zymogram (Figure 3.17). The zymogram was incubated in the reaction buffer overnight.  M     1                      1          2
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Figure 3.17: Analysis of D116G D193K purification. A) SDS-PAGE gel of the D116G D193K purified sample. B) Zymogram showing Lane 1: WT SpFEN as positive control; Lane 2: D116G D193K.

The SDS-PAGE revealed that the D116G D193K protein was the only major band observed in the sample after purification, and was >90% pure, as checked by densitometry analysis in ImageJ. The zymogram shows no contaminating nucleases, and also reveals no nucleolytic activity for the D116G D193K mutant after overnight incubation.

3.9.5 Mass spectrometry analysis of purified active-site mutants

Purified samples of all the SpFEN active-site mutants were analysed by mass spectrometry to confirm their identities through their molecular weights. The mass spectrometry results gave one major peak for each sample. The D139K, D141K, and D190K mutants each gave a peak at 33310.39, which corresponds with the expected MW of 33310.11 calculated by ExPASy Compute pI/Mw (Gasteiger et al, 2005). The mass spectrometry results for the D116G D193K double mutant gave a peak at 33252.00, which corresponds with the expected MW of 33252.07. These mass spectrometry results confirm that the correct mutant proteins have been purified via the methods described, and that no other major proteins or contaminating nucleases were present in the samples.

3.10 Discussion

3.10.1 Cloning, expression, and purification of the WT SpFEN

The WT gene for the SpFEN domain was successfully cloned into a plasmid vector, expressed, and its gene product purified by ion-exchange chromatography.

PCR primers were designed to amplify the SpFEN for insertion into two tightly controlled expression vectors: either the pTTQ1852 or the pJONEX4 plasmid. Similar plasmids have previously been used (Sayers & Eckstein, 1991) with successful expression levels. Since the two different plasmids make use of different expression systems, this allowed for comparison between levels of expression of the SpFEN protein.

pTTQ1852 contains a beta-lactamase gene encoding antibiotic resistance, allowing the selection by ampicillin addition of only those colonies, which have managed to take up a plasmid during transformation. E. coli XL1-blue cells, the host for the pTTQ1852 plasmid, were supplemented with tetracycline to retain its F’ episome (which contains a gene for tetracycline resistance and also the lac repressor) so as to maintain its tight regulation of expression by preventing the loss of this episome. The XL1-blue cells were also supplemented with glucose, again as another way to control regulation by steering the cells away from using any traces of lactose in the media, which would otherwise lead to leakage expression and possible selection of lower expression cells (Stark, 1987). 

Like pTTQ1852, the pJONEX4 plasmid also contains a beta-lactamase gene for ampicillin resistance to allow for selection. The multiple cloning site in pJONEX4 is downstream of a temperature-inducible λ promoter. The λ promoter is repressed by the cI857 repressor, produced by M72 cells. Leakage expression from the repressed λ promoter can be further reduced by inducing the convergent downstream lac promoter (Remaut et al, 1981, Sayers & Eckstein, 1991). The anti-sense RNA binds to any RNA made during leakage expression, thus preventing translation into protein before induction by heat-shock has begun. However, when the temperature of the cells is increased to a higher temperature, the cI857 repressor protein is degraded by proteolysis as a result of the LexA heat-shock cascade (Calendar, 2006, Rokney et al, 2008), and therefore can no longer fulfil its function of repressing the promoter. This overrides the anti-sense RNA produced by the lac promoter, and leads to overexpression of the desired protein.

The SpFEN was first successfully cloned into the pTTQ1852 expression vector. This gene was made to insert into the multiple cloning site, just downstream of a lactose-inducible T5 promoter. Expression of the SpFEN was detected after lactose and IPTG induction, but the level of expression obtained was poor as observed in both SDS-PAGE and zymogram gels, and was therefore deemed not suitable for further purification.

Thus, the SpFEN gene was digested out of the pTTQ1852 plasmid and sub-cloned into the other expression vector, pJONEX4. M72 cells, the host for the pJONEX4 plasmid, were originally only supplemented with ampicillin. However, expression using this system revealed the detection of low levels of SpFEN expression before induction by heat-shock, indicating leakage expression had taken place. Therefore, further experiments using this system were supplemented with 0.1 mM IPTG to help repress SpFEN expression via the anti-sense lac promoter present downstream of the cloned nuclease gene (Sayers & Eckstein, 1991). Despite addition of the IPTG, some leakage expression could still be detected during large-scale expression. However, this was minor enough so as not to affect the level of overexpression and downstream purification significantly. The level of expression from this system was much more detectable than in the pTTQ1852 system, which allowed for large-scale expression and purification of SpFEN.

Although the SpFEN could be purified after expression from pJONEX4, the level of expression still was not very high compared to previous studies using the same vector (unpublished data). Perhaps the reason for this is that the SpFEN is toxic to its surrogate E. coli host, and small amounts of expression before induction kills the cell, thereby reducing the overall yield of protein expressed (EMBL, 2014). However, studying the substrate gels for the expression studies does not necessarily support this idea. The substrate gels reveal that some leaky expression has taken place in the heat-shock system but not in the lac-inducible system. It seems that the heat-shock system is less tightly controlled, and yet it produces a higher level of SpFEN expression. It is also possible that the two different systems express protein at different rates, or that different proteins react differently in different cells.

Since the level of expression for SpFEN was deemed acceptable for purification, expression was not optimized further, for example by trying another expression system, or altering the times for induction. The SpFEN protein was purified from all other proteins expressed in the cell, with the exception of one, using two ion-exchange chromatography columns (HiTrap-SP, HiTrap-Heparin), followed by a dye affinity column (HiTrap-Blue) with elution by salt gradients. The protein found alongside SpFEN had a slightly lower molecular weight and also displayed nuclease activity. This smaller nuclease has not been able to be separated from SpFEN.

Because this protein has nuclease activity, this is potentially problematic for further studies using SpFEN. The presence of a contaminating nuclease will affect the characterization of SpFEN enzymatic activity. However, it was highly likely that this protein is actually a degradation product of the SpFEN itself, generated by cleavage of a small portion of its C-terminal tail. 

Two methods were used to try and determine the identity of the unknown nuclease. The first was N-terminal sequencing, a method that would have been almost definitive in identifying the unknown protein (although the possibility of contamination must also be considered especially when the two proteins are extremely close to each other on the SDS-PAGE gel, which is the case here). The first few (around 6) amino acids of the protein (starting from the N-terminus) would have been identified, giving a 1/(206) or 1/64000000 chance of obtaining that exact same sequence. However, when performed, N-terminal sequencing was not able to determine definitively the identity of this protein because of its low level in the sample. 

The second method used was mass-spectrometry. Although mass-spectrometry gives a less definitive result than N-terminal sequencing, it has the advantage in that it can detect small amounts of protein (in the range of ng). The mass spectrometry results support the hypothesis that it is a degradation product of SpFEN, by identifying a product in the sample that matches with the MW of SpFEN with 15 missing residues in its C-terminus. If this is the case, then this degradation product is unlikely to cause problems and further studies can be carried out without further purification. This is because the activity of the degradation product is likely to be the same as SpFEN itself. Even if the activity happened to be lower, it will only affect the measurement of SpFEN activity slightly as it is present as a low percentage contaminant of the SpFEN. It may cause problems if somehow, this cleavage has managed to cause the activity of the product to be higher than SpFEN, but this is unlikely to be the case, as supported by visualization of the substrate gels. 

The observation of a degradation product was not apparent for any of the mutants purified, except for perhaps D190K. From the analysis of the gels, this would be expected. The SDS-PAGE gel was not sensitive enough to detect clearly the presence of a lower molecular weight product for the WT SpFEN (only a very faint band could be observed on close inspection). The zymogram is a more sensitive method for the detection of nucleases in the gel, which allowed the degradation product of the WT to be observed more readily. However, since the full-length mutants (with perhaps the exception of D190K) did not display nuclease activity on the zymogram, any degradation product of the mutants, if present, would be expected to also not display nuclease activity, thereby making them undetectable in the zymogram. More convincing evidence that a degradation product was not formed came from mass spectrometry results of each mutant, where no other minor peak was detected, which could correspond to a C-terminal truncated degradation product of the full-length protein. It is unsure why purification of the WT yielded a degradation product while the mutants did not – perhaps the mutation of an aspartate to a lysine in the active site had somehow stabilized the protein, although it is not clear how this would be the case. Additionally, the WT SpFEN was purified first, while the purification process for the mutants were modified to enable it to be carried out as quickly and efficiently as possible. Perhaps the shorter times taken to purify the mutants compared to the WT reduced the degradation process taking place.

In terms of crystallography, the presence of co-purifying degradation products alongside the full-length protein can be problematic, since they would be similar enough to the full-length protein to be able to form a crystal, but at the same time would contaminate and poison the crystal lattice. This is perhaps one reason why a crystal structure of the WT SpFEN domain using the purified protein discussed in this chapter was not yet able to be solved in this project, while crystal structures of two different SpFEN mutants (D141K and D116G D193K) were determined (Chapter 5).

3.10.2 Analysis of SpFEN active-site mutant generation

The generation of SpFEN mutants was largely difficult. Colonies obtained after transformation were often few or non-existent. The main reason for this likely lies in the competence of the M72 cells. Transformation of around 1 ng of empty pJONEX4 plasmid into M72 cells yielded very few colonies, indicating a transformation efficiency of just a few thousand per µg. However, low-efficiency transformation does not seem to be the only reason why transformants were difficult to obtain. Since the PCR reactions generated high yields of DNA product, we would expect the number of colonies to be much higher for these mutants than for the control where DPN1 and T4 ligase were not added (i.e. template DNA is transformed into M72 cells). However, this control always seemed to yield more colonies. This also possibly indicates that there was too much template to start with.

Since samples were not analysed by agarose gel electrophoresis after treatment with enzymes (in order to retain as much DNA for transformation as possible), it is unsure whether the ligation reaction worked well or not. A poor reaction will result in few colonies. However, previous work where samples were analysed after ligation reveals that the reactions had worked through a laddering effect visualized on the gel (Figure 3.18). Ligation reactions for standard cloning of the streptococcal genes into a vector usually appears to work well too, so the problem likely lies elsewhere (although it must be considered that the ligation reaction for generating mutants might be less efficient due to the need of a dephosphorylation step). 

It is certainly a possibility that these SpFEN active-site mutants are more toxic to the cell compared to the WT, which can lead to difficulties in cloning. Since the pJONEX4 expression system was found to have some leakage expression from the expression studies on the WT SpFEN (Figure 3.4C), it could be that this small amount of expression for the mutated SpFENs killed the E. coli cells, reducing the number of colonies that could be obtained. This idea may well be supported by the fact that when the plasmids from the colonies were sequenced, deletions and mutations away from the active-site region were found frequently (compared to the number of colonies obtained overall). The idea suggests that these active-site mutants may be selected against during the transformation process, and additional mutations selected for which may hinder the expression of the mutant protein.
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Figure 3.18: Example of the ligation step for producing D193K. The ladder effect observed in Lane 1 indicates the ligation worked. Lane 1: ligation reaction; Lane 2: Negative control (no T4 ligase); Lane 3: Reaction with no T4 ligase and no DPN1 (template transformed).

Transformation of the D139K mutant gave 1 colony with a plasmid containing a large deletion (12 bases), while transformation of the D141K mutant gave 2 colonies with a plasmid containing a single base deletion. It is interesting to note that all three of these deletions occurred in the forward primer region. Primer synthesis is 98% efficient (Pon et al, 1996), so it is expected that there will be a few oligonucleotide molecules with bases missing compared to the expected sequences in the primer samples received. Additionally, a hot-start PCR was not used in this protocol. Without a hot-start, the proofreading ability of the polymerase can degrade primers during PCR (QIAGEN, 2016). If the mutants really have some level of toxicity to the cell, then selection for these mutations in the primer may have occurred even if they were present at a low level.

3.10.3 A double active-site mutant

In total, three active site mutants have been obtained for SpFEN (D139K, D141K, D190K). Generation of the fourth mutant (D193K) has so far been unsuccessful despite the addition of IPTG to try and achieve a tighter control of expression. 

Although not reported here, work was originally done on attempting to create a D193K mutant using the SpFEN inserted in the pTTQ1852 plasmid. Although the E. coli XL1-blue competent cells had high transformation efficiency, few colonies were obtained during transformation of pTTQ1852-D193K. Again, this may pertain to selection against toxic mutants. However, it must also be noted that ligation was not carried out during this process, and the transformation efficiency of linear plasmids is much lower (usually by at least 1000-fold) than when in circular form (Shigekawa & Dower, 1988). 

Since the E. coli XL1-blue cells prepared here were more competent than the M72 cells, generation of the D193K mutant could be attempted again using the SpFEN inserted in the pTTQ1852 plasmid, but with the addition of the ligation step to increase transformation efficiency, and therefore could be likely to obtain the correct mutant. The mutant gene can then be sub-cloned into the pJONEX4 vector afterwards if need be for expression purposes. An alternative method could be to try making electrocompetent cells for M72 rather than chemically competent cells, which may see a higher transformation efficiency.

For those XL1-blue colonies obtained where plasmids were sequenced, one colony gave a sequence with the correct mutation D193K. However, there also existed another mutation upstream, which converted an aspartate residue to a glycine (D116G). This corresponds to another conserved aspartate residue in the T5 bacteriophage FEN in the metal ion-binding site I, at position 130 (Feng et al, 2004) (Figure 3.19). 
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Figure 3.19: Structure of the T5FEN active-site from Feng et al (2004). The conserved residues coordinating the two metal ion sites are labelled (Site I = red; Site II = blue). Position 130 of site I corresponds to 116 in SpFEN, while position 204 of site II corresponds to 193 in SpFEN.

A mutation in exactly another conserved aspartate in site I of the active-site raises suspicions. Again, it may give support that the active-site II mutants are being selected against, since a dysfunctional site II could mean that only site I will work and could perhaps lead to tighter binding of DNA that does not get cleaved. This is potentially toxic to the cell, and therefore, a double mutant where both sites are dysfunctional could be selected for. Moreover, in the T5 bacteriophage FEN, a mutated aspartate specifically at D204 (corresponding to D193 in SpFEN) was observed to still retain some endonuclease activity but no exonuclease activity. The combination of tighter binding and retaining nucleolytic activity may be why the D193K mutant specifically could not be produced despite several attempts, although the reason remains unclear.

3.10.4 Nuclease activity of active-site mutants

Expression of the active site mutants gave detectable levels of expression similar to or slightly higher than WT SpFEN. These gave largely soluble proteins that underwent a feasible purification process, similar to that performed for the WT. Mass spectrometry confirmed the identity of each of these purified mutants.

The zymograms for the SpFEN mutants expressed did not reveal obvious nuclease activity. This is what we would expect: if the active site was dysfunctional, then it could not cut DNA. The D190K mutant may be an exception, as faint bands were observed on the zymogram, which may correlate either to the partial retaining of nucleolytic activity or binding. It must be noted however, that this band was faint whether the zymogram was incubated for 30 minutes or overnight in reaction buffer. If nucleolytic activity had taken place, then we could perhaps expect a dark band to appear after an overnight reaction. 

The lack of a band detected on the zymograms does not rule out the presence of nuclease activity completely, just as the presence of a band does not necessarily mean nuclease activity is present. Rather, the zymogram serves just as a guidance. The DNA substrate used in the zymogram (high molecular weight long DNA) may not be the optimal substrate for the mutants, and they may still be able to cut other more specific types of DNA substrates. The mutants may have lost exonucleolytic activity but retained endonucleolytic activity, or vice versa. Furthermore, proteins do not re-nature from the SDS-PAGE gel with the same level of efficiency. In the alternative case, proteins that are able to bind to DNA but not cleave it may also result in the presence of a band in the zymogram. Thus, the enzymatic activities of these mutants will be characterized and compared to that of the wildtype using kinetic assays, to help determine the importance and function of each of the aspartate residues. 

3.10.5 Conclusions

The WT SpFEN domain as well as 4 site II active-site mutants (including one double mutant in site I and site II) have been successfully cloned, expressed, and purified for further characterization.



Chapter 4: Results - Kinetic characterization of the Streptococcus pneumoniae FEN and site II active-site mutants

4.1 Introduction

4.1.1 Metal ion cofactors

A cluster of highly conserved carboxylates resides in the active-site of the FEN. This cluster comprises mostly of negatively charged aspartate residues, which are able to coordinate a wide-ranging variety of divalent metal cations for catalysis (Kim et al, 1995, Xu et al, 2001, Feng et al, 2004). These metal cations, which have been shown to support catalysis, include Mg2+ and Mn2+ as well as Co2+, Zn2+, Cu2+ and Ni2+ at varying optimum concentrations. Low concentrations of Mg2+, Mn2+ are able to activate exo- and endonucleolytic activity. Zn2+, Co2+ and Ni2+ ions appear to stimulate endonucleolytic activity, but were much less efficient in supporting exonucleolytic activity, showing little detectable activity at lower concentrations (Feng et al, 2004). Meanwhile, Ca2+ ions do not support nucleolytic activity, but have been shown to allow tighter binding of the FEN to DNA (Feng et al, 2004).

Initial structures of T5FEN reveal 2 metal ions in the active site, bounded by site I (D26, D68, E128, D130, D153) and site II (D153, D155, D201, D204), where D153 acts between both sites (Ceska et al, 1996, Feng et al, 2004) (Figure 4.1A). These 2 metal ions were separated by 8.1 Å, much greater than the 4 Å distance usually observed in nucleases that use a two-metal-ion mechanism (Ceska et al, 1996). Because of this large distance between the two ions in prokaryotic FENs, the mechanism by which the enzyme works has been under debate. In the ExoIX structure, it was observed that site II (designated Cat2) of the active site was abolished, but that two metal cations were observed in site I (designated Cat1) less than 4 Å apart (Anstey-Gilbert et al, 2013). Three metal ions were suggested to participate in the overall T5FEN reaction, with 2 bound in Cat1, and a third in Cat2 (Syson et al, 2008), meaning that the two-metal-ion mechanism could still be compatible in prokaryotic FENs (and T5FEN). These three metal ions bound in the active site were shown in a recent T5FEN structure (PDB ID: 5HMM) (AlMalki et al, 2016) (Figure 4.1B).
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Figure 4.1: Active-site residues of T5FEN coordinating divalent metal ions. A) Initial structure of T5FEN showing 2 divalent metal ions in the active site (Ceska et al, 1996) (PDB ID: 1UT5). Site I is comprised of D26, D68, E128, D130, and D153. Site II is comprised of by D153, D155, D201, and D204. B) Later structure of T5FEN showing 3 divalent metal ions in the active site (AlMalki et al, 2016) (PDB ID: 5HMM). Cat1 contains 2 bound Mg2+ ions, while Cat2 contains 1 bound Mg2+ ion.



4.1.2 SpFEN active site

In T5 FEN, mutagenesis experiments revealed that mutation of conserved residues in site I led to complete abolishment of enzymatic activity. However, the mutation of some aspartates (201 and 204) allowed T5 FEN to retain some endonucleolytic activity (Feng et al, 2004).

The conserved residues in the SpFEN active site had already been determined through sequence alignment with the T5 FEN. Site II was found to contain 4 conserved aspartate residues (at locations 139, 141, 190, and 193), which were targeted for site-directed mutagenesis (Chapter 3). The aspartates were converted to lysines, to replace the positive charge of the displaced metal cofactor. In the same way as T5 FEN, each conserved aspartate can then be analysed separately to determine its significance in SpFEN function.

The zymograms from the purification of the SpFEN mutants show no obvious nucleolytic activity occurring within the gel (as opposed to the clearly dark band appearing for the purified WT SpFEN), indicating that perhaps the active-site mutation has led to its loss of function (Section 3.9). However, zymograms only give an indication of the nucleolytic properties of the protein since factors such as protein refolding in the gel can affect the result. Therefore, in this chapter, biochemical assays have been optimized and performed to reliably determine the nucleolytic function of each SpFEN mutant.

4.1.3 Aims

The aim of this project was to compare the exonucleolytic and endonucleolytic activities of each active site mutant to the WT, and to determine whether they had retained any nucleolytic activity at all.

4.2 Quantification of SpFEN by Bradford Assay

4.2.1 Bradford assay 

The SpFEN protein was identified to contain 8 arginines, 17 phenylalanines, and 10 tyrosines. However, it does not contain any tryptophans.  A 10% error or more has previously been estimated when using the extinction coefficient and absorbance at 280 nm to calculate protein concentration if the protein does not have any tryptophan residues (Gasteiger et al, 2005).  Therefore, in that respect, the Bradford assay was selected as the method for use instead.

The Bradford assay was used as a quick and simple method to estimate the concentration and amount of each protein after purification. The method depends on the binding of aromatic residues (phenylalaine, tyrosine, and tryptophan) and arginine to the Coomassie Brilliant Blue G-250 dye. This interaction causes a shift in the dye from 470 nm (red) to a stable 595 nm (blue), which is measured (Bio-Rad, 2017). 

4.2.2 Determining the final amount and concentration of purified SpFEN

The concentration of the final purified WT SpFEN protein was quantified (Bradford, 1976) using the Bradford assay (Section 2.4.1). The final purified concentration of SpFEN was determined at 1000 μg.mL-1, with a total volume of around 1 mL of protein sample. This equates to ~ 1 mg of WT SpFEN protein purified from 5 g of cell paste. The same method was used to determine amount of each of the SpFEN active-site mutants purified (Table 4.1).

Table 4.1: Estimates of the amount of WT and mutant SpFEN proteins purified each time from 5 g of cells.
SpFEN protein	Estimates of amount of protein purified (mg)
WT			1 - 2 
D139K		1 – 2 
D141K		8 – 10 
D190K		1 – 2 
D193K		20 

The amount of each purified protein was suitable for carrying out the kinetic experiments and for determining their exo- and endonucleolytic functions. The proteins were stored at -20°C (50% glycerol) at a concentration of approximately 1 mg.mL-1 or higher if feasible.

4.3 UV exonuclease assay for WT SpFEN

4.3.1 Optimization of the reaction rate  

To determine the exonuclease activity of the WT, a UV assay was used as described by Sayers & Eckstein, 1991. The purified SpFEN was incubated in a reaction with high molecular weight DNA, and the amount of free nucleotides in the sample was measured over time (A260). From this, the rate (U) and the specific activity (U.mg-1) of the enzyme was be calculated assuming an A260 of 1.2 corresponded to 100 nm of free nucleotides in solution. One unit of enzyme is defined as the amount of enzyme required to release 1 nmole of nucleotides in 30 minutes at 37°C.

Preliminary experiments were set up, which involved taking samples over a time period of 120 minutes, at time points of 0, 15, 30, 60, 90, and 120 minutes. Five μg in a 5 μL volume of the purified SpFEN protein was added to the 600 μL reaction. As a negative control, water was added to the reaction instead of protein (Figure 4.2A).
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Figure 4.2: Optimization of the reaction rate for SpFEN using the UV exonuclease assay. A) UV exonuclease assay of WT SpFEN over 120 minutes (n=1). The SpFEN enzyme is revealed to display exonuclease function, although reaction is too quick to give an estimate of the enzyme’s specific rate. B) UV exonuclease assay of WT SpFEN over 60 minutes (n=1).

The data reveals significant exonuclease activity detected for the purified SpFEN protein. However, an observable decrease was found in the rate of reaction for SpFEN between the 2nd and 3rd time points compared to the first 2 time points. Since we cannot tell whether the rate of reaction has already started decreasing before this or not, more time points need to be measured before 15 minutes (Figure 4.2A).

The UV exonuclease assay was therefore optimised for the SpFEN by reducing the overall time period of measurements from 120 minutes to 60 minutes, and taking samples at 3, 6, 12, 24, and 60 minutes. Additionally, the amount of SpFEN used in the assay was reduced from 5 μg to 2 μg, to try and reduce the initial rate of reaction, and consequently achieve a more accurate measure of the SpFEN specific rate (Figure 4.2B).

The differences in the rates of reaction are not as pronounced between time points compared to the previous reaction. The initial rate and specific activity of SpFEN can be determined from the first 3 time points of the reaction, which represent a reasonably linear section of the plot. For calculating the specific rates of the WT SpFEN and the active-site mutants, the “specific rate” of the negative control was measured, and subtracted from that of the enzyme, since any degradation in the control must be coming from the buffer, which was also present in the reaction containing the enzyme.

In conclusion, the time points used over a period of 60 minutes, and using 2 μg of SpFEN has been estimated to give more accurate determination of the specific activity of the SpFEN.

4.3.2 Crude Optimization of pH for exonuclease assay

The UV exonuclease assay was previously run at pH 9.3 (using a potassium glycinate buffer) for the T5 FEN enzyme. A pH curve was carried out for freshly purified SpFEN for the UV exonuclease assay, to estimate an optimum pH for the enzymatic function of SpFEN. The same reaction was used (2 μg of SpFEN was used for each reaction, and the reaction was run over a time period of 60 minutes, as determined by the previous experiment.), except replacing the potassium glycinate with a different buffer component at a 50 mM concentration depending on the pH, according to Good’s buffers (Table 4.2). Each reaction was run in triplicate.

Table 4.2: Buffers used to change the pH of the UV exonuclease assay. The range of pH used covered 4 to 9.3, to find the optimum for the SpFEN enzyme.

pH	Buffer
4	Acetate
5	Acetate
6	MES
7	HEPES
8	Tris
9.3	potassium glycinate

From the data obtained, the rate (U) and the specific actvitiy (U.mg-1) of the SpFEN enzyme was calculated for each pH by fitting a straight line from the first 3 time points of each pH (3, 6, and 12 minutes) and the gradient determined. 

Table 4.3: Variation of reaction rate and specific activity of WT SpFEN for different pH tested. 

pH	Rate (U)	Specific activity (U.mg-1)
4	3.1		1500
5	4.3		2200
6	8.3		4200
7	28		14000
8	45		23000
9.3	27		14000

The optimum pH was revealed to be close to pH 8 (Table 4.3, Figure 4.3). The specific activity of the purified WT SpFEN at this pH was estimated at around 23000 U.mg-1.
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Figure 4.3: pH curve for WT SpFEN exonuclease activity. Sigma type XIV DNA was used at a concentration of 0.67 mg.mL-1 in the final reactions. SEM error bars are shown.

4.3.3 Analysis of the specific activity calculated from purified WT SpFEN

The specific activity of the SpFEN enzyme was determined at 23000 U.mg-1 at pH 8. This was averaged from 3 repeats of the same reaction (Table 4.4), using freshly purified SpFEN from the same batch. From the 3 repeats, the rates and specific activities can be compared to each other and analysed.

Table 4.4: Rates and specific activities calculated for each repeat for SpFEN at pH 8.

Repeat	Rate (U)	Specific activity (U.mg-1)
1		43		21000	
2		56		28000
3		36		18000

From this, we can see a difference of around 20 U between the highest and lowest rates measured from the same enzyme, resulting in a difference of around 10000 between the highest and lowest specific activities. The lowest rates measured reached 64% of the highest rates measured, meaning a 36% difference between the two. This reveals that despite the same conditions and use of the same purified enzyme, the variation measured between different reactions can be large, as can also be seen from the error bars displayed on the pH curve (Figure 4.3).

Pipetting small volumes in the reaction may contribute to the problem. For example 2 μg of SpFEN was used, which was added to the reaction in a 2 μL volume. On one hand, small volumes of the protein are desired, so as to make minimal change to the concentration of each of the reaction components. However, small pipetting volumes can also lead to larger errors. Caution was taken to use just the very tip of the pipette tip to minimize the amount of sample sticking to the outside walls of the tip, although any small increases or decreases in volume may have a large effect because it contributes to a significant percentage of the small overall volume. Therefore, while 23000 U.mg-1 was the specific activity measured from this batch of enzyme averaged from 3 repeats, because of the variability between each individual repeat, how close this may be to the true value may be debated. Increasing the number of repeats may give a closer indication of this value. 

Additionally, from the initial optimization experiment where the SpFEN was incubated with a pH 9.3 glycinate buffer, the specific activity of that can be calculated at 22000 U.mg-1, almost reaching that calculated for optimum pH 8 in the pH curve.  The specific activity of SpFEN at pH 9.3 from the pH curve was calculated at 14000 U.mg-1 ± 6000 U.mg-1. This reinforces the large variation seen between different reactions under the same conditions using the same batch of enzyme, and also possible large overall differences in the mean average between different batches of enzyme (although the first batch would also need to be repeated 3 times to be comparable to the second batch).

4.4 FRET assay for WT SpFEN

4.4.1 Optimization of concentrations for detectable rates of endonucleolytic cleavage by SpFEN

Three different DNA substrates were designed to test the endonuclease activity of FEN enzymes (Section 2.8.2, Table 2.4). The OHP2 represents a hairpin structure. The flap substrate has a 5′ ssDNA arm attached to duplex DNA. The invader substrate is similar to the flap substrate but has an additional 3′ overhang. 

The substrates are dually labelled with two fluorophores: a donor and a quencher. As the SpFEN enzyme cuts each DNA substrate at their sites of cleavage, the fluorophores become separated, and the release of energy from the donor fluorophore can be measured in fluorescence.

The FRET assay for SpFEN was first tried with the OHP2 substrate. The substrate was diluted to a 1 μM stock in 1x assay buffer (HEPES, pH 7). The purified SpFEN was diluted to a 15 nM stock in the same 1x assay buffer, and kept on ice. The substrate, enzyme, and buffer was incubated at 37oC for 5 minutes before 1.5 μL of MgCl2 was added to the reaction and the fluorescence read for 600 s in the fluorometer. Substrate concentrations were varied for the reactions, ranging from 25-100 nM. Enzyme concentrations ranged from 0.15-3 nM of the prepared stock added to the reaction. However, no detectable endonucleolytic activity was observed using these enzyme and substrate concentrations.

Purified SpFEN was then made to a higher concentration stock at 75 nM, and up to 22.5 nM of the enzyme was added to the final reaction, with 25 nM OHP2. Detectable rates of endonucleolytic activity were observed from 7.5 nM of enzyme added. However, the addition of MgCl2 after incubation gave the appearance of sigmoidal curves. Therefore, the assay was adapted to add MgCl2 first, prior to incubation at 37°C, while substrate was added last after incubation and immediately before taking measurements.

For the Flap substrate, detectable rates of endonucleolytic were observed using 0.5 nM of purified SpFEN and 25 nM substrate in the final reaction. For the Invader substrate, detectable rates of endonucleolytic were observed with 0.1 nM of purified SpFEN and 25 nM substrate. A good curve for the Invader substrate was observed when 0.5 nM of the SpFEN was added to the reaction, indicating a reaction that was not too fast or too slow where an initial rate could be measured.

4.4.2 Comparison of different DNA substrates for SpFEN endonuclease activity

From the previous experiments, a detectable rate of endonucleolytic activity was observed for all 3 DNA substrates tested, although the Invader substrate needed the smallest concentration of enzyme for it to be detected. Therefore, the Invader substrate appears to be the fastest cleaved substrate by SpFEN out of the three.

As a comparable test, the same enzyme (0.25 nM) and substrate (25 nM) concentration was used for each reaction to directly compare the initial rates of reaction for the SpFEN endonucleolytic activity on the 3 DNA substrates available (Figure 4.4).
[image: ]








Figure 4.4: Comparison of initial endonucleolytic hydrolysis rates with different substrates endonucleolytically cleaved by SpFEN.  N = 3. SEM error bars are shown. A concentration of 25 nM of each substrate was used for each reaction. One-tailed single-sample t-tests were performed for each substrate, comparing their rates to the negative control at 0 FU/s. P-values of 0.86, 0.02, and 0.0005 were obtained for OHP2, Flap, and Invader substrates respectively. This indicates there is significant difference between Flap or Invader and the control, but not between OHP2 and the control.

As expected from initial experiments, the Invader substrate was the DNA substrate that was cleaved the fastest by the SpFEN enzyme compared to the other substrates. The additional 3′ overhang may act as a foothold for the enzyme to grab onto and bind, allowing more efficient cleavage of DNA.

4.4.3 Optimization of pH curve

Similar to the UV exonuclease assay, a pH curve was carried out for the FRET endonuclease assay to determine the optimum pH of endonucleolytic activity of the SpFEN on the Invader substrate.

The FRET assay was previously optimised in a 25 mM HEPES buffer at pH 7 for the T5FEN enzyme. The 25 mM HEPES was replaced with 25 mM of different components to make up the buffer at different pHs, according to Good’s buffers (Table 4.5).

Table 4.5: Buffers used to change the pH of the endonuclease FRET assay. Buffers were used at 25 mM each in the final reaction. The range of pH used covered 4 to 9, to find the optimum for the SpFEN enzyme.

pH	Buffer
4	Acetate
5	Acetate
6	MES
7	HEPES
8	Tris
9	CHES

Fifty nM of the Invader substrate was used in the final reaction. The SpFEN concentration was made to a final concentration of 0.25 nM. Initial rates were determined from the first 35 seconds.

For pH 4, 5, and 6, no endonucleolytic activity was detected for SpFEN on the Invader substrate. The initial rates for pH 7, 8, and 9 are plotted (Figure 4.5).
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Figure 4.5: pH curve for WT SpFEN endonuclease activity.  Invader substrate was used to test endonucleolytic activity of the SpFEN at different pH. N = 3. SEM error bars are shown.

The pH curve shows that the optimum pH is again, around pH 8 (with a suggested optimum just below pH 8 from the fitted spline), similar to the previous exonuclease assay. Therefore all further FRET assays for SpFEN were carried out at pH 8 TRIS buffer, as with the UV exonuclease assay.

4.4.4 Kinetic parameters for SpFEN

The Invader substrate was then used to try and determine the kinetic parameters for SpFEN. This was done using a range of different substrate concentrations.

Initially, a range from 17 nM to 67 nM Invader substrate was used in the FRET assay for 0.5 nM SpFEN. From this, initial rates for each reaction was determined, and plotted against substrate concentration. However, this revealed a linear correlation between initial rate and substrate concentration, rather than reaching a plateau in initial rates with the higher substrate concentrations. This indicated, that much higher substrate concentrations were needed before maximum velocity could be reached.

Experiments were also tried with 5x less enzyme (5 μL of 0.1 μg.mL-1 SpFEN), and increasing the substrate concentration to 200 nM, although this also could not reach maximum velocity. From this set of assays, a Michaelis-Menten curve was fitted onto the points, to give a rough prediction of the substrate concentration where Vmax could be reached (Figure 4.6). 













Figure 4.6: Michaelis-Menten model for SpFEN fitted onto data points, using substrate concentrations up to 200 nM. The model predicts perhaps up to 2000 nM substrate concentration or more would be needed before the Vmax of SpFEN would be reached.

The assays were then repeated using substrate concentrations up to the maximum possible concentration available of 5000 nM (250 nM, 500 nM, 1000 nM, 2000 nM, 5000 nM), using a mix of fluorescently labelled substrates with unlabelled subtrates. Fluorescence detection was low for these. Initial rates appeared to increase linearly up to 2000 nM, but decreased substantially at 5000 nM. It is unsure why this was the case, and it is also uncertain whether the assay had reached a substrate concentration for maximum velocity of the SpFEN. Therefore, kinetic parameters could not be calculated for the SpFEN enzyme conclusively.

4.4.5 Using T5FEN as a control to determine kinetic parameters

The previously characterized T5FENΔ19 enzyme was then used as a positive control for the FRET assay. It is already known that this method can be used effectively to calculate the kinetic parameters of the T5FEN enzyme (Zhang, 2012). Therefore, the method was repeated to see if it could be replicated, to ensure that the reason why the SpFEN kinetic parameters could not be obtained was because of the high Km, rather than any other factor.

At first, the UV exonuclease assay was performed to make sure the purified T5FENΔ19 (obtained from Sarbendra Pradhananga, University of Sheffield) was still enzymatically active. Using a potassium glycinate buffer at pH 9.3, and 0.3 μg of enzyme, measurements at A260 were taken over 60 minutes. It was found that the enzyme was still active, and found to be roughly 10 times more active than the SpFEN.

The FRET assay was then carried out for T5FENΔ19, as performed by Jing (2012). A range of OHP2 substrate concentrations were used (6.25 nM, 12.5 nM, 25 nM, 50 nM, 100 nM, 150 nM, 200 nM, 250 nM), while the enzyme final concentration is 8 nM per reaction. The reactions were in HEPES pH 7 buffer, and carried out in the same way as discussed for the SpFEN (except for lowering the voltage setting in the fluorometer from 700 V to 400 V, to reduce the detection of fluorescence). Initial rates were calculated against substrate concentration (Figure 4.7).









Figure 4.7: Initial rates for T5FENΔ19 at different substrate concentrations. Data points represent mean average of the initial rate for n = 3 at each substrate concentration.

A Hanes-Woolf plot was then used to determine the T5FENΔ19 kinetic parameters (Figure 4.8), a semi-reciprocal plot of [S]/v vs [S] for quick determination of kinetic parameters. This was used instead of the Lineweaver-Burk reciprocal plot, because of the advantage of the Hanes-Woolf plot in that velocities at low substrate concentrations have less bias on the plot (Ritchie & Prvan, 1996). The Vmax was calculated to be 1.86 FU/s, and the Km was 89.28 nM. The fact that these kinetic parameters could be obtained for the T5FEN using the same method as for the SpFEN, indicates that SpFEN has a much higher Km, which could not yet be determined because of the limits of the experiment.













Figure 4.8: Hanes-Woolf plot for T5FENΔ19. [S] = Concentration of substrate in nM. v = reaction velocity in FU/s.

4.5 Comparison of WT with active-site mutants

4.5.1 Comparison of exonuclease activity between WT SpFEN and active-site mutants

After the purification of the four active-site mutants of SpFEN, they were subjected to the UV exonuclease assay under the same conditions for the WT SpFEN in order to make a direct comparison of their exonuclease activities. None of the 4 purified active-site mutants failed to show obvious nuclease activity on the zymograms (with the exception of perhaps D190K) (Chapter 3, Figure 3.16). However, the UV exonuclease assay provides a more unambiguous method for which to determine the presence of activity for these mutants.

As optimized for the WT SpFEN, around 2-6 μg of each mutant protein was added to the reaction at pH 8, and measured for the A260 for a series of time points over 60 minutes. Each measurement was taken in triplicate. The specific activites were then calculated for each protein (Table 4.6).

For the D141K mutant, initially 2 μg of the protein was added into the reaction, which appeared to give an average specific activity of 7800 U.mg.-1, although with large error bars. It was unclear whether this represented the presence of real exonuclease activity for D141K. Therefore, the amount of protein was increased to 20 μg (10x the previous amount) for the assay. From this, it was found that the rate of reaction did not increase, as would be expected if activity was present, and the specific activity was calculated at a much lower value.



Table 4.6: Specific activities calculated for each SpFEN mutant from the UV exonuclease assay.

Protein	Specific activity (U.mg-1)
WT	23000
D139K	1300
D141K	40
D190K	56
D116G D193K	53

[image: ]The specific activities calculated suggest that the mutation at each of the conserved aspartate residues has led to diminished exonuclease activity of the enzyme. Analysing the error bars (Figure 4.9), it appears that the active-site substitutions have abolished enzyme activity.











Figure 4.9: Comparison of the specific activities for the WT SpFEN and 4 active-site mutants determined by UV assay. N = 3. SEM error bars are shown. One-tailed single-sample t-tests were performed for each WT and mutant, comparing their specific rates to the negative control at 0 U.mg-1. P-values of 0.008, 0.30, 0.35, 0.24, and 0.42 were obtained for the WT, D139K, D141K, D190K, and D193K D116G mutants respectively. This indicates that only a significant difference exists between the WT and the control, meaning that none of the active-site mutants display any exonucleolytic activity.

None of the 4 active-site mutants generated displayed exonucleolytic activity (P-value > 0.05) when subjected to the same conditions as the WT SpFEN for the UV exonuclease assay (Figure 4.9). The results indicate that the conserved aspartate residues at sites 139, 141, and 190 are required for the mechanism of DNA cleavage in SpFEN. For the double mutant, the result indicates that at least one of the conserved aspartates either at site 193 or at site 116 is required for DNA cleavage in SpFEN. Loss of these conserved aspartates leads to the loss of exonucleolytic activity.
It is still possible that the active-site mutants may have retained some exonucleolytic activity. All experiments were carried out under the same conditions and the same time period optimized for the WT SpFEN. It may be the case that the active-site mutants have reduced exonucleolytic activity compared to that of the WT, but that a much longer time period is needed in order to be able to detect this activity. However, the results are in support of previously published data for other FENs (Amblar et al, 2001, Feng et al, 2004) where active-site mutants at the designated locations were found to abolish exonucleolytic activity.

4.5.2 Comparison of endonuclease activity between WT SpFEN and active-site mutants

Endonuclease activities were then compared between the WT SpFEN and each of the 4 active-site mutants generated, using the FRET-based assay as before, using TRIS pH 8 buffer. As optimized with the WT SpFEN, the Invader substrate was used in the assay at a final concentration of 50 nM, while enzyme concentrations were made to a stock of 0.5 μg.mL-1 (final concentration of 0.0157 μg.mL-1 in each reaction).

Each measurement was taken in triplicate and averaged, and initial rates of each mutant were calculated from the linear portion of the curve (Figure 4.10). All mutants appeared to display no endonuclease activity from the FRET assay, with curves representing just background noise.
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Figure 4.10: Comparison of the endonucleolytic activities of WT SpFEN and the 4 generated active-site mutants determined by FRET assay. N=3. SEM error bars are shown. One-tailed single-sample t-tests were performed for each WT and mutant, comparing their specific rates to the negative control at 0 FU/s. P-values of 0.0001, 0.85, 0.06, 0.87, and 0.97 were obtained for the WT, D139K, D141K, D190K, and D193K D116G mutants respectively. This indicates that only a significant difference exists between the WT and the control, meaning that none of the active-site mutants display any endonucleolytic activity.

Comparison of the WT SpFEN and the 4 active-site mutants reveals that effectively no endonucleolytic activity could be observed for the 4 mutants, indicating that the conserved aspartates mutated are necessary for the endonucleolytic function as well as the exonucleolytic function of the SpFEN.

4.6 Investigation into whether manganese chloride can rescue nuclease activity of SpFEN mutants

4.6.1 Comparison of exonuclease activity between WT SpFEN and active-site mutants using manganese chloride

While the active-site mutants showed no evidence of exonucleolytic or endonucleolytic activity under the conditions tested, substituting the magnesium metal ion cofactor with an alternative cofactor may be able to rescue some activity. Since the active-site mutants generated involved converting a conserved negatively charged aspartate residue to a positively charged lysine residue, the positive charge can repel the positively charged cation cofactor, leading to loss of cleavage function. Replacing the magnesium ion cofactor with manganese ions may be able to rescue some nucleolytic activity, since manganese ions are able to bind tighter to the active site compared to magnesium chloride, and therefore may be able to bind regardless of the positively charged lysine.

To compare the exonuclease activities between the WT and the 4 active-site mutants when magnesium chloride was replaced with manganese chloride, an end point assay was carried out where the A260 was measured after 30 minutes of incubation at 37oC. A range of different manganese chloride concentrations were tested, from 1, 2, 4, 7, and 16 mM to determine where the optimum concentration of manganese chloride may lie. Each measurement was taken in triplicate (Figure 4.11).
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Figure 4.11: Comparison of the exonucleolytic activities of WT SpFEN and the 4 active-site mutants using manganese chloride at different concentrations. A positive control (x) was performed using 10 mM magnesium chloride on the WT SpFEN. N=3. SEM error bars are shown.
Error bars are small showing repeatability of experiments. The activity of all the active-site mutants looks the same as the negative control throughout the different concentrations of manganese chloride added to the reaction. Therefore, the addition of manganese does not look like it is able to rescue the exonuclease acitivy in any of the 4 active-site mutants generated from SpFEN.

The WT SpFEN appears to have the highest activity at 1 mM manganese chloride from the range of concentrations tested, and this decreases with increasing manganese concentration until it has lost around 70% of its activity at 16 mM manganese chloride compared to 1 mM manganese chloride. The optimum concentration may be below 1 mM manganese chloride, although there is not much difference between 1 and 2 mM manganese chloride, so the concentration is likely to be near its optimum at 1 mM. Previous experiments show the optimum concentration of manganese chloride on nuclease activity is from around 1 to 2 mM.

4.6.2 Comparison of endonuclease activity between WT SpFEN and active-site mutants using manganese chloride

The FRET assay was also repeated with the Invader substrate, replacing MgCl2 with manganese chloride, to see if endonuclease activity could be rescued for any of the active-site mutants. The final concentration of manganese chloride used in the assay was calculated at around 1.33 mM. From the exonuclease assay, this should be somewhere near the optimum concentration of manganese chloride.

DTT was removed from the reaction in this case. A 0.5 nM concentration of SpFEN enzyme was used per reaction. Three repeats were carried out for each mutant and for the WT SpFEN, and averaged to calculate initial rates (Figure 4.12).

For each of the 4 active-site mutants, no endonucleolytic activity was detected, indicating that their activities could not be rescued with the addition of manganese chloride. The WT showed activity with manganese chloride (< 3 FU/s), but was less than that with magnesium chloride (around 6 FU/s).
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Figure 4.12: Comparison of endonuclease activity between WT SpFEN and the 4 generated active-site mutants using manganese chloride instead of magnesium chloride. The final concentration of manganese chloride in each reaction fo 1.33 mM. N =3. SEM error bars are shown. One-tailed single-sample t-tests were performed for each WT and mutant, comparing their specific rates to the negative control at 0 FU/s. P-values of 0.02, 1.0, 0.92, 0.78, and 0.81 were obtained for the WT, D139K, D141K, D190K, and D193K D116G mutants respectively. This indicates that only a significant difference exists between the WT and the control, meaning that none of the active-site mutants display any endonucleolytic activity in the presence of manganese chloride.

4.7 Discussion

4.7.1 Enzymatic characterization of SpFEN and active-site mutants

The WT SpFEN and 4 active-site mutants were previously purified, and now characterized in terms of their enzymatic functions.

As would be expected, the WT SpFEN enzyme possesses both exonucleolytic and endonucleolytic function. Its exonucleolytic activity was determined via a UV assay, and was found to have a specific activity of 22598.75 U.mg-1. The kinetic parameters for the WT SpFEN could not be determined through the FRET-based assay, although it could be determined for T5FEN. The experiments indicate that a much higher substrate concentration than available is needed to reach maximum velocity for the SpFEN, indicating a high Km. Compared to the T5FEN, it appears SpFEN has much lower affinity for its DNA substrate.

All 4 active-site mutants failed to display detectable exonucleolytic or endonucleolytic activity. This was the case either in the presence of MgCl2 or MnCl2, where neither cofactor managed to rescue activity for the mutants. For D139, D141, and D190, this indicates that these conserved aspartates are required for both exonucleolytic and endonucleolytic activity. For the D116G D193K mutant, it could be that the mutation of only one conserved aspartate (either 116 or 193) would have led to abolishment of both nucleolytic functions but it cannot be said for certain. This is because the mutation of one aspartate could have abolished one nucleolytic function, while the mutation of the other aspartate abolished the other. 

4.7.2 Comparison of the SpFEN activity with other purified FEN enzymes

Previously purified FENs in the lab from other organisms were used as positive controls during the UV exonuclease assay experiments.  A brief, preliminary comparison can be made between the specific activity of the SpFEN and the specific activity of these other purified FEN enzymes. As before, the first three data points for each experiment was used to determine crude estimates of the rate for the reaction and the specific of each FEN enzyme from various species (Table 4.7).

Table 4.7: Crude estimates of the specific rate of purified FEN enzymes from various organisms. Sp = Streptococcus pneumoniae. Cd = Clostridium difficile. Hi = Haemophilus influenzae. Sa = Staphylococcus aureus. T5 = T5 bacteriophage.

Enzyme		Specific rate (U.mg-1)
SpFEN		23000
CdFEN		950
HiFEN		14000
SaFEN		180	
T5FEN		260000

From the estimates of FEN activity, SpFEN appears to be in the same order of magnitude as the Haemophilus influenzae FEN, but more exonucleolytically active than the Clostridium difficile and Staphylococcus aureus FENs, and less active than the T5 bacteriophage FEN.

The T5FEN exists as a separate enzyme, while the bacterial FENs are domains that have been purified away from the N-terminus of the DNA polymerase I, which may help to explain why the purified T5FEN is more active. The low activity of the SaFEN could potentially be explained by the fact that S. aureus has the DNA polymerase I FEN domain as well as a separate distinct FEN, although this does not explain the low activity found in the CdFEN as well.

As mentioned, the experimental data obtained are just crude estimates of the other FEN enzymes, and therefore, reservations must be taken in analysing and interpreting the data. For CdFEN, HiFEN, and SaFEN, the estimate was calculated from a sample size of n=1, while variable results were seen when trying to obtain a pH curve for SaFEN, which will need to be purified again for repeated testing.



4.7.3 Role of conserved residues in other FENs

The conserved residues found in the active site of FENs can be categorized into site I and site II of the active site. The exact roles of these conserved residues are under debate, especially those concerning site II. For site I conserved residues, it appears that mutating these leads to the inactivation of both exonucleolytic and endonucleolytic activity of the FEN enzyme, at least in most cases observed. However, for site II mutations, some have been deemed unimportant for nucleolytic activity, while others have led to inactivity. 

In T5FEN, mutations of the D201I and D204S conserved aspartates in site II still retained good levels (although reduced) of endonucleolytic activity, but greatly reduced exonucleolytic activity. However, D201R D204P or D201R D204R mutants (i.e. replacing one or two of the conserved aspartates with a positively charged arginine residue) led to complete loss of exonucleolytic activity, although it still retained some endonucleolytic activity. It was reasoned that these observations could be because the conserved D153 and D155 residues in site II could still allow a positively charged metal cofactor to occupy the site in the case of the first double mutation, but the mutation to a positively charged residue allowed complete prevention of the metal ion binding there. These experiments indicate that for T5FEN, both site I and site II are needed for exonucleolytic activity, while only site I is needed for endonucleolytic activity (Feng et al, 2004).

For SpFEN, it was found that mutating the D190 (equivalent of D201 in T5FEN) to a positive lysine residue led to complete loss of both exonucleolytic and endonucleolytic activity, whereas we might have expected it to retain some endonucleolytic activity based on T5FEN. These results suggest that conserved residues in the active site of FENs from different organisms may have evolved to play different roles in the enzymatic functions. Mutation of the D190 to an alanine (Amblar et al, 2001) was also found to lead to the loss of exonucleolytic activity.

4.7.4 Conclusions

Site II conserved aspartates were found to be important for both exonucleolytic and endonucleolytic functions of SpFEN (except for D193, which is as yet undetermined) through site-directed mutagenesis. It is possible that these mutations led to a structural rather than a mechanical change, which could have led to the loss of function. In the next chapter, solved structures of SpFEN mutants are discussed. Although a direct comparison cannot be made between these and the WT SpFEN (whose crystal structure has not yet been solved), the mutant structures of SpFEN appear to be well conserved in general with other FEN structures in the database.


Chapter 5: Results - Structural studies on the Streptococcus pneumoniae FEN domain

5.1 Introduction

5.1.1 Crystal structures of FENs

FEN structures have been determined for at least ten different organisms, including the human homologue and two from bacteria (Escherichia coli and Thermus aquaticus). These structures also include FENs from viruses (e.g. T5 FEN which has been extensively characterized) and from archaea (Table 5.1). Therefore, FEN structures have been represented from all domains of life (Eukaryota, Bacteria, Archaea), and are structurally conserved.

Table 5.1: FEN structures from various organisms deposited in the PDB. (Date accessed: 20/08/17).

Organism			PDB	Reference			

Eukaryotes
Homo sapiens			1UL1	Sakurai et al (2005)		

Bacteria
Escherichia coli		3ZD8	Anstey-Gilbert et al (2013)		
Thermus aquaticus 		1TAQ	Kim et al (1995)

Archaea
Archaeoglobus fulgidus	1RXV	Chapados et al (2004)		
Methanococcus jannaschii	1A76	Hwang et al (1998)		
Methanopyrus kandleri	4WA8	Shah et al (2015)		
Pyrococcus horikoshii		1MC8	Matsui et al (2002)	
Pyrococcus furiosus		1B43	Hosfield et al (1998)	
Desulfurococcus amylolyticus	3ORY	Mase et al (2011)			
Sulfolobus solfataricus	2IZO	Dore et al (2006)		

Viruses
T5 bacteriophage		5HMM	AlMalki et al (2016)		
T4 bacteriophage		1TFR	Mueser et al (1996)

So far, no FEN structure has yet been published for any bacterial pathogen. However, since pathogenic bacterial FENs have recently been discussed as a potential target for new antibiotics in the future (Sayers, 2016), structural determination of these FENs would serve useful for rational drug design (Anderson, 2003). Due to the structural similarity between FENs of very different species, detailed comparison between their molecular structures (i.e. humans and bacterial organisms) may be imperative for developing a new drug.

5.1.2 Aims

The primary aim of this project was to first determine the structure of SpFEN, since no structure of this protein is in the public domain. Solving this structure would also contribute to some of the first structures of FEN from a pathogen, and would thereby facilitate drug design in the future. 

As well as simply determining the SpFEN structure, another aim was to solve the co-crystal structure of SpFEN and DNA, to provide information on SpFEN-substrate interactions. DNA has recently been found to thread through the homologous T5FEN arch, so crystal trials were set up to see if the same could be observed for SpFEN with the same DNA sequence.

The third aim was to determine the SpFEN:DNA:cofactor structure by using divalent metal ions to supplement crystal trial conditions in order to try and obtain a structure where these cofactors could be observed in the SpFEN active site.

5.2 Solving a preliminary structure of SpFEN

5.2.1 Purification of SpFEN D141K

Initial crystallography experiments were performed with the D141K mutant of SpFEN because of the feasibility of purification based on the detectable level of expression, its availability, its solubility, and the final yield of protein after purification. Purification of the D141K mutant was carried out as described in Section 3.9.2 using a heparin column, a ResourceQ column, and the gel filtration Superdex200 column. After purification, the NaCl salt concentration of the sample was reduced to 70 mM using a 1 mL vivaspin column to carry out buffer exchange using a zero salt Tris pH 8 buffer. No protein precipitation was observed at the low salt concentration.

Freshly purified protein was used immediately for use in crystal trials. Any purified protein left over was either stored at 4°C for up to a week for use in optimization experiments, or stored in 50% glycerol at -20°C for longer-term use. For use in crystal trials, glycerol was exchanged out of stored protein samples and into the appropriate buffer by using 1 mL 10 kDa Vivaspin columns.

5.2.2 Initial crystal trials of SpFEN D141K 

To prepare for crystallization, the purified protein was first concentrated. Basic protocol deems concentrations between 5 and 20 mg.mL-1 to be generally suitable for most proteins for carrying out crystallization trials (Friedmann et al, 2004). Therefore, initial trials tested the SpFEN D141K protein at 14.5 mg.mL-1. JCSG+, Proplex, and PACT screens were tested for D141K at this concentration, based on the amount of fresh protein available after purification. 

No crystals were observed for the D141K mutant at a concentration of 14.5 mg.mL-1 for these three screens. When observing the conditions of the screens, it appears that most of the drops remained clear, while only a few showed signs of precipitation via a milky opaque consistency. This indicated that the protein might not be in a high enough concentration to drive crystal formation.

The D141K mutant was therefore re-purified, and crystal trials were again set up, but this time increasing the concentration of the protein from 14.5 mg.mL-1 to 24 mg.mL-1 based on observations from the previous plates. Additionally, since the D141K mutant appears to be a soluble protein as it did not precipitate out of solution easily in high or low salt buffer and after storage at 4°C for a week, this also supports the possibility that a higher concentration of the protein may be needed for crystallization. D141K at 24 mg.mL-1 was screened against the MPD, PACT, and ammonium sulphate plates.

After 3 days, the presence of crystals was observed for the D141K under two different conditions in the ammonium sulphate plate (Figure 5.1). The observation of crystals here indicate that the higher concentration of protein may be more favourable for crystal formation, although initial screens at 14 mg.mL-1 of D141K did not test the ammonium sulphate plate so a direct comparison cannot be made. Additionally, both crystal trials at the lower and higher concentration screened the D141K against the PACT plate, but the higher concentration of protein did not yield any crystals. 
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Figure 5.1: Presence of SpFEN D141K crystals observed under polarized light in the ammonium sulphate screen. A) Condition A2: 0.2 M ammonium acetate, 2.2 M ammonium sulphate. B) Condition B10: 0.2 M potassium acetate, 2.2 M ammonium sulphate.

While crystals of D141K were observed under two conditions in the ammonium sulphate screen, these crystals represent what can be described as clusters of 1D needles. These crystals are unlikely have the diffraction power to give good quality data for structure solution. Therefore, they were not harvested for data collection.

5.2.3 Crystal trials of D141K in complex with DNA

Adding an additional component to the crystallization conditions (e.g. a ligand, or DNA) can potentially affect crystal formation either favourably or unfavourably. For example, the component could cause precipitation (Hassell et al, 2007) or a conformational change that does not pack into a crystal well. In the case of DNA-binding proteins, addition of a substrate could well enhance the stability of the protein or stabilize more flexible regions (Friedmann et al, 2004). Generally, the more stable a protein, the more likely the protein is susceptible to crystal packing (Deller et al, 2016). 

While adding DNA to SpFEN may help stabilize the protein in order to obtain more feasible crystals to work with, it also has the added advantage of allowing visualization of how the protein might interact with its DNA substrate should a structure be determined, and may even reveal information on the mechanism by which the SpFEN binds and cleaves its DNA substrate.

Many factors should be considered when using a DNA substrate for co-crystallization, one being the DNA length. For example, at least 6-7 bps are needed for a DNA duplex to remain stable at room temperature, and successes based on previous results often have DNA substrates that contain 1-5 additional paired or unpaired bases flanking the central region (Yang, 2006). The 5OV4 substrate (Figure 5.2) fits this description and may be why it has produced many successful results in co-crystallization experiments with various FEN enzymes.

[image: ]Figure 5.2: Sequence and structure of 5OV4. The 5OV4 substrate is formed from 2 single strands of DNA that are able to anneal together to form a double stranded substrate of 8 bp with a 4 base poly(A) overhang on each side. 
The 5OV4 has previously been used in crystal trials in complex with the E. coli ExoIX and T5FEN enzymes, producing successfully determined structures (Anstey-Gilbert et al, 2013; AlMalki et al, 2016). Therefore, following suit, co-crystallization trials were set up using the D141K mutant in conjunction with the 5OV4 substrate. 

The 5OV4 DNA substrate was prepared according to section 2.9.1, to a final concentration of 0.5 mM. The D141K mutant protein was concentrated to around 20 mg.mL-1 (0.6 mM). The protein and DNA substrate were then mixed together in a 1:1 ratio (45 μL of the stock protein and 55 μL of the annealed DNA), giving a final protein concentration of around 9 mg.mL-1. 

Co-crystal trials using the protein:DNA mixture were set up using MPD, PACT, ammonium sulphate, and Morpheus screens. After 3 days, many crystals were found across the ammonium sulphate and PACT screens (Figure 5.3). Crystals were observed in 2 conditions in the PACT plate, although these crystals produced clusters of needles and flat plates. Again, these crystals likely do not have the diffraction power to produce quality data for structure solution. However, in the ammonium sulphate screen, crystals were observed across many different conditions on the plate, and several of these produced 3D diamond shaped crystals of various sizes. The crystals produced here from the D141K:5OV4 co-crystal trials look more promising than the crystals produced without DNA, since the 3D crystals are more likely to contain the diffraction power to produce data for structure solution. 
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Figure 5.3: Examples of SpFEN D141K:5OV4 crystals from PACT and ammonium sulphate screens viewed under polarized light. A) PACT A10: 0.2 M MgCl2, 0.1 M sodium acetate pH 5, 20% (w/v) PEG 6000. B) PACT D4: 0.1 M MMT buffer pH 7, 25% (w/v) PEG 1500. C) ammonium sulphate A6: 0.2 M ammonium formate, 2.2 M ammonium sulfate. D) ammonium sulphate A8:  0.2 M di-ammonium phosphate, 2.2 M ammonium sulfate. E) ammonium sulphate B5: 0.2 M lithium acetate, 2.2 M ammonium sulfate. F) ammonium sulphate C7: 0.2 M potassium nitrate, 2.2 M ammonium sulfate. G) ammonium sulphate B10: 0.2 M potassium acetate, 2.2 M ammonium sulfate. H) ammonium sulphate C8: 0.2 M K/Na tartrate, 2.2 M ammonium sulfate. I) ammonium sulphate D11: 0.2 M di-sodium tartrate formate, 2.2 M ammonium sulfate. A range of morphologies of crystals can be observed across different conditions, from 3D diamond shapes to plates and needle-like structures. For the D141K crystals co-crystallized with 5OV4 in the PACT screen, plate-like clusters and flat needle-like rods were observed, which are also generally not useful for x-ray crystallography. Instead, the ammonium sulphate screen for the D141K co-crystallized with 5OV4 generated the most suitable crystals for collecting diffraction data, since they produced a large number of 3D crystals across a wide range of different conditions, which are likely to generate diffraction data.


While promising crystals have been produced for D141K:5OV4, a number of hurdles must still be overcome. First, that they are protein crystals as opposed to salt crystals, and second, that they diffract well enough to produce data from which a structure can be solved. Under polarized light, the 3D co-crystals of D141K:5OV4 in the ammonium sulphate screen appear in many different colours. This is usually not observed for salt crystals, indicating that these crystals were derived from protein. However, it cannot be certain until actual diffraction data has been collected.

5.2.4 Optimisation of D141K:5OV4 crystals

Some conditions containing crystals of D141K:5OV4 were chosen for further optimization. These included conditions that contained the 3D crystals. This was reasoned that these crystals were likely to give the most diffraction power, and that optimizing them may lead to further improved diffraction data quality and resolution, and hopefully producing the best dataset from which a structure of the SpFEN domain can be determined. It was also reasoned that conditions containing poor 1D (i.e. needles) or 2D crystals (i.e. plates) should be optimized, as they may be able to produce 3D crystals under slightly different conditions that may have different properties to the 3D crystals already produced. 

The two conditions from the ammonium sulphate screen chosen for optimization experiments were: C7 (2.2 M ammonium sulphate, 0.2 M potassium nitrate) and D11 (2.2 M ammonium sulphate, 0.2 M di-sodium tartrate). Condition C7 contained 2 plate-like crystals, while condition D11 contained a mixture of diamond-shaped 3D crystals and many needle clusters.

Optimization experiments used the hanging drop method to produce crystals as described in section 2.9.2. The chosen conditions were analysed for its components and varied slightly in terms of its pH and precipitant concentrations to give a range of conditions around the original condition that can be analysed. The pH of the condition was changed, to span a range from pH 5 to pH 8. The buffer component was kept at 0.1 M and changed according to the pH: pH 5 = acetate buffer, pH 6 = MES, pH7 = HEPES, pH 8 = TRIS. The ammonium sulphate concentration was changed to span a range from 1.5 M to 2.5 M, increasing in steps of 0.2 M ammonium sulphate. 

The concentration of the precipitants from each condition (potassium nitrate and di-sodium tartrate) was kept constant at the original concentration of 0.2 M. However, a third plate was also set up, which contained no precipitant in the conditions so a comparison can be made between the plates.

After 1 day, many crystals were observed across all 3 plates in various conditions, mostly from pH6-8, and at the higher concentrations of ammonium sulphate. Not much difference was observed between the 3 plates, either with or without the presence of the precipitant. The crystals produced across several of the conditions were similar to the 3D diamond-shaped crystals largely observed in the initial screen of ammonium sulphate. These crystals ranged from a lot of very tiny crystals to a few larger crystals in one drop.

The results indicate success in the optimization experiments, in that many 3D crystals of various sizes could be produced from slightly changing condition parameters. The larger drops from the hanging drop method also meant that more crystals or larger crystals could be produced, allowing more chances to be taken during data collection.

5.2.5 Crystal harvesting

D141K:5OV4 co-crystals were cryo-protected and stored for data collection using 25% glycerol according to Section 2.5.3. It was observed that several crystals appeared to crack or disintegrate when exposed to air or the cryo-solution (e.g. especially those grown in 0.2 M di-sodium tartrate, or grown in just ammonium sulphate). Proline ranging from 1.5 M – 2.5 M concentrations was used to replace the glycerol as a cryoprotectant instead for some of these crystals (Pemberton et al, 2012) to compare whether the crystal would behave better here. For some conditions, the higher concentrations of proline could not go into solution. The crystals were therefore, simply dipped into paratone oil instead. A 0.1-0.3 mm loop was used to transfer and store the D141K:5OV4 crystals.

5.2.6 Data collection and processing

Diffraction data for the D141K:5OV4 crystals was collected at the iØ4 beamline at Diamond Light Source, UK. No obvious difference was observed in the quality of dataset collected between those cryo-protected with proline, glycerol, or oil. Crystals that diffracted revealed that they were indeed protein crystals as opposed to salt crystals from their diffraction pattern.

Despite optimization experiments, the best dataset determined to have been collected from the range of crystals tested was from a crystal grown in the initial ammonium sulphate screen in the condition containing 0.2 M sodium formate and 2.2 M ammonium sulphate (D5). The cryo-protectant used for this crystal was glycerol. Optimization of this condition may have lead to higher resolution datasets, but this was not attempted due to several structures already obtained at high resolution later on.

A full dataset of 1000 images was collected for this crystal (Resolution = 2.40 Å, Exposure = 0.2 s, Beamsize = 32x20 μm, Ω Osc = 0.20o, Wavelength = 0.9795 Å, Transmission = 20.00%, Type = SAD). Resolution of the crystal was found to vary throughout the 1000 images collected (Figure 5.4).

Autoprocessing of the images using XIA2 3d gave the resolution of the data of up to 2.55 Å (Table 5.2). The space group of the crystal was determined to be in P 21 21 21, with cell dimensions of a = 68.1 Å, b = 70.0 Å, c = 168.0 Å, α = 90o, β = 90o, γ = 90o. Data quality indicators Rmerge, Rmeas, and Rpim are explained in Figure 5.5.
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Figure 5.4: Data collection for SpFEN D141K:5OV4. DISTL plot for collected dataset of the D5 crystal. Resolution is generally highest around 500 images, dropping to around 4 Å at the start and end of collection.

Table 5.2: Diffraction data statistics autoprocessed by XIA2 3d for the initial SpFEN structure, scaled by AIMLESS. Values in brackets for data in high-resolution (outer) shell. Multiplicity represents the average number of observations per unique reflection. Completeness represents how many of the unique reflections of the dataset have been collected. Mean I/sig(I) represents the agerage signal-to-noise ratio for measured intensities (Wlodawer et al, 2008). CC Half represents the correlation between independent observations from half datasets (Karplus & Diederichs, 2015). Rmerge represents the spread of independent measurements of reflection intensities compared to their average. Rmeas represents a multiplicity-corrected version of the Rmerge value. Rpim represents the expected precision of the average intensities of a reflection (Karplus & Diederichs, 2012).

Data Collection		SpFEN Ammonium sulphate D5

Wavelength (Å)		0.9795
Beamline			iØ4
Resolution (Å)		2.55-55.98 (2.55-2.62)
Space group			P 21 21 21
Unit cell (a, b,c, α, β, γ)	68.1, 70.0, 168.0, 90.0, 90.0, 90.0
Total observations		193324 (13873)
Unique observations		26936 (1940)
Multiplicity			7.2 (7.2)
Completeness (%)		99.8 (99.6)
Mean I/sig(I)			12.2 (1.1)
CC Half			1.0 (0.5)
Rmerge				0.12 (1.89)
Rmeas				0.13 (2.04)
Rpim				0.05 (0.76)
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Figure 5.5: Data quality indicators Rmerge, Rmeas, and Rpim. For the equations, h represents unique reflections, i represents symmetry-equivalent contributers, I represents the intensity of a reflection hkl, Ī represents the averaged intensity of a reflection hkl, n represents the number of independent measurements. For Rmeas, the Rmerge equation is adjudged by a factor of the square root of n/n-1 to give multiplicity-independent value, since the higher the multiplicity, the higher the Rmerge value will be. Rpim is a measure of the expected precision of Ī(hkl), and is lower than the Rmeas value by a factor of 1/√n (Wlodawer et al, 2008, Karplus & Diederichs, 2012). 

5.2.7 Matthews coefficient

The Matthews_coef program was used to predict the number of molecules in the asymmetric unit. Along with the unit cell dimensions, the molecular weight of SpFEN was input into the program as 33300 Da for calculation of the Matthews coefficient, VM (i.e. the ratio between the volume of the asymmetric unit to the molecular weight of the protein in the asymmetric unit, or the crystal volume per unit of the protein molecular weight) (Matthews, 1968, Kantardjieff & Rupp, 2003). The output from the Matthews_coef program is shown in Table 5.3.


Table 5.3: Matthews coefficient calculation for initial SpFEN structure. An estimated molecular weight of 33300 Da was used, and unit cell dimensions A = 68.07, B = 70.03, C = 167.95, and α = 90.00o, β = 90.00o, γ = 90.00o.

Nmol/asym  	Matthews Coeff  	%solvent	P(2.55)     P(tot)

  1         		6.01           	79.55         	0.00         	0.00
  2         		3.01            	59.10         	0.43         	0.43
  3       		2.00           	38.65         	0.56         	0.56
  4        		1.50            	18.20        	0.00         	0.00

Between 1 and 4 molecules of SpFEN D141K were predicted to be present in the asymmetric unit. However, either 1 molecule or 4 molecules were extremely unlikely, based on the P-values. The P(tot) values, 0.43 and 0.56, for 2 or 3 molecules respectively, while the solvent contents are 59.1% and 38.65% respectively for the two possible solutions. Both solutions have similar values, and are both certainly possible with reasonable solvent contents. Therefore, both solutions were taken into account during molecular replacement.

5.2.8 Molecular replacement using all available FEN structures from PDB

Since there are already many determined structures of FENs available in the PDB which all contain a commonly conserved structure, molecular replacement was the method chosen to solve the structure of the new SpFEN. Since it was not known which structure of FEN in the PDB might be the best structural model for SpFEN, all available FEN structures were taken and superimposed on top of each other. From the superimposed image, the core of the protein conserved across all or most FENs was identified, and any variable regions such as loops that protrude out of the protein were removed. These FEN cores were then chainsaw edited to the SpFEN sequence and used as models to solve the structure of the SpFEN by molecular replacement in the Phaser_MR program (McCoy et al, 2007) in CCP4. Sequence identities of the different models ranged from 15% to 30% compared to SpFEN.

The structure chosen by the Phaser_MR program as the best model to solve the structure of the SpFEN D141K protein was the E. coli ExoIX protein. A single solution was given from the Phaser_MR program, with values of: RFZ = 3.6, TFZ = 6.4, PAK = 0, LLG = -76, RFZ = 3.7, TFZ = 9.4, PAK = 0, LLG = 242. While RFZ, TFZ, and LLG scores appear low (especially for the first molecule), a single solution from the Phaser_MR output was promising. 

This solution was viewed in Coot, and confirmed there to be 2 molecules of SpFEN in the asymmetric unit. However, these molecules were found in several fragments rather than whole structures. These fragments generally appeared to fit the electron density map well. Since the sequence of the protein was from the chainsaw-edited E. coli ExoIX protein, the protein was rebuilt to contain the correct sequence from the SpFEN D141K mutant and to more accurately fit the electron density map. Superposition with a previously determined Haemophilus influenzae FEN structure (supplied by Jason Wilson, University of Sheffield) helped to guide rebuilding of the SpFEN structure in areas of poor electron density.

5.2.9 Structure refinement

After rebuilding the protein molecules to fit the electron density, the structure underwent 10 rounds of refinement in the Refmac5 program. This cycle of rebuilding and refinement was repeated until the R-values stopped dropping.

After several rounds of rebuilding and refining, unmodelled electron density could be detected which appeared to match the profile of DNA. Therefore, the sequence of the 5OV4  DNA was manually built into the electron density. The double stranded duplex could be detected as well as parts of the single-stranded overhang of the 5OV4 substrate. One annealed 5OV4 substrate sits between two SpFEN molecules, and part of the DNA sits near the active site of the protein. The final R factor dropped to 0.21, and the R free dropped to 0.27, after addition of the DNA molecules.

Part of the arch of the protein (residues 81-85) could not be built because of poor electron density, perhaps because the arch is disordered in this protein. One strand of the DNA substrate appears to sit near the arch of the protein in molecule B, although because of the poor electron density, it is unclear whether the DNA goes through or over the arch.

Since this only represents an initial model of the SpFEN protein, the structure has not been analysed or validated in detail. Instead, this initial structure served as a much closer model for molecular replacement for new structures of the SpFEN at higher resolutions, which may reveal a much clearer interaction for what is going on between the protein and DNA. These structures will then be finalised through validation programs.

5.3 Two forms of SpFEN in complex with DNA

5.3.1 Crystal trials with D116G D193K

After solving the initial structure of SpFEN from the D141K mutant, more crystal trials were set up to try and obtain a higher resolution structure, and one that would more clearly reveal how the 5OV4 was bound to the FEN protein.

Purified protein from the D116G D193K SpFEN double mutant was used to set up crystal trials, since it was found that a relatively large amount of protein could be purified for this mutant (Section 3.9.4) compared to the other SpFEN proteins. D116G D193K was concentrated to around 20 mg.mL-1, similar to the initial concentration at which 3D crystals were observed for D141K:5OV4. The salt concentration was reduced to under 25 mM using a TRIS buffer at pH 8.

Since the D141K was observed to form crystals more considerably in the presence of 5OV4 DNA, the same substrate was used to set up co-crystal trials in the same concentrations as before in a 1:1 ratio with the freshly purified D116G D193K. 

Crystal trials with the D116G D193K:5OV4 sample were performed using the ammonium sulphate, JCSG, MPD, PACT, PEG, and Classics screens. After 1-3 days, crystals were observed in many of the conditions across all of these screens (except for the Classics screen), although most predominantly in the ammonium sulphate screen as previously observed with the D141K mutant. As well as the 3D diamond-like shapes observed with the D141K:5OV4 crystals, D116G D193K:5OV4 3D crystals of various other morphologies were also observed (Figure 5.6).300 μm







Figure 5.6: Examples of SpFEN D116G D193K:5OV4 crystals from PACT and ammonium sulphate screens viewed under polarized light. A) ammonium sulphate C5: 0.2 M di-potassium phosphate, 2.2 M ammonium sulphate. B) ammonium sulphate D2: 0.2 M tri-sodium citrate, 2.2 M ammonium sulphate. C) ammonium sulphate F6: 0.1 M bicine pH 9, 2.4 M ammonium sulphate. D) ammonium sulphate G9: 1 M lithium sulfate, 1.6 M ammonium sulphate. E) ammonium sulphate H4: 0.1 M Tris-HCl pH 8.5, 2.0 M ammonium sulphate. F) PEG A12: 0.1 M MES pH 6.5, 25% (w/v) PEG 2000 MME. G) JCSG+ A12: 0.2 M potassium nitrate pH 6.9, 20% (w/v) PEG 3350. Crystals in F and G exhibit 3D crystals of different morphologies to the 3D diamond shapes of SpFEN predominantly seen across many conditions.

5.3.2 Optimisation of crystal-growth conditions

Optimization experiments were performed based on initial testing of diffraction for some crystals grown in certain conditions, using the hanging drop method as before. Crystals grown in condition D2 of the ammonium sulphate screen (0.2 M tri-sodium citrate, 2.2 M ammonium sulphate) diffracted to a resolution of around 3.5 Å. Crystals grown in condition A12 of the JCSG+ screen (0.2 M potassium nitrate pH 6.9, 20% (w/v) PEG 3350) diffracted to a resolution of around 1.9 Å. These conditions were therefore chosen for optimization to try and obtain a crystal with better diffraction.

For condition D2 of the ammonium sulphate screen, the ammonium sulfate concentration was altered to cover a range from 1.5 to 2.4 M (with increasing steps of 0.2 M), while the pH covered a range from pH 5 to pH 8 (with increasing steps of 1). For each pH from 5 to 8, 0.1 M of sodium acetate buffer, MES, HEPES, or TRIS was used respectively. 0.2 M tri-sodium citrate was kept constant in each condition. For condition A12 of the JCSG+ screen, the potassium nitrate concentration was altered to cover a range from 0.16 to 0.26 M (with increasing steps of 0.02 M), while the PEG 3350 w/v was altered to cover a range from 18% to 24% (with increasing steps of 2%). For optimisation experiments of both conditions, another plate was set up with exactly the same components except for an additional 200 mM MgCl2 added to every condition. Various conditions that produced crystals from the original screening were also tried with the addition of 200 mM MgCl2. The addition of MgCl2 may stabilise the protein further, and consequently may lead to a better diffracting crystal, not to mention the visualization of Mg2+ ions in the SpFEN active site would also be interesting.

For the optimization experiments on JCSG+ A12, no crystals were observed in any of the conditions, with or without MgCl2 (even in the condition with the original concentrations of each component). Nonetheless, because of the high resolution of the original crystals, structure solution can still be attempted from them. For the optimization experiments on ammonium sulphate D2, many crystals were found in the plate without the addition of MgCl2. These crystals were found in the 3D diamond shapes like the ones found in the original screen (Figure 5.6B). However, depending on the different conditions of the plate, the sizes of the crystals varied. On the plate with the addition of MgCl2, a few crystals of the same morphology were found, but not in the same abundance as without MgCl2. It appears as though the absence of MgCl2 favours the formation of crystals compared to its presence, although it could well be the case that crystals formed in the presence of MgCl2 may produce fewer but better quality diffraction data. For the optimization of various conditions from the original screen by the addition of 200 mM MgCl2, crystals were found for some conditions. The addition of a high concentration of MgCl2 to some conditions caused some precipitants, such as ammonium sulphate, to precipitate out of solution, and therefore may have affected the crystallization process of SpFEN.

5.3.3 Crystal harvesting

Cryosolutions were made up with the same conditions as in the wells where crystals were found, using 25% glycerol as the cryo-protectant, or 25% ethylene glycol for those in conditions containing PEG. Paratone oil was used instead of cryo-solution for crystals grown in high salt conditions. As before, 0.1-0.3 mm loops were used to transfer and store the D116G D193K:5OV4 crystals, depending on their size.

5.3.4 Data collection and processing
 
Diffraction data for the crystals were collected on the iØ4 beamline at the Diamond Light Source, UK. Diffraction was tested for crystals found in the initial screens and also in the optimization experiments. After collecting the data, two different crystals were selected for structure determination of SpFEN D116G D193K.

The first crystal was an optimized crystal from the ammonium sulphate D2 condition (without the addition of MgCl2). The optimized conditions were 0.2 M tri-sodium citrate, 2.4 M ammonium sulphate, 0.1 M MES pH 6. A full dataset of 2000 images was collected for this crystal (Resolution = 1.50 Å, Exposure = 0.05 s, Beamsize = 19x10 μm, Ω Osc = 0.10o, Wavelength = 0.9795 Å, Transmission = 100.00%, Type = SAD) (Figure 5.7)

[image: ]Auto-processing for this diffraction data was carried out by XIA2 DIALS, giving a resolution of up to 2.13 Å (Table 5.4). The space group was determined to be P 21 21 21, with cell dimensions of a = 68.52 Å, b = 69.86 Å, c = 171.29 Å, α = 90o, β = 90o, γ = 90o. This space group is the same as the initially solved structure of SpFEN D141K:5OV4, and the unit cell dimensions are also similar to each other. This indicates that the crystal is extremely likely to be SpFEN (i.e. rather than any other contaminating protein in the sample), and also in the same form as the initial structure, packed in the same way within the crystal. However, because of the higher resolution, the structure determined from this crystal is likely to be clearer and give more information about the side chains compared to the initial solved structure of SpFEN.






Figure 5.7: Data collection for SpFEN D116G D193K:5OV4. DISTL plot for collected dataset of the optimized crystal grown in tri-sodium citrate. 

Table 5.4: Diffraction data statistics autoprocessed by DIALS for the 2.13 Å SpFEN structure, scaled by AIMLESS. Values in brackets for data in high-resolution (outer) shell.

Data Collection		SpFEN:5OV4 Ammonium sulphate D2 (optimized)

Wavelength (Å)		0.9795
Beamline			iØ4
Resolution (Å)		2.13-64.68 (2.13-64.68)
Space group			P21 21 21
Unit cell (a, b,c, α, β, γ)	68.5, 69.9, 171.3, 90.0, 90.0, 90.0
Total observations		331784 (25203)
Unique observations		46915 (3413)
Multiplicity			7.1 (7.4)
Completeness (%)		100.0 (100.0)
Mean I/sig(I)			5.9 (1.0)
CC Half			1.0 (0.6)
Rmerge				0.14 (1.55)
Rmeas				0.16 (1.67)
Rpim				0.06 (0.61)

A full diffraction dataset was also collected for another crystal grown in the initial crystal trials in the PEG screen (condition C3: 0.1 M sodium acetate pH 4.6, 25% (w/v) PEG 6000). Firstly, this was because this particular crystal gave the highest resolution of any SpFEN crystal yet, and secondly, because of the new space group and slightly different unit cell dimensions.

A full dataset of 2000 images was collected for this crystal (Resolution = 1.80 Å, Exposure = 0.1 s, Beamsize = 60x50 μm, Ω Osc = 0.10o, Wavelength = 0.9282 Å, Transmission = 100.00%, Type = SAD) (Figure 5.8).
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Figure 5.8: Data collection for SpFEN D116G D193K:5OV4  DISTL plot for collected dataset of the PEG C3 crystal.
Autoprocessing of the images using XIA2 3d gave the resolution of the data of up to 1.65 Å (Table 5.5). The space group of the crystal was determined to be in P 41 21 2, with cell dimensions of a = 71.4 Å, b = 71.4 Å, c = 164.0 Å, α = 90o, β = 90o, γ = 90o.

Table 5.5: Diffraction data statistics autoprocessed by XIA2 3d for the 1.65 Å SpFEN structure, scaled by AIMLESS. Values in brackets for data in high-resolution (outer) shell.

Data Collection		SpFEN:5OV4 PEG C3

Wavelength (Å)		0.9795
Beamline			iØ4
Resolution (Å)		1.65-53.85 (1.65-1.69)
Space group			P 41 21 2
Unit cell (a, b,c, α, β, γ)	71.4, 71.4, 164.0, 90.0, 90.0, 90.0
Total observations		721800 (44248)
Unique observations		52013 (3773)
Multiplicity			13.9 (11.7)
Completeness (%)		100.0 (100.0)
Mean I/sig(I)			23.5 (1.0)
CC Half			1.0 (0.7)
Rmerge				0.06 (2.52)
Rmeas				0.06 (2.64)
Rpim				0.02 (0.76)
5.3.5 Matthews coefficient

The Matthews coefficient was calculated for the two chosen datasets as done previously for the initial structure in the Matthews_Coef program (Table 5.6). 1 to 5 molecules of SpFEN D116G D193K were predicted in the asymmetric unit for the ammonium sulphate optimised D2 crystal. However, 1, 4 or 5 molecules were extremely unlikely, based on the P-values. The P(tot) values, 0.33 and 0.66, for 2 or 3 molecules respectively, while the solvent contents are 60.06% and 40.09% respectively for the two possible solutions. Therefore, 3 molecules in the asymmetric unit was the most likely solution. However, this is a similar situation to the initial structure of SpFEN, where in fact there were only 2 molecules in the asymmetric unit (with a solvent content around 60%), and therefore, both solutions were considered initially.

Table 5.6: Matthews coefficient calculation SpFEN D116G D193K crystal datasets. An estimated molecular weight of 33300 Da was used. Unit cell dimensions for ammonium sulphate D2 are A = 68.29, B = 69.71, C = 170.84, and α = 90.00o, β = 90.00o, γ = 90.00o, and for PEG C3 are A = 71.41, B = 71.41, C = 163.98, and α = 90.00o, β = 90.00o, γ = 90.00o. 

Ammonium sulphate D2 (optimised) 
Nmol/asym  	Matthews Coeff  	% solvent	P(2.13)     P(tot)

  1         		6.15           	80.03         	0.00         	0.00
  2         		3.08            	60.06         	0.24         	0.33
  3       		2.05           	40.09         	0.75         	0.66
  4        		1.50            	20.11        	0.00         	0.00
  5         		3.01            	0.14         		0.00         	0.00

PEG C3
Nmol/asym  	Matthews Coeff  	% solvent	P(1.65)     P(tot)

  1         		3.14           	60.84         	0.99	  0.99
  2         		1.57            	21.68         	0.01         	  0.01

For the PEG C3 crystal, 1 or 2 molecules of SpFEN D116G D193K were possible in the asymmetric unit, but the P-values of 0.99 suggest that 1 molecule is the most likely answer.

5.3.6 Structure solution 

Structures of the SpFEN D116G D193K mutant were solved by molecular replacement in the Phaser_MR program. As an initial model of SpFEN had already been determined, this was used as the model for molecular replacement since it would be the closest in sequence and structure compared to any other FEN structure in the PDB. Since there were 2 molecules in the asymmetric unit of the initial model, only chain A was used as the search model for molecular replacement. The sequence identity for the model was set at 90% in Phaser_MR to allow leeway for structural variation.

For the ammonium sulphate D2 optimised crystal dataset, a single solution was given from the Phaser_MR program (Table 5.7). The RFZ value is slightly low for the first molecule, but other scores are high for the solution. There was confirmed to be 2 molecules of SpFEN in the asymmetric unit, rather than 3 as predicted by the Matthews_coef program. At first glance in Coot, this solution generally fits well into the electron density map across the whole protein. In essence, this structure sits in a very similar conformation as the initial structure, but is determined to a higher resolution. Therefore, this structure was re-built to a complete stage for final validation.

For the PEG C3 crystal dataset, a single solution was given from Phaser_MR (Table 5.7). Scores are lower than would be expected for a solved model, although only one solution was given. Secondly, the dataset was processed by XIA2 3d to have a space group of P 41 21 2. However, Phaser_MR solved the structure in the alternative space group of P 43 21 2. The mtz file was changed to P 43 21 2 before re-building the molecule in Coot. There was confirmed to be 1 molecule of SpFEN in the asymmetric unit. When viewed in Coot, it was found that part of the protein fit the electron density well. This corresponded to the conserved core of the SpFEN protein, containing the beta-sheets. However, it was also found that a large section of the protein did not fit the map (e.g. from residues 267-291) (Figure 5.9). The map here was observed as regions of unmodelled density compounded by protein residues found in spaces lacking in density. This likely corresponds to some kind of conformational change of the protein, and may be the reason why scores from Phaser_MR were low. Nonetheless, the general placement of the SpFEN within the map has been solved, and because of the high-resolution data, the regions of conformational change can be re-built to fit the electron density correctly. Structures from both datasets were found to pack into a crystal lattice.

Table 5.7: Statistics obtained from Phaser_MR for both SpFEN D116G D193K crystal datasets. Structure 1: Ammonium sulphate D2 crystal. Structure 2: Peg C3 crystal. RFZ represents the rotation function Z-score. TFZ represents the translation function Z-score. PAK represents the number of packing clashes. LLG represents the log-likelihood gain, which calculates how much better the model is at predicting the data compared to a random distribution of atoms (Rupp, 2009).

	Structure 1		Structure 2

RFZ	4.7			3.4
TFZ	10.2, 17.6		6.7
PAK	0, 1			0
LLG	119, 261, 5171		46, 824
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Figure 5.9: Electron density maps after molecular replacement for the PEG C3 crystal dataset. A) The model fits the electron density map well for the conserved core of the protein. B) A large C-terminal region of the model did not fit the electron density map.

5.3.7 Structure re-building and refinement 

For the 2.13 Å dataset, no major re-building of the protein molecule was required because of the similarity between this structure and the initial solved structure of SpFEN. Rather, small areas and individual amino acid residues were modified to have a better fit into the now clearer and higher resolution electron density map. As with the initial structure, each round of model re-building was followed by 10 cycles of refinement in Refmac5. Unmodelled electron density was then identified for the 5OV4 DNA substrate, and this was built and merged into the model manually (Figure 5.10). 
[image: ]
Figure 5.10: Electron density maps after rebuilding and refining the model for the ammonium sulphate D2 crystal dataset. A) The model in electron density map after rebuilding and refining in Coot. B) The 5OV4 DNA substrate was built into the electron density map.

For the 1.65 Å dataset, the regions that did not fit the electron density were removed, then refined to clearly reveal where the main trace of the protein should follow the map, and this region of the protein was then rebuilt manually in Coot. Following this, cycles of rebuilding and refinement were applied in the same way as the previous structure, and the 5OV4 DNA substrate manually built into the appropriate unmodelled density. A single strand of the 5OV4 duplex was found to make up the asymmetric unit (Figure 5.11).  


[image: ]
Figure 5.11: Electron density maps after rebuilding and refining the model for the PEG C3 crystal dataset. A) The region that did not fit the electron density map initially was rebuilt in Coot. B) The 5OV4 DNA substrate was built into the electron density map.

After each protein:DNA structure had undergone the rebuilding and refining process, water and solvent molecules were then added to the structure and refined for a final time. For the 2.13 Å structure, final R-values dropped from an initial value of 0.36 to 0.24 for the R factor, and from 0.40 to 0.29 for the R free. For the 1.65 Å structure, final R-values dropped from an initial value of 0.46 to 0.21 for the R factor, and 0.47 to 0.25 for the R free.

5.3.8 Structure validation

[image: ][image: ]The models built for SpFEN D116G D193K:5OV4 were validated through a variety of different programs. Firstly, validation tools were used in Coot itself, for example for analysing Ramachandran outliers, rotamers, and geometry. The structures were then put through the MolProbity online server (Chen et al, 2010) for further and more detailed validation (Figure 5.12).
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Figure 5.12: MolProbity analysis of SpFEN D116G D193K:5OV4 structures. A) Molprobity validation for the 2.13 Å structure. B) Molprobity validation for the 1.65 Å structure. 

The Molprobity score for the protein geometry of the 2.13 Å structure is 2.03, placing it in the 80th percentile, and its Clashscore is in the 76th percentile of all structures in the PDB at the same resolution. The Molprobity score for the protein geometry of the 1.65 Å structure is 2.04, placing it in the 50th percentile, and its Clashscore is in the 87h percentile of all structures in the PDB at the same resolution.

5.3.9 Final structures 
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Figure 5.13: A) Final model of SpFEN D116G D193K:5OV4 co-crystal structures viewed in pymol at 2.13 Å. The FEN protein is coloured red (helices), yellow (beta strands), and green (loop regions). The C-terminus and N-terminus of the FEN domain are identified. A helix-turn-helix motif and beta-sheet core region is identified, as well as the active-site region. The 5OV4 DNA is coloured blue, with 5’ and 3’ termini labelled. The DNA 5’ terminus is not observed to pass under and through the disordered arch or active-site. B) Orthogonal view, rotated 90° in the x-axis. C) Orthogonal view, rotated 90° in the y-axis.
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Figure 5.14: A) Final model of SpFEN D116G D193K:5OV4 co-crystal structures viewed in pymol at 1.65 Å. B) Orthogonal view, rotated 90° in the x-axis. The FEN protein is coloured red (helices), yellow (beta strands), and green (loop regions). The C-terminus and N-terminus of the FEN domain are identified. A helix-turn-helix motif and beta-sheet core region is identified, as well as the active-site region. The 5OV4 DNA is coloured blue, with 5’ and 3’ termini labelled. Again, the DNA 5’ terminus is not observed to pass under and through the disordered arch or active-site.  C) Orthogonal view, rotated 90° in the y-axis.
The structure of SpFEN in complex with a DNA substrate has now been determined to high resolution, in two slightly different forms (Figure 5.13-5.14). These structures have been built, refined, and validated to give an updated model of the SpFEN structure. 

The SpFEN structure can be seen to carry motifs and characteristics found across all FEN structures. This is especially apparent in the conserved the β-sheet core of the protein, where SpFEN contains 5 β-strands. Other common features observed in SpFEN include helix-loop-helix, and also the arch of the protein. 

Both structures are largely complete, with most of the 297 amino acid residues of SpFEN built into the models. However, there were regions of poor electron density scattered in various places throughout the models, where the site and orientation of the residues could not be determined accurately. These missing regions tend to be located in more disordered regions of the protein, such as in loops and in the disordered arch (and also at the terminal ends of the protein), rather than in the helices or the β-sheet. The fact that there is poor electron density here can mean that these regions represent the more flexible regions of the protein that have the ability to move more freely and form different conformations. This is in contrast to the core, where electron density is clear, likely because strict conservation in this area for enzymatic function does not allow much movement in the protein.
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Figure 5.15: A) Superposition of the SpFEN protein molecule from both crystal structures in PyMoL. B) Structure turned 180° in the y-axis. Red = Structure 1 (2.13 Å). Cyan – Structure 2 (1.65 Å) Yellow lines show deviations between the two superposed structures.

Superposition of the two SpFEN crystal structures reveal the conformational changes that have taken place, mainly in the arch region and the helix-loop-helix region in the C-terminal tail (Figure 5.15). The two structures were also compared to each other in the Superpose program (part of CCP4). The overall RMSD value was calculated at 1.57 Å, for the 238 residues that were available for both structures. Since not all the residues were available in the arch region in one structure, and this is expected to be the region of most deviation (this is also predicted in PyMOL, as can be seen in Figure 5.15, where the arch appears to be raised in the 1.65 Å structure and lying down in the 2.13 Å structure), the overall RMSD might be expected to be higher. Other specific regions with large deviation were also identified. For example, there is a region from around residues 32-46 (a helix-loop-helix region), where distances between residues reach up to 4.68 Å (Alanine 39). In the C-terminus, residues 272-281 show deviations up to 4.58 Å (Methionine 281). This large deviation is expected, as the C-terminal tail consists of two helices folded back on itself in the 2.13 Å structure, whereas in the 1.65 Å structure, it seems to move up and away from the protein (although the final helix is missing). Meanwhile, the rest of the protein shows deviations generally less than 1 Å. Although the majority of the two structures have a very similar conformation to each other, certain regions also show quite large flexibility.
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Figure 5.16:  Superposition of the SpFEN:DNA complexes from both SpFEN:5OV4 co-crystal structures in PyMoL. Red = Structure 1 (2.13 Å). Cyan – Structure 2 (1.65 Å). The C-terminus and N-terminus of the FEN domains are identified. The helix-turn-helix motif and beta-sheet core region is identified, as well as the active-site region for both structures. The 5OV4 5’ termini are labelled for both structures. While the FEN proteins from the two structures are found to superpose well on top of each other with small differences, for example, in the C-terminus and in the helix-turn-helix motif region identified, the 5OV4 DNA from the two different structures are found not to superpose well on top of each other however. The DNA from structure two has its 5’ terminus sitting up away from the active-site region of the FEN, while the DNA from structure 1 has its 5’ terminus much closer to the arch and active-site region of the FEN. 

One strand of the 5OV4 duplex is associated with one protein molecule in the asymmetric unit, while the other strand of the 5OV4 duplex can be generated by crystal symmetry. The 5OV4 DNA substrate in both structures are found in a different position to each other, relative to the FEN protein. For the first structure (2.13 Å structure), the 5OV4 DNA  sits close to the arch and active site region of the FEN protein, whereas for the second structure (1.65 Å structure), the 5OV4 DNA at its 5’ terminus is found to sit up and away from the protein, and is not found near the active-site region of the protein. However, the disordered arch for the FEN protein in this second structure also appears to sit up and away from the active site of the FEN protein (Figure 5.16). Neither structures show DNA threading through the arch (although electron density for the arch region is unclear), unlike recently published T5FEN:5OV4 structures. Compared to the T5FEN however, the SpFEN seems to contain a smaller and much more disordered arch, whereas T5FEN has a larger helical arch. There is not yet any evidence that SpFEN uses the same mechanism as the T5FEN for threading DNA through its arch.
5.4 Apo Structure of SpFEN

5.4.1 Crystal trials of SpFEN D141K without DNA

Purification of D141K was performed in the same way as Section 5.2.1. Initial crystal trials to try and obtain an apo structure of SpFEN used the D141K protein at concentrations of 14.5 mg.mL-1 covering the JCSG+, Proplex, and PACT screens, and 24 mg.mL-1 covering the MPD, PACT, and ammonium sulphate screens. Although some crystals were observed in the ammonium sulphate screen at 24 mg.mL-1, these crystals were not suitable for diffraction data collection (Section 5.2.2).

The SpFEN D141K mutant appears to be a soluble protein that does not appear to precipitate when left in storage at 4°C for over 1 week. Therefore, based on this observation, crystal trials were performed again using freshly purified D141K protein in Tris pH 8 buffer but choosing a much higher concentration of the protein at 40 mg.mL-1. This is based on the fact that crystal formation depends on supersaturation of the protein, and therefore it would make sense that more soluble proteins would normally require higher concentrations to crystallize (Dessau & Modis, 2011).

In addition to this, a high salt concentration of 0.1 M MgCl2 and 0.1 M KCl was added to the protein. Firstly, this was done in case the high salt conditions may produce more favourable conditions to drive crystallization or produce higher quality diffracting crystals, since supersaturation of protein can also be achieved by increasing precipitating agents (Dessau & Modis, 2011). Secondly, this was also done to see whether the metal cofactors could be observed in the active site of the enzyme during structure determination.

These new crystal trials using the SpFEN at 40 mg.mL-1 in conjunction with high metal salt concentrations were performed in ammonium sulphate, Morpheus, Proplex, Classic, and PACT screens. After 24 hours, crystal formation was observed in a few conditions. Crystal formation was found in the ammonium sulphate screen conditions (A5, A8, and C5), as well as in the Morpheus screen (C12).

5.4.2 Crystal harvesting

Crystals were cryoprotected in paratone oil because of the high concentrations of precipitants found in the conditions, which precipitated out of solution in the presence of 25% glycerol at lower temperatures. Nonetheless, the use of paratone oil did not seem to affect diffraction data quality previously. A 0.3 mm loop was used to transfer and store the crystals.

5.4.3 Data collection and processing

Diffraction data for the crystals were collected on the iØ4 beamline at the Diamond Light Source, UK. From the data collected for the various crystals harvested, only one crystal gave diffraction. The crystal was harvested from the Morpheus screen (C12), in the condition containing 12.5% w/v PEG 1000, 12.5% w/v PEG 3350, 12.5% v/v MPD, 0.03 M of each NPS (sodium nitrate, disodium hydrogen phosphate, and ammonium sulfate), and 0.1 M bicine/Trizma base pH 8.5, in addition to the 0.1 M MgCl2 and 0.1 M KCl.

A full dataset of 3600 images was collected for this crystal (Resolution = 2.00 Å, Exposure = 0.05 s, Beamsize = 43x30 μm, Ω Osc = 0.10o, Wavelength = 0.9795 Å, Transmission = 60.04%, Type = SAD) (Figure 5.17).
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Figure 5.17: Data collection for the SpFEN D141K crystal without DNA. DISTL plot for collected dataset of the C12 crystal. 3600 images were collected 360o around the crystal. Resolution varied from around 2 to 3 Å throughout the crystal.

Autoprocessing of the images using XIA2 3dii gave the resolution of the data of up to 1.78 Å (Table 5.8). The space group of the crystal was determined to be in P 1 21 1, which differs from any of the space groups from the previously determined structures of SpFEN. Cell dimensions also differed from previous crystals, and were calculated at a = 39.2 Å, b = 89.3 Å, c = 52.3 Å, α = 90o, β = 105.7o, γ = 90o.

Table 5.8: Diffraction data statistics autoprocessed by XIA2 3d for the 1.65 Å apo SpFEN structure, scaled by AIMLESS. Values in brackets for data in high-resolution (outer) shell.

Data Collection		SpFEN Morpheus C12

Wavelength (Å)		0.9795
Beamline			iØ4
Resolution (Å)		1.78-43.86 (1.78-1.83)
Space group			P 1 21 1
Unit cell (a, b,c, α, β, γ)	39.2, 89.3, 52.3, 90.0, 105.7, 90.0
Total observations		206346 (8361)
Unique observations		32483 (1967)
Multiplicity			6.4 (4.3)
Completeness (%)		97.7 (81.2)
Mean I/sig(I)			16.0 (1.3)
CC Half			1.0 (0.5)
Rmerge			0.07 (1.06)
Rmeas			0.08 (1.21)
Rpim				0.03 (0.56)

Since the crystal gave good quality diffraction data at a high resolution for structure solution, the crystals were not optimized further.

5.4.4 Matthews Coefficient

The Matthew Coefficient was calculated for the data collected as before. One molecule was predicted in the asymmetric unit for an estimated molecular weight of 33000, with 53.98% solvent content (Table 5.9). P(tot) values reveal that 1 molecule in the asymmetric unit is most likely (1.00), compared to the other solution of 2 molecules in the asymmetric unit, which is extremely unlikely (0.00).

Table 5.9: Matthews coefficient calculation for the apo SpFEN crystal dataset. An estimated molecular weight of 33000 Da was used, and unit cell dimensions A = 39.20, B = 89.34, C = 52.29, and α = 90.00o, β = 105.70o, γ = 90.00o.

Nmol/asym  	Matthews Coeff  	%solvent	P(1.78)     P(tot)

  1         		2.67           	53.98         	1.00         	1.00
  2         		1.34            	7.96	        	0.00         	0.00

5.4.5 Structure solution and refinement of the apo SpFEN structure

The apo structure of the SpFEN D141K was solved by molecular replacement using Phaser_MR. The model used for molecular replacement was the previously determined 2.13 Å structure of the D116G D193K mutant in complex with its DNA substrate (Section 5.3.9). This structure was modified so that only one molecule (molecule A) was used as the search model, while molecule B, DNA, water, and other molecules (e.g. solvent molecules, metal ions) were removed.

The data and model were put into the Phaser_MR program, and selected to search for one molecule in the asymmetric unit. For the output, a single solution was found by the Phaser_MR program with scores of: RFZ = 5.5, TFZ = 4.4 PAK = 6, LLG = 62, LLG = 981. Since a single solution was found, it was likely the placement of the molecule had been solved. However, the TFZ (< 8) value is low, and the PAK score reveals several clashes between packing molecules in the model.

The solution was viewed in Coot, and was found to pack into a crystalline form. It was also checked to see if it fit the electron density map. While the conserved core of the SpFEN protein fit the electron density map well (Figure 5.18A), it was also found that a large section of the protein did not fit the map (Figure 5.18B), in a similar region to that observed when building the 1.65 Å co-crystal structure of D116G D193K:5OV4. 
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Figure 5.18: Electron density maps for the SpFEN apo structure after molecular replacement. Initial model reveals that part of the model fits well to the electron density map, while another part does not fit the map, indicating possible conformational change in this area of the protein. A) The core of the protein, including the beta sheet core, fits the electron density well. B) Region of the protein that does not fit well in the electron density map.
The region that did not fit the electron density was removed to clearly reveal where the main trace of the protein should follow the map, and this region of the protein was then rebuilt manually in Coot. Ten cycles of refinement in Refmac5 were applied after each round of model rebuilding to improve the density map for further rebuilding and refinement (Figure 5.19).
[image: ]








Figure 5.19: Electron density map showing SpFEN apo model after rebuilding in Coot and refining by Refmac5. Figure shows region of protein, which initially did not fit the electron density map well, but was rebuilt and refined into the correct space.

The differences observed when building the apo structure of SpFEN indicate a conformational change in the protein compared to the structure used as the model for molecular replacement. This conformational change may have taken place as a result of DNA binding in the first structure, and therefore, may be related to protein function. Alternatively, conformational change can also simply take place from the way the crystal was packed.

Water and solvent molecules were merged into the structure, for which several MPD, TRIS and PEG molecules from the condition could be observed. After final refinement, the R values dropped from an initial value of 0.45 to a final value of 0.17 for the R factor, and from 0.46 to 0.21 for the R free.

5.4.6 Model validation

The D141K apo model was first validated through Coot, then put through the MolProbity online validation service (Figure 5.20).
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Figure 5.20: MolProbity analysis of SpFEN D141K apo structures at 1.78 Å.

The Molprobity score for the protein geometry of the 1.78 Å structure is 0.98, placing it in the 100th percentile, and its Clashscore is 2.12, placing it in the 99th percentile of all structures in the PDB at the same resolution. All scores reveal that the apo structure of SpFEN D141K is a good model. One Ramachandran outlier was identified, which corresponds to the R82 found in the arch of the protein. This amino acid does appear to fit the electron density here well, although the map is slightly less clear here than in the majority of the protein (similar to that found in the previous structures likely because of the flexibility of the arch region). This apo structure has been validated to much higher MolProbity scores than the ones for the other structures.
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Figure 5.20: A) Final model of SpFEN D141K apo structure viewed in pymol at 1.78 Å. The FEN protein is coloured red (helices), yellow (beta strands), and green (loop regions). The C-terminus and N-terminus of the FEN domain are identified. A helix-turn-helix motif and beta-sheet core region is identified, as well as the active-site region. B) Orthogonal view, rotated 90° in the x-axis. C) Orthogonal view, rotated 90° in the y-axis.

While crystals of the SpFEN in complex with the 5OV4 DNA substrate were relatively easy to obtain, and therefore led to the first structures of SpFEN, crystals without the presence of this DNA were found to be much harder to generate. However, a model of the apo structure was determined (Figure 5.21) after obtaining a diffracting crystal at 40 mg.mL-1 SpFEN.

The structure was determined to a high resolution, and most amino acid residues could be built into the model – more so than the previous co-crystal SpFEN:5OV4 structures. Where poor electron density was observed in the arch region and many of the loop regions in the previous structures, electron density was much clearer in these areas for the apo structure and therefore, all residues could be clearly defined in these areas. It was reasoned that perhaps flexibility of the arch region was the cause of poor electron density in the previous structures. It may be that when SpFEN is not interacting with a DNA substrate, that its general structure including the arch and loop regions are in a more consistent resting state, leading to clear electron density. When coming into contact with DNA, perhaps then these regions can move around in an undefined number of orientations to accommodate the substrate.

No metal ions were observed in the active site of the SpFEN apo structure, despite the high concentration of MgCl2 and KCl added to the crystallization condition. One TRIS molecule was observed in site I of the active site. It may be that the mutation from an aspartate a lysine in location 141 may have been strong enough to remove any positive metal ions from the active site.

5.5 Comparison of determined structures of SpFEN

5.5.1 Comparisons of SpFEN apo structure with SpFEN structures determined in complex with 5OV4 DNA

The three determined structures of SpFEN discussed in this chapter (apo structure, and two co-crystal structures of SpFEN:5OV4) were superposed on top of each other for comparison (Figure 5.22). The DNA was removed to compare just the SpFEN molecules with each other, and for the structure determined at 2.13 Å, chain B of the two molecules in the asymmetric unit was used for superposition.
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Figure 5.22: Superposition of the three determined structures of SpFEN: apo 1.78 Å structure (grey), chain B of the 2.13 Å co-crystal structure of the SpFEN:5OV4 complex (red), and the 1.65 Å co-crystal structure of the SpFEN:5OV4 complex (cyan). Black arrows point out areas of more noticeable differences between the structures. A) SpFEN arch. B) C-terminal tail. C-D) Helix-turn-helix regions.

All 3 structures superpose well on top of each other, revealing a generally well conserved structure. This conservation is especially prominent in the conserved beta-sheet core (consisting of 5 beta-strands) of the protein. However, clear differences are also observed between the different structures, most notably in the arch, the C-terminus, and various loops throughout the protein. Overall RMSD values between each SpFEN structure are shown in Table 5.10.

Table 5.10: RMSD values (Å) between each SpFEN structure. Structure 1 = 2.13 Å SpFEN:5OV4 structure. Structure 2 = 1.65 Å SpFEN:5OV4 structure. Structure 3 = 1.78 Å apo SpFEN structure.

		Structure 1		Structure 2		Structure 3
Structure 1	X			1.57			1.20
Structure 2	1.57			X			1.82
Structure 3	1.20			1.82			X

The apo structure and the 2.13 Å structure have the lowest RMSD value out of all 3 comparisons (Table 5.10). Visually comparing these structures (Figure 5.23), it can be seen that the major difference between them exists in the arch (around residues 75-87). However, the C-terminal region and other loop regions superpose well with each other, where major differences are seen instead in the 1.65 Å structure.
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Figure 5.23: Superposition of SpFEN apo structure (grey) with the SpFEN:5OV4 2.13 Å structure chain B (red), showing flexible regions. Differences are shown in the arch, and in various loops throughout the structure. A) Although the arch of the 2.13 Å structure could not be fully completed because of the poor electron density, it was clearly seen that the structure of the apo SpFEN arch could not be used to model in the residues for the 2.13 Å structure. Instead, the arch of the 2.13 Å structure appears to follow a different path, more likely pointing down and in towards the core of the SpFEN molecule, as opposed to sitting up as observed with the apo structure. A C-alpha displacement of 7.7 Å is found between residue 81 of both structures. B) Smaller differences are seen throughout the structure, concerning loop structures. For example, a small loop region from residues 155-162 is seen to adopt slightly different conformations in the 2 structures. A C-alpha displacement of 7.4 Å is found between residue 81 of both structures.

The apo structure and the 1.65 Å structure (Figure 5.24), mainly show the same differences already discussed between the 2.13 Å and 1.65 Å structure, most notably in the C-terminal region and in various loop regions. However, both 1.65 Å and apo structures have their arch (residues 75-93) sitting up, although the one in the 1.65 Å structure does appear to extend further upwards. 
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Figure 5.24: Superposition of apo structure (grey) with 1.65 Å structure (cyan), showing flexible regions. Again, differences are shown in the arch, and in various loops throughout the structure. A) Both arches sit up in both structures. A 5.8 Å deviation is found between C-alphas of residue 85. B) The loop at residues 26 -38 also differ between the 2 structures. A 5.8 Å deviation is found between C-alphas of residue 30, and a 4.3 Å deviation for residue 33. C) The helix from residues 11-26 shows a shift in position. A 7.7 Å deviation is found between C-alphas of residue 16. D) Another larger helix from residues 38-54 reveals a smaller shift in position between the two structures in the region nearest to the loop. A 4.8 Å deviation is found between C-alphas of residue 38. E) Lastly, there is a significant change in the C-terminal region, with the apo structure forming two helices that fold back on each other, whereas the 1.65 Å structure reveals a possibly more disordered region, with a helix that moves up and away from the protein. The largest deviation can be found between C-alphas of residue 283, showing a 12.4 Å  deviation, while C-alphas of residue 274 show a deviation of 5.4 Å. The electron density became extremely poor at this region, and so the C-terminal portion of the 1.65 Å structure could not be fully completed, although it definitely did not follow the helix-turn-helix fold found in the other two structures. Additionally, the loop at residues 26-38 found in an entirely different position in the 1.65 Å structure would have clashed with its non-folded C-terminal end had it adopted the same position as the apo structure.
The conformational changes found between the three structures show perhaps the more dynamic areas of the protein, mainly the loops and the arch, whereas the core of the protein remained structurally conserved. The flexibility of these regions may be important in its DNA binding or release mechanism. However, the possibility that these specific conformations of the structure may not occur naturally in solution must also be considered, and may be due to how the molecule has packed in the crystal. The structures were analysed in these areas where conformational change was observed between the three structures to see whether they were packed against another molecule in the crystal (i.e. within 4 Å of another FEN molecule).

Table 5.11: Observation of packing between different FEN proteins in the crystal structure, in noted areas of conformational change between structures. Structure 1 = 2.13 Å SpFEN:5OV4 structure. Structure 2 = 1.65 Å SpFEN:5OV4 structure. Structure 3 = 1.78 Å apo SpFEN structure. A) Arch region, B) C-terminal region, C-D) helix-turn-helix regions. Labels based on Figure 5.22.

	Structure 1		Structure 2		Structure 3
A	No packing		No packing		Packing
B	Packing		No packing		Packing
C	No packing		No packing		No packing
D	No packing		No packing		Packing

For example, in the apo structure, the arch could be more clearly seen from its electron density, and therefore could be built with more confidence. However, in the other two structures, which were crystallized in complex with the 5OV4 DNA substrate, the placement of the arch is more tenuous.  It was observed (Tabe 5.11) that in the apo structure, that the arch region (A) appeared to pack against an alpha-helix (residues 166-174) of another FEN molecule in the crystal structure, which may have stabilized the flexible arch, whereas in the co-crystal structures, the addition of the DNA would have separated this interaction between the FEN molecules, and therefore may have led to the disorder observed in both co-crystal structures. This may indicate that in solution, the SpFEN structure naturally has a disordered arch region that is free to move around. Similarly, in the C-terminal tail (B), packing was observed in the apo structure and in structure 1, but not in structure 2, which may be why the full C-terminal tail could not be observed in structure 2 because of disorder due to having not packed with another molecule. This may indicate that in solution, this C-terminal region may be free to move around, perhaps along with the linker region to the Klenow fragment of SpPol1, to allow flexible movement between the two domains. In (C), a helix-turn-helix region, no packing was observed in the crystal structure for the 3 structures, indicating that the FEN domain can adopt these different conformations naturally in solution. In (D), another helix-turn-helix region, packing was observed only in the apo structure, although it adopts a similar conformation to structure 2 where no packing was observed in the crystal. This indicates that the two conformations observed in this region between the 3 different structures can also occur naturally in solution.
The observation of packing in one or more of the structures in the observable areas of conformational change may indicate that these local conformations are not natural, and that the conformation in the structure where no packing was observed would represent the structure that would occur naturally in solution. Where two or more different conformations occur without the observation of packing influencing that conformation, this indicates that the protein can adopt these different conformations naturally in solution, and there may be a mechanistic reason for that, for example in the binding or release of its substrate. However, the observation of packing in one or more of the conformations does not necessarily rule out that the different conformations can occur naturally (since it still indicates a flexible region) and also does not rule out that these different conformations are functionally significant. Likewise, the presence of different conformations that occur without packing does not necessarily mean that the different conformations are functionally significant.

5.6 Discussion

5.6.1 General structure of SpFEN

The structure of SpFEN has now been determined at high resolution, both in complex with and without DNA. Three different structures of SpFEN have been presented in this chapter, revealing different conformations that the protein can adopt. 

The structures were solved by molecular replacement, and have been found to contain several features common to all determined FEN structures, as would be expected. 

5.6.2 Crystal trials with and without DNA

Crystal trials of SpFEN were set up, both with and without the presence of DNA substrate. It was found that many more crystals could be produced in the screens when SpFEN was co-crystallized with the 5OV4 DNA substrate compared to without. Additionally, these co-crystals produced were mostly 3D varieties with greater diffracting power than those crystals produced in the absence of a DNA substrate. The addition of the 5OV4 DNA substrate to the crystal trials of SpFEN produced crystals at lower protein concentration. This supports the hypothesis that the addition of the DNA substrate may stabilize the SpFEN protein in crystal packing, helping to bring together the protein molecules into a crystalline state. 

5.6.3 Matthews coefficient

From the structures determined, there were always either 1 molecule or 2 molecules in the asymmetric unit. Before solving the structure, this number was predicted first from the Matthews coefficient. While the Matthews_coef program correctly predicted the number when 1 molecule was present in the asymmetric unit, it generally predicted 3 molecules when in fact only 2 molecules of SpFEN were present. This prediction was done on the assumption that no DNA was present in the model, since it cannot be certain that DNA was present even when co-crystallized in the condition. However, after solving the structures, it was clearly seen in the co-crystals that the 5OV4 DNA duplex was present, and therefore if this was accounted for in the Matthews_coef prediction, using around 53000 as the molecular weight of protein:DNA, then it would have correctly predicted 2 molecules in the asymmetric unit.

5.6.4 Model validation

Finalised structures underwent model validation through a variety of different programs. The MolProbity online server was used for a detailed analysis of the model, which gave information on clashes, protein geometry, peptide omegas, and nucleic acid geometry. The scores given for the nucleic acid geometry were largely ignored since it could be expected for DNA to behave differently and to adopt a different conformation than its normal state.

From the determined structures of SpFEN, the apo structure represented the best validated model, showing good scores in all areas in MolProbity, except for 1 Ramachandran outlier determined to be R82 in the arch. On the other hand, the co-crystal structures of SpFEN:5OV4 were more tenuous, representing just preliminary structures of the SpFEN. Out of the two co-crystal structures, the 1.65 Å had the lower Molprobity score, despite the higher resolution. This was because although the main conserved part of the protein showed clear electron density for the placement of the amino acid residues, there were also many loop regions in the protein that could not be determined accurately. These likely represent areas of the protein where more movement is taking place. Residues were therefore built into the model to approximately follow the presence of electron density in these areas. The same was also true for the 2.13 Å model, although in fewer regions. Because of the number of regions found to have poor electron density in the co-crystal structures of SpFEN:5OV4, this consequently explains the poorer protein geometry compared to the apo structure (Sherwood & Cooper, 2011). Alternatively, these regions of poor electron density could be removed, so that only sections of the SpFEN model that can be built with confidence remain, which will give a higher validation score.

5.6.5 Observation of conformational changes between SpFEN structures

It was reasoned that the SpFEN:5OV4 co-crystals were easier to produce because the DNA substrate might act to stabilize the protein in the crystalline format. However, it was also found that the apo structure was the model where the majority of its amino acid residues could be placed accurately because of clear electron density even in the exposed arch and loop regions. This indicates that the apo structure possessed more conformational stability compared to the co-crystal structures where solving these regions was much more problematic (Deller et al, 2016).

It appears to be the case that because of the high solubility of SpFEN, a high concentration of SpFEN is needed to form crystals. When the concentration of SpFEN is decreased to a much lower concentration, then the 5OV4 DNA substrate (by binding and interacting with the protein) seems to help to bring SpFEN together, thereby greatly enabling self-organization into a crystalline format. However, this interaction with the DNA may be what is causing the poor electron density observed in the arch and loop regions. To be able to interact with or accommodate DNA binding to the protein, these regions may need to move and undergo conformational change. However, because they are surface, disordered regions with less structural integrity, they could adopt any number of conformations rather than being confined by strict structural restrictions.

The conformational changes observed show the intrinsic flexibility of the protein. NMR could also be used in future to give a quick idea of the conformational flexibility of SpFEN regions, to support observations from the crystal structures. These conformational changes may have occurred as a result of protein function or they could have been imposed due to crystal packing. Conformational change was previously observed in the T5 FEN upon substrate binding (AlMalki et al, 2016). As discussed, the addition of the 5OV4 DNA substrate may have caused the slight conformational changes observed in the SpFEN molecule, and these changes could be involved in binding and releasing, or accommodating the DNA. The crystal structures represent just one snapshot in time, and the different conformations observed may represent interaction with the DNA at different stages of binding.

5.6.6 DNA threading  

Studies on FENs have long speculated that the 5′ end of DNA flap substrates threads through the hole of the FEN created by its arch, although this has always been in contention. However, intact T5 FEN structures with its DNA substrate were recently published, which clearly showed DNA pre-threading and fully threading through the helical arch of the protein (AlMalki et al, 2016).

Neither co-crystal SpFEN:5OV4 structures show clear DNA threading through the arch, unlike recently published T5FEN:5OV4 structures. DNA threading was also not observed in any other SpFEN:5OV4 structures determined from various crystals, but not discussed in this chapter. In addition, crystal trials were also set up with 2 other DNA substrates, 5OV4P and 3OV6 (Section 2.9.1, Table 2.5), in the hope that the longer 5′ overhangs of these substrates would allow threading. However, no crystals were obtained for co-crystallization trials of SpFEN with 3OV6, and no threading was observed in the co-crystal structures obtained for SpFEN with 5OV4P.

It may be that SpFEN does not use DNA threading as part of its mechanism to bind and cleave DNA. From comparisons of the SpFEN arch with the T5 FEN arch, notable differences in the arch were observed. The SpFEN arch represents a more flexible, disordered loop, while the T5FEN is a V-shaped helical arch. However, it has also been observed that the T5 FEN can also form a partially looped-out version of its arch as well as the helical form. This looped-out arch conformation presents a much larger (more than 2x) channel than the helical version and is observed in DNA-free structures, whereas structures containing the threaded DNA have their arch in the helical conformation, suggesting that the arch is a dynamic entity which undergoes conformational change upon substrate binding (AlMalki et al, 2016). Still, the SpFEN loop arch appears to form a smaller hole even compared to the T5FEN helical arch, so it is uncertain whether this could allow DNA passage. Superposition of the T5FEN:5OV4 threaded complex with the apo SpFEN structure (Figure 5.25) shows that the threaded bases of the DNA could also pass under the disordered arch of SpFEN without obstruction from other areas of the protein, suggesting that it may be possible, but the question remains whether this arch is large enough for initial entry.
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Figure 5.25: Superposition of apo SpFEN structure (grey) with the A) DNA-threaded T5FEN complex (PDB ID 5HNK). B) The 5OV4 DNA substrate from the 5HNK structure (without T5FEN) viewed alone with the SpFEN.

Since the T5 FEN is the only FEN that has had its crystal structure determined that evidently shows DNA threading, it could well be the case that different FENs use different mechanisms. However, there have been some other FEN:DNA co-crystal structures that also strongly suggest DNA threading. One of these is the bacteriophage T4 RNase H, another FEN-1 family member, which suggests threading via a co-crystal structure of the T4 RNase H in complex with a forked DNA substrate (PDB ID: 2IHN). Although not all of the residues were built into the helical arch (or “helical clamp” as it is referred to in the T4 protein and other FEN-1 enzymes), likely to due to similar disordering problems found in SpFEN in this region, it does appear to extend upwards while one 5′ arm of the branched DNA substrate appears to pass through under this helical clamp, indicating that threading does occur (Devos et al, 2007). 

Both structures mentioned so far where DNA threading has been observed or indicated are from bacteriophage viruses, and so does not necessarily mean it is a widespread or ubiquitous mechanism for FEN enzymes. However, more recently, co-crystal structures of a human exonuclease (hExo1) in complex with DNA have been published (PDB ID: 5v0d and 5v0e). Although this is not part of the FEN-1 superfamily (rather, it is part of the RAD2/XPG family), it is closely related and possesses both 5′-3′ exonuclease and secondary 5′ flap endonuclease activities, with very similar structural architecture to FENs and 31% identity with the human FEN1. These structures show partial threading of up to 4 nt of a DNA substrate 5′ arm threading through the mobile helical arch, which moves to accommodate the substrate. The bases that have threaded through the arch flip and point downwards towards the active site (Shi et al, 2017).

Although DNA threading has still not yet been observed in any bacterial FENs, more and more structures are coming out from various organisms that suggest threading as the mechanism for DNA binding and cleavage, and it may just be a matter of time before a co-crystal structure of a threaded bacterial FEN complex emerges. One reason for the absence of DNA threading in SpFEN could be that the conditions were not right for it to occur. Firstly, electron density was unclear for the arch region in the co-crystal structures, so it is hard to really observe the path of the peptide backbone. Residues were placed with uncertainty in this region. Further studies could also investigate the use of different DNA substrates other than 5OV4 in complex with SpFEN, in case that might promote DNA threading. As already discussed, crystal structures provide just a frozen picture of how the SpFEN interacts with its DNA substrate. Therefore, these structures could represent a pre- DNA threading stage. Nonetheless, no structural evidence exists as of yet for the DNA threading mechanism in bacterial FENs. Therefore, this still remains contentious.

5.6.7 Metal ions in the active site of SpFEN

Several crystallization and optimization experiments were performed for the SpFEN protein in the presence of a high concentration of metal salts (MgCl2 and KCl). The presence of metal ions in the active site of SpFEN was searched for in all crystal structures determined (including those not shown here). However, none were observed. In a way, this could be expected. The D141K mutation or the D116G D193K double mutation at the active-site location meant that the SpFEN was inactive, and that DNA could be co-crystallized with the SpFEN without fear that the DNA substrate would be enzymatically cleaved during the crystallization process. However, the mutation from the negative aspartate to the positive lysine at position 141 or position 193 also meant that the positive charge could still interact and bind the negatively charged DNA by replacing the positively charged metal cofactor in the active site that would normally have this role. Since the structures determined were either derived from the D141K or the D116G D193K mutants of SpFEN, the mutation from the negative aspartate to the positive lysine in the active site may well be the reason why positively charged metal ions did not reside here. 

Further work could include attempts to crystallize the WT SpFEN in the presence of high MgCl2 and KCl concentration, and determining a structure from that. The metal ions increase the affinity for DNA in FENs (Anstey-Gilbert et al, 2013), although the difference being that Mg2+ supports catalysis while K+ does not. Trials could be done without the presence of a DNA substrate to obtain an apo structure like that for D141K. Alternatively, in the presence of DNA, calcium ions could be used instead of MgCl2 to prevent the nucleolytic function of the enzyme.

5.6.8 Conclusions

Three different preliminary structures determined for the SpFEN protein at high resolution have been presented. These structures represent some of the first structures for FEN from a pathogenic organism, and therefore may be useful in contributing to structure-based drug design in the future.


Chapter 6: Results - Structural determination of the Streptococcus pneumoniae full-length DNA polymerase I

6.1 Introduction

6.1.1 DNA polymerase I 

DNA polymerase I is a multidomain protein with multiple distinct functions: the polymerase domain for 5′-3′ DNA synthesis, the 3′-5′ exonuclease domain (or proofreading domain), and the 5′-3′ exonuclease domain (or FEN domain) (Allen et al, 2010). 

The FEN exists as the small N-terminal domain of the DNA polymerase I enzyme. The large C-terminal domain, also known as the Klenow fragment, is connected to the flap endonuclease via a short flexible linker region. The Klenow fragment generally can be divided into two further domains: the polymerase domain and the proofreading domain. While the flap endonuclease domain contains both exonucleolytic and endonucleolytic functions in the 5′ to 3′ direction of DNA, the proofreading domain excises DNA in the 3′ to 5′ direction. On the other hand, the polymerase domain is responsible for synthesizing DNA in the 5′ direction(Brutlag et al, 1969, Klenow & Overgaard-Hansen, 1970, Setlow et al, 1972).

Díaz et al (1992a) showed that mutations in the S. pneumoniae DNA polymerase I enzyme that knocked out polymerase function of the enzyme did not affect cell viability. However, the FEN domain was absolutely required for streptococcal cell viability.

6.1.2 Existing structures of DNA polymerase I

The structure of the Klenow fragment of DNA polymerase I was first determined by Ollis et al (1985) for E. coli. This also happened to be the first structure obtained for any component of DNA polymerase I. The structure of the Klenow fragment can easily be visualized to contain 2 distinct domains: the small N-terminal exonuclease, and the larger polymerase domain. The 3′-5′ exonuclease domain is characterized by a central parallel β sheet, surrounded by several helices. Meanwhile, the polymerase domain (often described as a hand-like structure) is mostly helical and can be divided into 3 further sub-domains – the thumb, the palm, and the fingers, which together form a large cleft containing the active site (Allen et al, 2010).
 
While there are several crystal structures available for the flap endonuclease domain from various organisms, and also for the Klenow fragment (e.g. from E. coli, Geobacillus spp.), the same cannot be said for the full-length DNA polymerase I protein. So far, the only existing structure of a full-length DNA polymerase I in the databases is Taq polymerase. However, Taq polymerase lacks a proofreading domain in its Klenow fragment. Rather, it has just polymerase and 5′ nuclease functions, with a non-functional middle domain (Figure 6.1). The crystal structure for Taq polymerase was determined to a relatively high resolution of 2.4 Å, although it contains disordered and incomplete regions (Kim et al, 1995).
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Figure 6.1: Conceptual diagram of DNA polymerase I. Polymerase, proofreading (3′-5′ exonuclease), and FEN domains are shown. The proofreading domain has been found to be not present (or non-functional) in certain bacterial DNA Pol 1, including Thermus aquaticus, certain species of Bacillus, and Helicobacter pylori. Figure based on Joyce & Steitz (1987).

Thermus aquaticus is not the only bacterial organism to contain a DNA polymerase I with no proofreading domain. Studies also point to others that seem to lack this proofreading capability, for example in a strain of Bacillus stearothermophilus (Kiefer et al, 1997), in Bacillus subtilis (Duigou et al, 2005), and in Helicobacter pylori (García-Ortíz et al, 2011) showing that a non-functional 3′-5′ exonuclease domain is probably not uncommon, and is also non-essential. There is evidence that this is also the case for Streptoccocus pneumoniae (Díaz et al, 1992b). These bacterial Pol 1 enzymes lack specific residues that are needed to coordinate the metal cations needed for catalytic activity (Duigou et al, 2005). E. coli DNA polymerase I has been shown to have proofreading activity (Derbyshire et al, 1991), and a pBLAST search reveals high conservation with other closely related bacterial species (e.g. Shigella spp. NCBI Accession no. AAZ90553.1, Salmonella enterica NCBI Accession no. WP_058107694.1) which are likely to contain proofreading activity in their Pol 1 enzymes as well.

6.1.3 Aims

The aim of this section was to clone, express, and purify the full-length DNA polymerase I protein from Streptococcus pneumoniae, crystallize the protein in complex with DNA, and determine its structure via X-ray crystallography. This could also provide structural information for comparison between the streptococcal and Taq “proofreading” domain for which several residues are disordered in Taq structure (1TAQ). Similarly, several residues including conserved residues are also missing in the Taq FEN domain structure, including in the loop region above the active-site, where comparison with the streptococcal FEN structure would be of interest.


6.2 Cloning the streptococcal DNA polymerase I gene into E. coli

6.2.1 Primer design

The sequence of the 2631 bp full-length DNA polymerase I gene (polA) from Streptococcus pneumoniae was identified from NCBI GenBank (Accession number: J04479.1). A set of forward and reverse primers was designed to amplify the streptococcal polA gene. As with the FEN primers, the forward primer was designed to contain the unique restriction site, EcoRI, and a purine-rich Shine-Dalgarno sequence. The reverse primer was designed to contain the PstI unique restriction site and two stop codons (Chapter 2, Table 2.2).
 
6.2.2 PCR amplification

The PCR reaction used for amplifying the S. pneumoniae polA gene was 1 μL (containing approximately 10-100 ng) genomic template DNA (from boiled cell lysates of S. pneumoniae), 0.75 μL 10 pmol.μL-1 forward primer, 0.75 μL 10 pmol.μL-1 reverse primer, 12.5 μL 0.05 U.μL KAPATaq ReadyMix DNA polymerase, and 10 μL water. 5 PCR reactions were combined to increase the amount of DNA used for cloning. The optimised conditions were as follows: initial denaturation at 95°C for 5 minutes followed by 30 cycles, each consisting of denaturation at 98°C for 20 seconds, annealing at 57°C for 15 seconds, and extension at 72°C for 1 minute and 30 seconds, followed by a final extension step at 72°C for 5 minutes.

[image: ]PCR products were purified by gel extraction using the QIAquick Gel Extraction Kit according to the manufacturer’s instructions (QIAGEN, Cat no. 28704), and analysed by agarose gel electrophoresis (Figure 6.2).






Figure 6.2: Agarose gel electrophoresis analysis for the polA PCR product. M: 1 kb DNA Ladder (New England Biolabs, Cat no. N3232S). Lane 1: Streptococcal polA PCR product. PCR amplification of the S. pneumoniae polA gene gives the expected product of approximately 3 kb in size.

6.2.3 Cloning the streptococcal polA gene into pJONEX4

The polA PCR product and the pJONEX4 plasmid were digested with EcoRI and PstI, and digested products were analysed by agarose gel electrophoresis (Figure 6.3). The gel showed the presence of several other bands in the single digest of pJONEX4 with PstI, indicating that this reaction had not gone to completion. However, since the size of the pJONEX4 digested product is so large, this was nevertheless carried forward for ligation reactions with polA after gel extraction using the QIAquick Gel Extraction Kit (QIAGEN, Cat no. 28704). 
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Figure 6.3: Agarose gel electrophoresis of restriction digest. A) Restriction digest of pJONEX4. M: 1 kb DNA Ladder (New England Biolabs, Cat no. N3232S). Lane 1: Uncut pJONEX4; Lane 2: pJONEX4 digested with EcoRI; Lane 3: pJONEX4 digested with PstI; Lane 4: pJONEX4 digested with both EcoRI and PstI. B) The streptococcal polA digested with both EcoRI and PstI. C) Restriction digest map showing the location of the streptococcal polA gene ligated into the pJONEX4 plasmid.

Digested SpPolA and pJONEX4 were ligated together in a 3:1 insert:vector ratio and transformed into the E. coli M72 host cell line.

6.2.4 Colony screening

After transformation, colonies carrying inserts at the appropriate size for the streptococcal polA were identified by standard restriction digest and agarose gel electrophoresis analysis (Figure 6.4), and confirmed by sequencing. 
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Figure 6.4: Colony screening for the polA insert from 7 colonies. Plasmids were isolated by mini-preparation and digested using EcoRI. M: 1 kbp DNA Ladder (New England Biolabs Cat no. N3232S). A) Lane 1: Empty pJONEX4 cut; Lane 2: Empty pJONEX4 uncut; Lanes 3-8: Plasmids from colonies 1-3 in order, with each cut plasmid followed by the corresponding uncut plasmid in the next lane. B) Lanes 1-8: Plasmids from colonies 4-7 in order, with each cut plasmid followed by the corresponding uncut plasmid in the next lane. Colonies 1, 2, 3, 5, 6, and 7 reveal a plasmid at around 5-6 kb, the expected size of the polA inserted into pJONEX4. Colony 4 reveals a plasmid at around 4-5 kb, perhaps indicating a deletion has occurred somewhere in the vector or insert during the cloning process.
6.2.5 Sequencing

Terminal sequences were sequenced using the M13 forward and reverse primers, provided by the University of Sheffield Core Genomic Facility. Since sequencing only produces around 800-900 bp of quality readings at a time, primers were designed to sequence the internal regions of the streptococcal polA gene (Table 6.1).

Table 6.1: Primers (5′ to 3′) for sequencing the streptococcal polA gene.

Internal polA Primer			Sequence

Forward 1					TTTTTGTCTAAAACACTAGCGACCA
Forward 2					GAGGACAATGAAATTGCGACCAT
Forward 3					CTGGATTACCGTCAAATTGCTAAG
Reverse 1					TTAAAGCCTGCTTGAGCTGTTTGA
Reverse 2					GAATGGCCTTTTTAACACCCTTAC
Reverse 3					AAGTTTGGATCCACACTAGACAAA

Terminal Primers				Sequence

M13 Forward					TGTAAAACGACGGCCAGT
M13 Reverse					CAGGAAACAGCTATGACC

Plasmids from colonies 1 and 2 gave clear and correct reads throughout the polA gene after sequencing with M13 and internal primers. However, it was noted that at 2368 bases from the start of the polA gene (2487 bases from the start of the J04479.1 sequence), the NCBI GenBank sequence (J04479.1) reads as a G followed by a C., whereas the sequenced SpPolA insert read as a C first, followed by a G. This would affect the identity of one amino acid at residue 790 of the amino acid sequence, with the J04479.1 sequence encoding an alanine (A), whereas the cloned sequence would translate into an arginine (R) followed by glutamic acid (E). A BLAST search in the NCBI GenBank database using the S. pneumoniae polA sequence reveals that many strains of S. pneumoniae have CG instead of GC. Similarly, a pBLAST search reveals that all top strains of S. pneumoniae contain the R790, except for the AAA26954.1 sequence. This may indicate that the sequence of J04479.1 for the S. pneumoniae polA gene from the GenBank database is a mistake (and AAA26954.1 translated from it), or may be derived from a rare variation. 

6.3 Expression of Streptococcus pneumoniae DNA polymerase I protein

6.3.1 Small-scale expression studies of pJONEX4:SpPolA

The M72 E. coli pJONEX4:SpPolA (Streptococcus pneumoniae polA) construct was induced by heat-shock in the same way as pJONEX4:SpFEN. Samples were collected for analysis by SDS-PAGE gel electrophoresis before induction, 3 hours after induction, and overnight after induction (Figure 6.5).
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Figure 6.5: Analysis of SpPolA small-scale expression. A) SDS-PAGE gel showing induction of the S. pneumoniae DNA polymerase I. M: Precision Plus ProteinTM Unstained Standard 10-250 kDa Marker; Lane 1: Empty pJONEX4 overnight post-induction; Lane 2: pJONEX4:SpPolA before induction; Lane 3: pJONEX4:SpPolA 3 hours post-induction; Lane 4: pJONEX4:SpPolA overnight post-induction. B) Corresponding zymogram gel for panel A.

The streptococcal DNA polymerase I is 877 amino acids long (GenBank Accession number: AAA26954.1) and its molecular weight is calculated to be 99078.52 Da (i.e. around 99 kDa) via the Expasy Compute pI/MW tool (Gasteiger et al, 2005). The SDS-PAGE gel shows the possible appearance of a band just below the 100 kDa marker after overnight induction, which appears fainter prior to induction. Thus, this band may correspond to the DNA polymerase I protein although its identity is unclear.

The corresponding zymogram gel revealed the presence of some nuclease activity at around the expected size, 3 hours and overnight post-induction. This band was not found before induction or in the negative control (empty pJONEX4), indicating that the band does correspond to the DNA polymerase I protein. It appears that more protein was induced after overnight induction, which may relate to the discussed band on the SDS-PAGE gel. For the lane containing the 3 hours post-induction sample, there also appeared to be multiple other bands below it with nuclease activity. Again, these bands were not present in the negative control or before induction, which suggest that these are degradation products of the DNA polymerase I protein. These bands are less clear in the overnight sample. 

6.3.2 Expression, purification, and crystal trials of SpPol1

Optimisation of small-scale expression was performed by Sarah Flannery (2016 MBiolSci student, University of Sheffield), who also carried out large-scale expression, purification, and crystallization trials on SpPol1. 

Since the level of expression of the suspected streptococcal DNA polymerase I here was relatively low, the small-scale expression was optimised further before it was carried forward for large-scale expression. Expression was optimized by inducing the M72 cells (containing the pJONEX4:SpPolA construct) at A600nm = 1 at 42°C for 1.5 hrs, before reducing the temperature to 30°C overnight (Figure 6.6A). After protein extraction and preparation from the cell (Section 2.3.3-2.3.5), purification of the SpPol1 was performed using a 0-1 M NaCl gradient with a 5 mL Heparin column (KP7/0 buffer), a 0-1 M NaCl gradient with a 5 mL Q column (20 mM TRIS pH 8, 1 mM DTT, 1 mM EDTA, 5% (v/v) glycerol), a 200-800 mM NaCl gradient using a 5 mL Heparin column, followed by a 500 mM NaCl one-step elution using a 5 mL Q column. This was then followed by a series of ammonium sulphate cuts from 45% to 60%, where the protein pellets were resuspended in TRIS pH 8 buffer (Figure 6.6B). It was found that 33.5 mg of protein could be purified from 10 g of cell paste. Mass spectrometry analysis supported the identity of the purified protein as the streptococcal Pol 1 (Flannery, 2016).
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Figure 6.6: Expressed and purified SpPol1. A) Large scale expression of SpPol1 showing a distinct appearance of a large band after overnight expression in SDS-PAGE gel analysis and clear nuclease activity in the zymogram. B) Purified SpPol1 after heparin and Q columns, and 65% ammonium sulphate cuts. Images obtained from (Flannery, 2016).

Crystal trials were performed with the purified SpPol1, concentrated to approximately 28 mg.mL-1, using JCSG-plus, PACT, PEG, ammonium sulphate, and Classic screens. Co-crystal trials (JCSG-plus, PACT, ammonium sulphate, and PEG) were also performed with the 5OV4 substrate in a 1:1 protein:DNA ratio using SpPol1 at a final concentration of 14 mg.mL-1 after mixing with DNA (Flannery, 2016). 

6.4 Data collection and processing

6.4.1 Crystal harvesting 

Two wells were observed to contain crystals in the initial screens, both in the JSCG-plus screen and from the co-crystal trials with 5OV4 DNA. The first crystal was observed in well G11, containing 2 M ammonium sulphate and 0.1 M bis-TRIS, pH 5.5. The second crystal was observed in well E1, containing 1 M tri-sodium citrate and 0.1 M sodium cacodylate, pH 6.6 (Figure 6.7). Crystals from both wells were looped in cryosolution containing 25% (v/v) glycerol, and stored in liquid nitrogen.
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Figure 6.7: Crystal formation observed from crystal trials for SpPol1 and 5OV4 DNA substrate. A) Crystals from JCSG-plus G11 (2 M ammonium sulphate and 0.1 M bis-TRIS, pH 5.5). B) Crystals from JCSG-plus E1 (1 M tri-sodium citrate and 0.1 M sodium cacodylate, pH 6.6). Images obtained from (Flannery, 2016).

6.4.2 Data collection

X-ray diffraction data for both crystals were collected using the iØ3 beamline at the Diamond Light Source, UK. The crystal from well G11 did not diffract. However, diffraction was observed from the crystal harvested from well E1. A full dataset of 1000 images was collected for this crystal (Resolution = 3.00 Å, Exposure = 0.1 s, Beamsize = 20x20 μm, Ω Osc = 0.20o, Wavelength = 0.9763 Å, Transmission = 60%, Type = SAD).

6.4.3 Data processing 

The diffraction data collected from the crystal was rather weak. Autoprocessing of the images using XIA2 3dii gave the resolution of the data of up to 4.01 Å (Table 6.2). The space group was determined to be in C 2 2 21, with cell dimensions of a = 102.9 Å, b = 246.2 Å, c = 223.1 Å, and α = 90.0o, β = 90.0o, γ = 90.0o.

In addition to a poorly diffracting crystal with low resolution, the crystal also displayed possible signs of high anisotropy (Figure 6.8), where it is seen to diffract on average at about 4 Å, but the resolution rapidly falls to around 8 Å in one direction. A drop in resolution in a crystal could be attributed to radiation damage, but in this case the resolution increases again to around 4 Å after around 700 images. If the crystal was not aligned properly, this could also have resulted in a drop in resolution in the direction where the beam is not hitting the crystal. However, the data in this direction still reveals the presence of spots and detectable diffraction, albeit weak diffraction, whereas a crystal that had gone off the beam would have no diffraction and no spots detected at all in that direction. The diffraction pattern images were also checked, revealing that spots were still present. Therefore, anisotropy is a likely explanation.





Table 6.2: Diffraction data statistics collected for the SpPol1 crystal. Data autoprocessed by XIA2 3dii, scaled by AIMLESS. Values in brackets for data in high-resolution (outer) shell.

Data Collection		SpPol1 JCSG-plus E1

Wavelength (Å)		0.9763
Beamline			iØ3
Resolution (Å)		4.01-107.78 (4.01-4.11)
Space group			C 2 2 21
Unit cell (a, b,c, α, β, γ)	102.9, 246.2, 223.1, 90.0, 90.0, 90.0
Total observations		164546 (13024)
Unique observations		24167 (1761)
Multiplicity			6.8 (7.4)
Completeness (%)		99.8 (99.9)
Mean I/sig(I)			3.7 (1.8)
CC Half			0.963 (0.586)
Rmerge				0.498 (1.157)
Rmeas				0.540 (1.244)
Rpim				0.207 (0.454)
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Figure 6.8: Data collection for SpPolA. DISTL plot showing that the resolution drops rapidly to around 8 Å in one direction at around 600 images, indicating possible high anisotropy.

The presence of anisotropy is also supported through analysis of the CC Half values in AIMLESS (Evans & Murshudov, 2013). Overall CC Half values fall from 0.98 to 0.59 with increasing resolution to approximately 4 Å. In the a* direction, these values are similar (0.99-0.68), in the b* direction, they appear slightly better (0.99-0.77), while in the c* direction, they appear worse than the average (0.99-0.47, and falling to 0.1-0.2 at around 5 Å). The differences found in the CC Half scores in different directions of the crystal support that the data is anisotropic.


6.5 Structure solution and refinement

6.5.1 Matthews coefficient

As only one dataset was able to be collected from the crystals grown from SpPol1, and no other crystals were observed either in the initial screens or in any of the optimisation experiments performed by Sarah Flannery, this dataset was used to try and solve the structure of SpPol1 despite its poor resolution. Since molecular replacement will be the method used to try and solve the protein structure of SpPol1, the low resolution is less of a problem. Rather, completeness at low resolution is a much higher priority (Dauter, 2010). The autoprocessing results from XIA2 3dii revealed near 100% completeness overall, so solving the SpPol1 structure by molecular replacement should certainly be possible, provided a good search model can be constructed.

The Matthews_coef program was used to predict the number of molecules in the asymmetric unit. Along with the unit cell dimensions, the molecular weight of SpPol1 was input into the program as 99079 Da for calculation of the Matthews coefficient. The output from the Matthews-coef program is shown in Table 6.3.

Table 6.3: Matthews coefficient calculation for SpPol1 crystal dataset. An estimated molecular weight of 99079 Da was used, and unit cell dimensions a = 102.9 Å, b = 246.2 Å, c = 223.1 Å, and α = 90.00o, β = 90.00o, γ = 90.00o.

Nmol/asym  	Matthews Coeff  	%solvent	P(4.01)     	P(tot)

  1         		7.13           	82.8         		0.00         		0.00
  2         		3.57            	65.5         		0.14         		0.09
  3       		2.38            	48.3         		0.84         		0.87
  4        		1.78            	31.1         		0.02         		0.03
  5         		1.43            	13.8         		0.00         		0.00

Five possible solutions were generated from the program, predicting from 1 to 5 molecules in the asymmetric unit. From the results, we can simply look for the highest P(tot) value, which is a strong indicator for the correct number of molecules in the asymmetric unit (Isupov, 2017). Here, the highest P(tot) value is 0.87, corresponding to 3 molecules in the asymmetric unit. The solvent content for this is 48.29%, which is very close to the expected solvent content occupying most crystal volumes reported to be near 43% (Matthews, 1968). 

It was observed that loosely packed crystals diffract to a lower resolution than tightly packed crystals. Therefore, low-resolution crystals tend to have a higher % solvent content and a higher VM (Kantardjieff & Rupp, 2003). The solvent content observed using 2 molecules in the asymmetric unit is 65.52%, which still falls within observed values of 27% to 78% solvent reported for crystals (Matthews, 1968, Kantardjieff & Rupp, 2003). 

It is most likely that there are 3 copies of the molecule in the asymmetric unit, but that 2 copies may also be possible as poor resolution data can occur in crystals with high solvent content. However, chances that there is 1 molecule, or 4 or more molecules in the asymmetric unit become extremely unlikely. Therefore, both 2 and 3 molecules were searched for in the asymmetric unit to take into account both possibilities.

6.5.2 Molecular replacement using Taq polymerase as a search model

Since the only full-length DNA polymerase I existing in the Protein Data Bank is the Taq polymerase protein (1TAQ), this was tried as the search model for molecular replacement in the Phaser_MR program (McCoy et al, 2007). However, no solution was found, indicating perhaps that the Taq polymerase structure was not a good model for molecular replacement.

The sequence of SpPol1 has 39% identity to Taq polymerase, and it would be expected that there would be structural conservation throughout most of the protein due to the nature of its function. However, Taq polymerase does lack a proofreading function, so it is possible that this domain is not structurally conserved or may differ considerably with the SpPol1, which could be one reason why the full-length Taq polymerase may not be a good model for molecular replacement. Alignment of the SpPol1 sequence with the Taq polymerase sequence indeed reveals that the region where the proofreading domain should be (around residues 293-435) reveals significant differences between the two bacterial species, with large deletions in Taq polymerase compared to SpPol1 (Figure 6.9).

SpPol1      SSADVA-EGLDFTIVDQISQDMLSEESIFHFELFGENYHTDNLVGFAWSCGDQLYATDK-
Taq         LESPKALEEAPW------------------------PPPEGAFVGFVLSRKEPMWADLLA
             .:  * *   :                            . :***. *  : ::*    

SpPol1      ------LELLQDP-IFKDFLEKTSLRVYDFKKVKVLLQRFGVDLQAPAFDIRLAKYLLST
Taq         LAAARGGRVHRAPEPYKALRDLKEARGLLAKDLSVLALREGLGLP-PGDDPMLLAYLLDP
                   .: : *  :* : : .. *    *.:.**  * *:.*  *. *  *  ***. 

SpPol1      VEDNEIATIASLYGQTYLVDDETFYGKGVKKAIPEREKFLEHLACKLAVLVETEPILLEK
Taq         SNT-TPEGVARRYGGEWTE------------EAGERAALSERLFAN----------LWGR
             :      :*  **  :                 **  : *:* .:          *  :


Figure 6.9: Clustal Omega alignment (Goujon et al, 2010) of the “proofreading domain” from SpPol1 residues 293-463 (Accession number AAA26954.1) and Taq polymerase residues 288-425 (Accession number BAA06775.1). Overall sequence identity between the two polymerases was 39% (NCBI BLAST), while sequence identity between the “proofreading domain” sequences shown reveal sequence identity to be around 26%. Large deletions can be observed in regions of the Taq polymerase compared to SpPol1, although there is an area of still high conservation in the centre.* represents fully conserved residues; : represents conserved residues with strongly similar properties; . represents conserved residues with weakly similar properties.

Another reason why Taq polymerase may not have been a good model is perhaps if the crystallized SpPol1 protein had taken on a different conformation to the Taq polymerase structure, which could lead to failure of the molecular replacement method. This is certainly plausible, since the protein is has a flexible linker region, is multi-functional, and interacts with DNA, so it may need to adopt very different conformations to bind and release DNA and to carry out its many different functions. Additionally, clashes in the loops or an incorrect space group could also result in failure.

6.5.3 Improving the search model for molecular replacement

The search model was improved to make it as close as possible to the target protein, based on reasons discussed in Section 6.7.2 on why molecular replacement may have failed. Breaking up the search model into smaller parts or domains as opposed to keeping it as one large molecule may increase the chance of solving the structure, especially if significant conformational change has taken place. Several different combinations of domains from different bacterial Pol 1 enzymes were attempted before the SpPol1 structure was determined. 

As the FEN domain of the SpPol1 protein has already been determined (Chapter 5), it was reasonable to use this as ensemble 1 of the search model. The 2.13 Å structure of SpFEN (Chain A) was initially used as the model for molecular replacement based on availability at the time. The first attempt used the Klenow fragment of Taq Pol 1 as ensemble 2 of the search model. The second attempt broke the search model down further, using the Taq Pol 1 polymerase domain as ensemble 2, and the Taq Pol 1 “proofreading” domain as ensemble 3. The Chainsaw program in CCP4 was used to edit the Taq polymerase sequences based on an alignment between the Taq polymerase and SpPol1 generated by the Clustal Omega program in EMBL-EBI (Goujon et al, 2010). This was done to remove the side chains from non-conserved residues in the Taq polymerase structure, so that the final search model will not have incorrect side chains that may affect molecular replacement.

Neither search model resulted in a solution for all components from Phaser_MR. Instead, partial solutions were given, where the “proofreading” When viewed in Coot, the models do form a crystalline lattice but fitting to the electron density map was tenuous in the area of the “proofreading” domain (Figure 6.10). Comparing the scores for both search models (Table 6.4), it can be seen that it is the placement of this “proofreading” domain that cannot be determined using the Taq structure.
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Figure 6.10: Electron density maps showing Phaser_MR solution using SpFEN and Taq Klenow domains as the search model. Polymerase and FEN domains appear to fit the electron density generally but proofreading domain does not. A) Polymerase domain. B) “Proofreading” domain. C) FEN domain.

Table 6.4: Statistics obtained from Phaser_MR for each search model (using Taq Klenow structures) attempted to solve the SpPol1 structure. Prd = proofreading domain.

Search model 1
	SpFEN			Taq Klenow		
RFZ	3.2			4.2	
TFZ	11.2			7.9		
LLG	232			131, 159	
PAK	2			0	
Search model 2
	SpFEN			Taq pol	Taq prd		
RFZ	3.2			4.2		3.3		
TFZ	11.2			7.9		4.9	
LLG	232			131, 159	-91
PAK	2			0		47

Different permutations of the Chainsaw-edited Taq polymerase “proofreading domain” were also tried for molecular replacement, using different lengths of the sequence, for example only including the conserved middle part and removing those regions that included large deletions compared to SpPol1. However, no output came back from Phaser_MR that resulted in a convincing and reasonable placement of this middle domain that matched the electron density map. It is the lack of a conserved “proofreading” domain between Taq polymerase and SpPol1 that presents the major problem for molecular replacement at this stage.

6.5.4 Using the Klenow fragment of other bacterial species for molecular replacement

As the “proofreading” domain of Taq polymerase proved to be problematic for structure solution of SpPol1 by molecular replacement, the Protein Data Bank was searched again for another possible suitable model. Instead of searching for a full-length polymerase (as Taq polymerase is the only one available), structures of just the Klenow fragment were searched for. Solved structures of the Klenow fragment were found for two bacterial genera, Escherichia coli and Geobacillus spp. For G. stearothermophilus, structures were found bound to DNA and without the presence of DNA. Based on these structures, three different combinations of Chainsaw-edited domains as the search model were attempted (Table 6.5).

Table 6.5: Statistics obtained from Phaser_MR for each search model (using different bacterial Pol 1 proofreading domains) attempted to solve the SpPol1 structure.

Ensemble 1		Ensemble 2		Ensemble 3	

	Search model 1
	SpFEN			Taq pol		E. coli exo
RFZ	3.2			4.2			2.8
TFZ	11.2			7.9			5.7
LLG	232			131, 159		-262, 504
PAK	2			0			2
	Search model 2
	SpFEN			Taq pol		Bacillus exo 
RFZ	3.2			4.2			2.6
TFZ	11.2			7.9			11.8
LLG	232			131, 159		292, 608
PAK	2			0			4
	Search model 3		
	SpFEN			Bacillus Klenow		
RFZ	2.7			4.7
TFZ	8.4			8.2
LLG	288, 553		149	
PAK	0			0

[image: ]The model generated from the E. coli Klenow fragment gave unconvincing solutions where the middle “proofreading” domain still did not appear to fit the electron density map. However, the search model generated from the G. stearothermophilus Klenow fragment gave a single solution, a strong indicator that the structure of SpPol1 was solved (Figure 6.11). 





Figure 6.11: Electron density maps for different “proofreading” domains as the search model. A) E. coli proofreading domain B) G. stearothermophilus proofreading domain.
Since the G. stearothermophilus Klenow fragment had 50% identity to SpPol1, the whole Bacillus Klenow fragment was used as ensemble 2 of the search model, replacing Taq domains completely. Again, this came back with a single solution, but with generally higher score values compared to search model 2, indicating that it is the better model for SpPol1. The number of packing clashes was also reduced to 0. The model was viewed in Coot and found to fit its electron density map well.

Two molecules (rather than 3) of SpPol1 were found in the asymmetric unit, supporting the observation that lower resolution crystals tend to have higher % solvent content. 

6.5.5 Detection of model bias in the low-resolution data

For molecular replacement, model bias can be a serious problem with low-resolution data since the given search model is the only source from which the phase information can be derived (Dyda, 2010). For the 4 Å SpPol1 dataset, model bias was indeed detected.

Since several structures of the SpFEN domain (Chapter 5) in various conformations have been determined in this project, we were able to test for the presence of model bias in the SpPol1 data. It was previously observed that using one solved structure of SpFEN as a model to solve another structure of SpFEN by molecular replacement resulted in obvious areas of differences in the density map. Based on this observation, if two different structures of the SpFEN domain are used as a search model for SpPol1, then at least one of them should result in similar obvious differences in the electron density map if model bias is low.

The 2.13 Å structure of the SpFEN was initially used as the search model to solve SpPol1. Since this is a DNA bound model, the apo 1.75 Å structure of SpFEN was then used as a search model to test for model bias in the SpPol1. When the single solution was viewed in Coot, it was found that the model also fitted well into the electron density map. Each value (RFZ, TFZ, and LLG) (Table 6.6) was higher than the previous solution using the 2.13 Å structure of the SpFEN as the search model, indicating perhaps that the apo SpFEN structure may be a slightly better model for this SpPol1 structure. However, the PAK score revealed that clashes occurred when the molecules were packed together, whereas no packing clashes were found with the previous model. 

When viewed in Coot, the SpPol1 molecules were found by Phaser_MR in the same location as previously (using the 2.13 Å structure of the SpFEN), therefore the molecules still pack well together. A clash was identified between valine 159 of a FEN domain, and proline 570 of a Klenow fragment from another SpPol1 molecule (Figure 6.12)


V159
P570





Figure 6.12: Clash between valine 159 and proline 570 from two different molecules of SpPol1.

This amino acid on the FEN domain where this clash occurred was identified to be part of a region where conformational change took place between the apo and the DNA-bound structures. The clash identified does not appear to be a serious one and could be modified during the rebuilding process. For the structure containing the apo FEN, this region does not seem to fit the electron density map as well. Therefore, since the apo structure gave better statistics as a model for SpPol1 apart from its PAK score, a possible solution may be to use the apo FEN domain, but adjusting slightly only this region where the clash occurred to be closer to the conformation of the DNA-bound 2.13 Å FEN structure.

In summary, all models used which gave a single solution for the SpPol1 structure gave acceptable solutions that appeared to fit the electron density (Figure 6.13) and also pack together in a crystalline form. If the resolution was higher with a more informative electron density map, any model could be used to re-build the model into the correct form. Here, because of the low resolution and because of the detection of strong model bias, it is unsure which model is the closest form of SpPol1. Model 1 and Model 2 (Table 6.6) were both selected for further refinement and re-building before settling on one final model to work on.
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Figure 6.13: Electron density maps for the FEN domain using 2 different search models. Both models appear to fit the electron density generally, revealing that bias is present in the SpPol1 model. A) Using the 2.13 Å FEN structure. B) Using the 1.75 Å apo FEN structure.


Table 6.6: Statistics obtained from Phaser_MR for each model used to test for bias in the SpPol1 structure.

Model 1		
	SpFEN	(DNA-bound)		Bacillus Klenow		
RFZ	2.7				4.7
TFZ	8.4				8.2
LLG	288, 553			149	
PAK	0				0

	Model 2		
	SpFEN	(apo)			Bacillus Klenow		
RFZ	5.3				5.2
TFZ	12.3				9.6
LLG	371, 617			198
PAK	1				0

6.5.6 Translational NCS

During molecular replacement through the Phaser_MR program, a large non-origin Patterson peak was detected, indicating that translational NCS was present in the crystal. The Patterson program in CCP4 determined the location of this peak at x, y+0.125, z+0.5, which was related to the protein molecule at the origin by translational symmetry (Figure 6.14). This indication was also confirmed through the Phenix Xtriage program (Zwart et al, 2005).

The two molecules identified by translational symmetry are the two molecules of SpPol1 in the asymmetric unit, and makes up the rest of the crystal unit cell by symmetry mates. The result confirms that there are not three molecules in the asymmetric unit as predicted by the Matthews_coef program. 
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Figure 6.14: Translational NCS of the SpPol1 molecule. The yellow box represents the unit cell. A molecule of SpPol1 (red) can be seen at the origin (x = 0, y = 0, z = 0). The second molecule of SpPol1 (blue) related to the first molecule by translational symmetry was identified from the Patterson peak, which calculated the location at x, y+ 0.125, z+0.5. Grey molecules show the SpPol1 molecules related by symmetry, forming the crystal lattice.
6.5.7 Model building and refinement

Because of the low resolution, refinement could not be performed in the same way as for the high-resolution SpFEN structures. For structures with any data worse than 3.5 Å, since the electron density maps are unclear or ambiguous, refinement must be performed with additional strong restraints to ensure that the structure does not deviate into something unacceptable based on its protein chemistry (Dyda, 2010).

For early refinement, the jelly-body function in Refmac5 (Vagin et al, 2004) can be a powerful tool especially for low-resolution structures. Therefore, following molecular replacement, 200 cycles of jelly-body refinement (sigma = 0.01) was performed on the SpPol1 solved structure. This allowed each residue of the structure to move only very slightly, without much change to the inter-atomic distances, where a smaller sigma value allows for much tighter restraints on the structure. After 200 cycles, the R factor and R free values dropped for both Model 1 (R factor: 0.47 to 0.35; R free: 0.46 to 0.39) and Model 2 (R factor: 0.46 to 0.33; R free: 0.45 to 0.39). Model 1 has higher R values compared to Model 2, although the R factor and its R free values of Model 1 are closer to each other compared to Model 2.

After initial refinement, the models were viewed in Coot again, to look for electron density where side-chains based on the SpPol1 sequence could possibly be built into the Chainsaw-edited model. Many large residues, such as tyrosines, tryptophans, or phenylalanines were identified in the Klenow fragment and could be built into the model where positive electron density appeared to show they were present (e.g. Tyr-821, Tyr-371, Tyr-346, Phe-337, Phe-373, Phe-322, Trp-595, His-321). The fact that electron density does appear for these residues which had their bulky side chains cut off indicates that theses residues and perhaps most of the Klenow fragment have been placed in the correct location by Phaser_MR, and serves as a indicator against model bias. After addition of many side chains in Coot, the models were refined again using 10 cycles of jellybody refinement (sigma = 0.01). For model 1, this refinement did not alter the R factor, whereas for model 2, the R factor and R free decreased together, indicating that this was perhaps the best solution. 

Many of the smaller residues were also altered to the corresponding sequence of SpPol1 where possible in the electron density map, although several were also kept as a pruned side-chain where electron density was not observed or where adding the side chain might clash into another residue in the molecule. Small areas were rebuilt where the model did not appear to follow the map. Alterations were kept when the R-values dropped after refinement in Refmac5. The cycle of building and refinement was continued until the R values dropped as much as possible.

While the R values were found to have dropped significantly from the initial values, the electron density still contains many areas of weakness. As well as having many side chains in the Klenow fragment that were not fitted in the model, there were also regions of SpPol1 which may not fit the electron density (or the electron density was poorer in these areas) as well as other regions and because of the low resolution, the path which the protein molecule conforms to is not clear to solve. In addition, at this resolution of 4 Å, the side chains also take an approximate orientation since their atomic positions are not well defined.

6.5.8 Searching for DNA in the model

The SpPol1 protein was co-crystallized in the presence of the 5OV4 DNA substrate (Chapter 5, Figure 5.2). Despite the low resolution, 4 Å should be enough to detect DNA if present.

No DNA was apparent in the model immediately after molecular replacement. However, a large un-modelled blob was found in an area beside the polymerase domain after 200 cycles of jelly-body refinement (Figure 6.15), which could not be accounted for by missing amino acid residues and was too large to represent solvents in the crystallized conditions. This gave the first instance that the 5OV4 DNA substrate was located here.
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Figure 6.15: Large unmodelled blob found beside polymerase domain of SpPol1 model (shown as green electron density). It indicates the possible location of the 5OV4 substrate.

Automated model building of DNA was attempted for both model 1 and model 2. More nucleotides could be placed in model 2, indicating again that this was the better model.

Initially, for model 1, the online BrickworX server (Chojnowski et al, 2015) found 0 residues and 0 chain segments. Using DIALS to integrate the data into a higher resolution (up to 3.7 Å), visualization of the electron density map revealed that more information could be detected on the side chains of the protein. Using the new 3.7 Å data, the data was reapplied on the BrickworX server, resulting this time in the identification of 7 residues in 2 chain segments. These DNA residues were placed exactly in the large un-modeled blob detected beside the polymerase domain. However, jelly-body refinement on the DNA-bound structure led to an increase in both the R factor and the R free values. Thus, the DNA could not be placed with confidence in these positions.

Model 2 was then used to try and fit in the DNA. After building in some of the side chains to try and improve the map, the BrickworX server was then used to try and find some of the side chains at 4 Å. For this model, the server found 13 residues in 4 chain segments, an improvement from the previous model, which may be another indication that Model 2 is a better model than Model 1. Furthermore, refining this data led to an additional drop in the R values. This data was kept at 4 Å rather than increasing the resolution to 3.7 Å, since R values were observed to increase when the data was processed to 3.7 Å. Additionally, it was observed that although there may be more information in some side chains at 3.7 Å, the region where the DNA was present actually revealed more electron density. The data at 3.7 Å also gave a poor overall CChalf value of 0.45, had half the reflections compared to that at 4 Å, and had only 60% completeness. These scores indicate that perhaps the data at 3.7 Å actually may not be more helpful for building the model.

Nucleotides were added manually to the initial DNA chain in Coot where electron density could be observed. The 5OV4 substrate appears to span between two molecules of SpPol1, with one end binding to the polymerase domain of the Klenow fragment (Figure 6.16A). However, towards the middle section of the DNA region (furthest away from the protein), the electron density becomes less clear making it harder to know where to place the nucleotides (Figure 6.16B-C). There may be two 5OV4 substrate molecules spanning between the two SpPol1 proteins, as the region where DNA is observed appears to be too long and have too many bases to account for just one 5OV4 molecule (12 bases for each strand). The DNA was built and refined in 4 separate chains (making up 2 separate duplexes) in the same process as with the SpPol1 protein molecules, with R values falling from an initial value of 0.46 to 0.33 for the R factor, and from 0.45 to 0.37 for the R free. 
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Figure 6.16: Position of the 5OV4 DNA between the two molecules of SpPol1. A) The DNA substrate(s) span between the two polymerase domains of the Klenow fragment of SpPol1. B) The electron density map is more well defined for the DNA bases situated nearer the protein. C) The electron density towards the middle region is less well defined for the DNA.
The DNA polymerase I enzyme generally contains 3 active sites, on in each of its 3 domains, and can therefore bind DNA in 3 different locations. In this structure, the 5OV4 DNA substrate was located at the binding cleft of the polymerase domain. This could simply be because this particular binding site has the highest affinity for DNA out of the three domains, since the DNA polymerase I would already be bound to DNA prior to the need of the proofreading or primer removal functions during replication. Additionally, as the sample of SpPol1 was a WT, EDTA was present in the sample in an attempt to prevent any nuclease activity during crystallization. The lack of any coordinated metal ions may have altered the binding constant for DNA in the FEN domain.

6.5.9 Model validation

During the rounds of rebuilding and refinement, every attempt was made to model the protein residues with sensible geometric parameters. At the low resolution of the electron density, this proved difficult in places where the density was particularly poor. Nevertheless, the final model was in the 99th percentile for protein geometry compared to protein structures determined at a similar resolution.

Different functions in Coot as well as MOLprobity were used to analyse and validate the model. The Ramachandran plot revealed 14 outliers in the model initially, indicating that despite the low resolution, the model is not inappropriate. Rotamer analysis was also performed in Coot, and any outliers were fixed. MOLprobity scores reveal that the number of poor rotamers and Ramachandran outliers are in an acceptable range. The protein molecules remain with a number of bad bonds and angles, and twisted peptides.  These were found in regions of poor electron density. The nucleic acid geometry remains poorly defined, and may be due to interaction with the protein, but also likely because of the poor electron density map in this region (Figure 6.17).
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Figure 6.17: MOLprobity scores for the final SpPol1 model.


6.5.10 Structure of the Streptococcus pneumoniae DNA polymerase I

The final structure of SpPol1 (Figure 6.18) obtained from this dataset is necessarily bounded by its limitations. The structure remains a general one, where the locations of the 3 domains of the polymerase could be determined, as well as general secondary structure positions. Some side chains of the amino acids and nucleotides of the DNA substrate could not be placed into the model with confidence, and those that could be inserted were only in an approximately correct orientation. The bases of the DNA based on the 5OV4 sequence were also unclear as to their location in the electron density map.

[image: ]There were also parts of the model, which could not be built into the molecule, again because of poor electron density in these regions. Areas, which are missing, include the linker region between the FEN domain and the Klenow fragment and also another region in chain A from residues 549 to 558, where the DNA appears to lie close to the protein. 
















Figure 6.18: Final model of the SpPol1 protein (one molecule) in complex with the 5OV4 DNA substrate viewed in PyMOL. Cylinders = helices; Arrows = beta-strands. A) Polymerase, “Proofreading” (PRD), and FEN domains in the SpPol1 model. B) Orthogonal view, rotated 90° in the x-axis.
This final structure was then compared with the structure of Taq polymerase by superposing the two structures on top of each other (Figure 6.19). It was found that the Klenow fragments of the two bacterial species superposed well generally, with most helices and beta-sheets in comparable location. Additional features were found in the middle domain of SpPol1 as expected from the sequence. This includes an extended helix and additional beta sheet in SpPol1 compared to Taq polymerase. However, the position of the FEN domain in relation to the Klenow fragment differed significantly between the two structures, bothpointing in different directions.
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Figure 6.19: A) Superposition of final model of SpPol1 Chain A (pink) on Taq polymerase (green). B) Orthogonal view, rotated 90° in the x-axis.

Analysis of the two structural conformations in Dyndom (Hayward & Berendsen, 1998) describes the change as a 23.1° rotation, and a 1.34 Å translation between the Klenow and FEN domains, with the bending residues identified from 290-300 (i.e. the flexible linker region that joins the Klenow fragment to the FEN domain).

This large conformational change is the most likely reason for failure of the initial molecular replacement, where the full-length Taq polymerase was used as the search model. Thus, using 2 separated domains (FEN and Klenow) for molecular replacement was able to result in success.

6.6 Discussion

6.6.1 Crystal structure of the streptococcal DNA polymerase I

This chapter presents the first structure of the S. pneumoniae full-length DNA polymerase I, albeit at low resolution, and is only the second Pol 1 structure to be determined. Additionally, it represents the first ever structure of a full-length DNA Pol I from a pathogenic organism. Before now, Taq polymerase has remained the first and only ever solved structure of a full-length DNA polymerase I protein since 1995. 

This chapter describes the successful cloning, expression of the Streptococcus pneumonaie full-length DNA polymerase I protein. Optimisation of the small-scale and large-scale expression levels, as well as a feasible and replicable purification protocol has also been set up for SpPol1 (Flannery, 2016), which results in a high yield of purified protein. From crystal trials of the purified protein, one crystal of SpPol1 could be obtained which resulted in a dataset from which a structure could be solved by molecular replacement using the SpFEN domain and the Klenow fragment of a Bacillus species as a composite search model

The structure of the SpPol1 adds to a structural area that has been lacking so far, which may reflect the difficulty in obtaining crystals for this protein or crystals that produce quality diffraction data from which a structure can be determined.

6.6.2 Limitations of the model

While it can be said that the structure of SpPol1 has been determined, it must also be stated that the model comes with several limitations that cannot be ignored.

Firstly, the diffraction data collected for the SpPol1 crystal was processed to a resolution of around 4 Å, which is defined as poor resolution. In comparison, the Taq polymerase structure was determined to 2.4 Å (Kim et al, 1995), even though it had incomplete regions or areas of disorder. 

Because of the poor resolution of the SpPol1 data, the side chains of each of the amino acid residues could not all be built into the Chainsaw-edited model correctly, and those that were built in are done so approximately without accurate knowledge in their precise atomic locations. While processing the data to a higher resolution to 3.7 Å revealed more information in the electron density map about side chains, trying to fit these side chains into the model resulted in an increase of the R values during refinement, and also a great increase in the number of Ramachandran outliers. Therefore, at present, the structure of SpPol1 can only be generalized via the position of vague beta sheet and helix outlines, as opposed to detailed atomic knowledge about how each of the amino acid residues are orientated and how they may interact with each other.

The 5OV4 DNA substrate, which was co-crystallized with the SpPol1 protein, was found in the structure beside the polymerase domain.  The addition of the DNA bases to the unmodelled electron density in this location did lead to a decrease in the R values (in Model 2), indicating that fitting the DNA to the density is reasonable. However, again, the precise orientation in how these bases sit could not be accurately determined from the given electron density map, especially further away from the SpPol1 molecules. Additionally, the correct location of each nucleotide based on the 5OV4 sequence was not determined with confidence, and it is not clear whether 1 or 2 molecules of 5OV4 sit between the two SpPol1 molecules.

Some residues were identified from the SpPol1 model that were found in close proximity to the DNA substrate. These residues included K583 and R579 (Figure 6.20), two amino acids with a positive charge that may help interaction and binding with the negatively-charged DNA. Alignment of the SpPol1 with the Taq polymerase and also E. coli DNA polymerase I in Clustal Omega reveals that both these residues are conserved, supporting the notion that the may be important for DNA binding. The sequence alignment also shows strong conservation along many other residues (not necessarily positively charged residues) which may also be important for DNA interaction in this region.
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SpPol1      IVKKILDYRQIAKIQSTYVIGLQDWIL-ADGKIHTRYVQDLTQTGRLSSVDPNLQNIPAR  
TaqPol      IVEKILQYRELTKLKSTYIDPLPDLIHPRTGRLHTRFNQTATATGRLCCCDPNLQNIPVR 
EcPol1      LPKVILEYRGLAKLKSTYTDKLPLMINPKTGRVHTSYHQAVTATGRLSSTDPNLQNIPVR                
            : : **:** ::*::***   *   *    *::** : *  * ****.. ********.*

Figure 6.20: Interaction between SpPol1 and DNA. A) Possible interacting residues (red) from the SpPol1 Klenow fragment with the DNA backbone (blue) include two residues from a helix, K583 and R579. B) Clustal Omega aligment of SpPol1, Taq polymerase (TaqPol), and E. coli DNA polymerase I (EcPol1) in this region (residues 571-629 of SpPol1) reveals that both residues identified (highlighted in yellow) are conserved between the polymerases.

Lastly, strong bias was detected in the model by testing molecular replacement using two different models of the SpFEN domain, a condition resulting from the poor resolution of the data. While the model has been determined, it may not have the accuracy when determining the true location of some regions of the protein. Since the model for molecular replacement is the only source for calculating the phases, not much else can be done to reduce the bias in the model for this specific dataset, and this serves as the limitation of the model at this point. 

6.6.3 Possible methods to improve crystallization of SpPol1

The fact that Taq polymerase is the only full-length DNA polymerase I to have its crystal structure determined previously may pertain to the possibility that high quality and strongly diffracting crystals of the full-length protein have been difficult to grow. The crystallization of large proteins have been reported to be more difficult than smaller proteins, perhaps because of many flexible regions or floppy domains within the protein that detrimentally affect the crystal formation process (Kessel & Ben-Tal, 2010; Sawaya, 2017). Additionally, the full-length DNA polymerase I may be less stable or more prone to degradation, thereby decreasing the likelihood of obtaining a crystal with the full-length protein intact. This is supported by the observation of many bands below the main SpPol1 band in the zymogram after expression, which may relate to degradation products (Figure 6.5). 

Crystals (or possible crystals) for SpPol1 were observed in only two conditions of the crystal trial screens tested. These conditions were both found in the JSCG-plus screen, in well E1 and G11. Here, the SpPol1 was crystallized at a concentration of 14 mg.mL-1, and co-crystallized with the 5OV4 DNA substrate in a 1:1 ratio (Flannery, 2016). In condition E1, the majority of the crystals formed in a large cluster, making it difficult to break off and harvest any single crystal from this, although fortunately one reasonably sized crystal had formed separately from the cluster. This was the crystal from which the 4 Å data was collected. Condition G11 showed the possible formation of crystals, although these appeared to be halfway between phase separation and proper discernable crystals, so the lack of diffraction data from this condition was to be expected.

Crystal trials can be set up for screens not previously attempted. For example, the JCSG-plus, PACT, Ammonium sulphate, and PEG screens were used (Flannery, 2016), but the trials could be extended to include other screens available such as the Morpheus, Classic, and MPD screens. 

Additionally, the screens were performed at only one concentration of SpPol1 (14 mg.mL-1) with DNA, a value chosen simply based on successful crystallization of the SpFEN domain. However, the concentrations needed to crystallize SpFEN may differ significantly from those needed to crystallize SpPol1, and it certainly would not be surprising if this were the case. SpPol1 is a large protein, around 3 times the size of the SpFEN domain, and crystallization of larger proteins (i.e. around 100 kDa) do sometimes occur at lower concentrations than smaller proteins (Friedmann et al, 2011). Concentrations of large proteins may even crystallize optimally down at very low concentrations from 2-5 mg.mL-1, compared to the higher concentrations of 20-50 mg.mL-1 for smaller proteins (Hampton Research, 2017). Therefore, it would be reasonable to perform the crystal trials again for SpPol1 using not only one concentration, but using a range of different concentrations and perhaps focusing on those concentrations at the lower end of the spectrum.

Additionally, hanging-drop optimisation of the JCSG-plus E1 condition would be reasonable, firstly to see if the crystals can be replicated, and secondly to see if the slightly tweaked conditions (e.g. changing the pH, or concentrations of tri-sodium citrate and sodium cacodylate) may lead to the formation of a crystal that diffracts to a higher resolution and quality. Optimisation of the JCSG-plus G11 condition should also be performed similarly, as it may perhaps transform the half-crystals to properly formed crystals.

No crystals were observed without the presence of the DNA substrate when SpPol1 was crystallized at 28 mg.mL-1. Phase separation was observed in two conditions (JSCG-plus D6, and PACT H12), for which hanging drop optimization experiments were carried out although these did not result in crystal formation either (Flannery, 2016). These results appear similar to the SpFEN domain, where many more crystals were much more easily obtained when co-crystallized in the presence of the 5OV4 DNA substrate, indicating that 5OV4 may have played a role in stabilizing crystal formation perhaps by binding to the protein molecules and bringing them together. This observation is in concordance with reports that ligand binding (e.g. co-factors, substrates, inhibitors) often increases the success of crystallization, based precisely on their ability to stabilize the protein (Deller et al, 2016). Just as flexible regions lead to problems in crystallization, increased rigidity in a protein leads to increased likelihood of success in crystallization (Sawaya, 2017), and the addition of a ligand may do just that.

One crystal that diffracted to a high resolution was obtained however for the SpFEN domain, from which an apo structure was determined (Section 5.4.1). This was crystallized from SpFEN at a concentration of around 40 mg.mL-1, likely reflecting the high solubility of the SpFEN protein thereby needing a high concentration to drive crystal formation. The same considerations could be applied for the SpPol1 protein, for example if the protein appeared stable and does not precipitate in storage at 4°C for a week (although consideration must also be made as to the increased possibility of degradation of the SpPol1 over this time period). If observed to be the case, then perhaps the SpPol1 protein could also be concentrated to a similar high concentration of 40 mg.mL-1 as with SpFEN. However, as discussed earlier, large proteins tend to crystallize in much lower concentrations, so it may also be the case that a much lower concentration than 28 mg.mL-1 SpPol1 is needed (although higher than the concentration needed to crystallize in the presence of DNA). Because a concentration of SpPol1, which results in many successful and replicable crystals has not been determined, it is difficult to know what concentrations of SpPol1 to use for crystal trials. Therefore, using concentrations that cover a range from 2-50 mg.mL-1 (based on reports for observed protein crystallization) would be preferable. The CrysTool PreScreen protocol (provided by Bernhard Rupp) could also be followed before carrying out any crystal trials to estimate the concentration of SpPol1 for crystallization (e.g. a concentration that forms heavy, opaque precipitant in all 9 conditions is likely too high, while a concentration that produces clear drops in all 9 conditions is likely too low).

A high salt concentration, for example of MgCl2 or KCl (known cofactors), could also be used to co-crystallize with the SpPol1 protein, the addition of which could help stabilize the protein as discussed with ligands. The incorporation of 200 mM MgCl2 was used to help crystallize the WT T5FEN enzyme and its D153K mutant (AlMalki et al, 2016). The same could be added to the SpPol1, as was previously carried out with the SpFEN domains, although it was not clear whether the addition of these high salt concentrations made a difference to the SpFEN crystals, and no Mg2+ or K+ metal ions were ever observed in the active-site of the SpFEN structures. Nevertheless, the same could also be added to the co-crystallization trials of SpPol1 with its 5OV4 DNA substrate. However, care must be taken since the purified SpPol1 is a WT protein, and therefore would retain its nucleolytic activities especially in the presence of the Mg2+ cofactor. This was the reason that EDTA was added to the crystal trials in the first place, but the very addition of EDTA itself is for removing metal ions from the structure to inhibit nuclease activity. Perhaps, as with the SpFEN structures, mutations could be made to abolish all nucleolytic activities of the SpPol1, so that the 5OV4 as well as any metal cofactors could be comfortably added without the concern of nucleolytic cleavage of the substrate. The use of different DNA constructs could also be attempted. The Opti-Salts suite (QIAGEN) could also be tried to further optimize conditions, adding 10% of each Opti-Salt condition to the original screening conditions as a systematic way to test different salt additives at different pH. The use of this screen has been observed to produce visibly larger crystals than in initial screening conditions (Raghunathan et al, 2009). Adding these salts could also change the position of the enzyme domains, into a conformation that is more favourable for crystal growth.

Experiments can also be tried to address the balance between spontaneous nucleation, and slow and ordered crystal formation. On the one hand, the reason why crystal formation has largely been unsuccessful for the SpPol1 protein could be because of the difficulty in forming a nucleus from which the crystal can grow. In this case, seeding could be attempted. From the JCSG-plus E1 condition, the cluster of crystals that formed (and are largely useless for data collection) could be broken up to use as seeds in new conditions. On the other hand, slowing down the crystal growth could possibly make the crystal array better, allowing an ordered crystal structure to have time to form. This could be done by covering the reservoir with oil, or placing conditions in cooler conditions such as in the fridge (Bergfors, 2003).

6.6.4 Improving data collection

The high solvent content of the SpPol1 crystal may be the reason for such poor diffraction. Additionally, possibly anisotropy for the JCSG-plus E1 crystal was detected. If similar crystals are grown that give the same level of diffraction, then collecting data from these crystals from a microfocus beamline (such as I24 in the Diamond Light Source), where the beam is much more intense and could focus on a region of the crystal that diffracts to a higher resolution, may lead to better quality data (Smith et al, 2012).

If the data is still weak, then experimental phasing could also be considered. The 877 amino acid long sequence of SpPol1 contains 2 cysteines, and therefore experimental phasing using mercury as a heavy atom could be considered. The mercury can be incorporated into the protein, by soaking the crystals in mercury for some time. However, the cysteines must be located on the outside of the protein, otherwise the mercury may not be able to bind to them. SpPol1 also contains 21 methionine residues, so experimental phasing by incorporation of seleno-methionine via the growth media could be an alternative. The use of experimental phasing could be used in conjunction with molecular replacement, to confirm the location and identity of certain residues, which can act as anchors for the placement of the rest of the protein. Collecting SAD data from this could especially be useful, since bias was detected in the model – if density for selenium atoms are found at the end of methionines, then this would confirm that the model is not biased. Multi-crystal merging could also be done if more crystals are obtained, but do not diffract to a much higher resolution. This strategy leads to more completeness of data, for example if significant radiation damage occurred to one crystal, although the dataset for SpPol1 was already near 100%. However, in addition to completeness of data, multi-crystal merging can also have other advantages, such as high redundancy, which can increase the anomalous signal (Liu et al, 2011), and can reduce bias in the model by improving the data-to-parameter ratio – one of the identified problems as discussed (Dyda, 2010).

6.6.5 Proofreading function in the Streptococcus pneumoniae DNA polymerase I

Taq polymerase does not carry the proofreading function, and SpPol1 differs significantly from Taq polymerase in this region based on its peptide sequence, containing many extra regions that the Taq polymerase does not have. This may be an indication that SpPol1 does contain the proofreading domain, an intrinsic domain to most DNA polymerases (Figure 6.9).

However, experiments by Díaz et al (1992b) showed that SpPol1 appeared to lack or have extremely low levels of 3′ to 5′ exonuclease activity – when incubated with 5′ 32P-labelled 17-mer DNA substrates, SpPol1 did not generate labelled 16-mer oligonucleotides unlike E. coli Pol 1. An assay using a mispaired base at the 3′ end of a DNA substrate also revealed that SpPol1 did not display any signs of excision of the mismatched base before polymerase, while the E. coli Pol 1 performed excision in 85% of cases (Díaz  et al, 1992b). A BLAST search and Clustal Omega alignment reveals that both FEN and polymerase domains are strongly conserved between SpPol1, Taq polymerase, and the E. coli DNA polymerase I, while the “proofreading” domain is not. It also reveals that although the “proofreading” domain of SpPol1 may be closer to the E. coli DNA polymerase I sequence (sharing a higher number of conserved residues) than Taq polymerase, it also reveals that SpPol1 also has many missing residues (possible deletions) in its middle domain sequence compared to E. coli Pol 1 (Figure 6.21). Perhaps it is the loss of these regions that caused the loss of the proofreading function (or a gain of function in E. coli). In the E. coli DNA polymerase I proofreading domain, D355, D424, and D501 were identified to be the residues most important for exonuclease activity, by coordinating 2 metal ions (Derbyshire et al, 1991). None of these 3 residues were conserved in either Taq polymerase or SpPol1, supporting the idea that SpPol1 does indeed lack possession of a functional proofreading domain. It is also interesting to note that the Geobacillus stearothermophilus structure (1XWL) that allowed molecular replacement of the “proofreading domain” was from a strain of Bacillus that lacked proofreading capability as well (Kiefer et al, 1997). Additionally important residues in the E. coli DNA polymerase I include E357, which may be significant in a separate catalysis role, and secondary group of residues, L361 F473, and Y497, which may be important for DNA substrate positioning and melting (Derbyshire et al, 1991). Again, none of these residues are conserved in SpPol1.



SpPol1      KQALNMSSA--DVA-------EGLD---------------------------FTIVDQ--
TaqPol      LHEFGLLESPKALEEAPWPPPEGA---------------------------FVGFVLSRK 
EcPol1      TA---------DVEAGKWLQAKGAKPAAKPQETSVADEAPEVTATVISYDNYVTILDEET                          
                        :        :*                             . :: .    

SpPol1      --ISQDMLSEESIFHFELFGEN--YHTDNLVGFAWSC--GDQLYAT-------------- 
TaqPol      EPMWADLLA-----------------------LAAAR-GGR---------VHRAPEPYKA 
EcPol1      LKAWIAKLEKAPVFAFDTETDSLDNISANLVGLSFAIEPGVAAYIPVAHDYLDAPDQISR                     
                   *                        :: :   *                      

SpPol1      -DKLELLQDPIFKDFLEKTSL------RVYDFKKVKVLLQRFGVDLQAPAFDIRLAKYLL 
TaqPol      --------------------LRDLKEARGLLAKDLSVLALREGLGL-PPGDDPMLLAYLL 
EcPol1      ERALELL-KPLLEDEKALKVGQNLKYDRGILANY--------GIELRGIAFDTMLESYIL                                        
                                       *    :         *: *   . *  *  *:*  

SpPol1      STVEDNEIATIASLYGQTYLVDD----ETFYGKGVKKAI------PEREKFLE-HLACKL 
TaqPol      DPSNTTPEGVAR-RYGGEWT-------------------------EE----AGERAALSE 
EcPol1      NSVAGRHD--MD-SLAERWLKHKTITFEEIAGKGKNQLTFNQIALEEAGRYAAEDADVTL              
            .              .  :                           *           .

Figure 6.21: Clustal Omega alignment between the “proofreading” domain of SpPol1, Taq polymerase (TaqPol), and E. coli DNA polymerase I (EcPol1) from residues 287-450 of SpPol1. Alignment reveals no strong conservation throughout the whole domain between all three polymerases. Large deletions are found in SpPol1 as well as Taq polymerase compared to the E. coli DNA polymerase I (or insertions in EcPol1), which may be where the conserved residues required for exonuclease activity are found. Highlighted residues in EcPol1 represent those important for exonucleolytic activity (yellow), possible separate catalysis role (green), and secondary roles in DNA substrate positioning and melting (blue) (Derbyshire et al, 1991).

The BLAST search also reveals that apart from in Streptococcus spp., the closest sequences of DNA polymerase I proteins are from 1) Peptoniphilus lacrimalis, and 2) Mycobacterium abscessus, both having 92% identity to SpPol1 and showing extremely strong conservation in all 3 domains. The next closest sequences are from various species including Lactococcus spp. and Enterococcus spp., although these sequences show only around 60-70% identity to SpPol1. Analysing their alignments, it can be seen that while the polymerase and FEN domains both show extremely strong conservation as before, it is the middle domain alignment that is less conserved (although still more conserved compared to E. coli). The slight loss of conservation of SpPol1 in this domain may be a reflection of its loss of proofreading function through evolution of various species, and it may suggest that Peptoniphilus spp. and Mycobacterium spp. (and perhaps Bacillus spp.) DNA polymerase I lack this function as well. If a two-domain DNA polymerase I was the ancestral form, then a gain of proofreading function can be easily explained due to its advantages for fidelity. If a three-domain DNA polymerase I was the ancestral form, then the loss of function in some bacterial species may have occurred from a lack of need for it, perhaps with DNA repair occurring via another method (Díaz  et al, 199b2).

While both SpPol1 and Taq polymerase do not contain the essential residues required for catalysis in the E. coli proofreading domain, the other domains appear well conserved. Both Taq polymerase and the E. coli DNA polymerase 1 contain all the conserved residues found in SpPol1 in both site I and site II of the FEN active site. In terms of % identity, the SpPol1 FEN domain has 31.9% identity to the E. coli DNA polymerase I FEN domain, while the Taq polymerase FEN has 32.8% identity to the E. coli FEN. Similarly, for the polymerase domain, conserved residues are found across the domain. The SpPol1 polymerase domain has 46.0% identity to the E. coli DNA polymerase domain, while the Taq polymerase has 47.0% identity to the E. coli polymerase. It is perhaps surprising that the Taq polymerase has slightly higher identity to the E. coli DNA polymerase I in both these domains compared to SpPol1, when SpPol1 clearly shares many more conserved residues with the E. coli proofreading domain.

6.6.6 Conclusions

While the structure of SpPol1 has been determined, its model remains one with many limitations, due to the poor quality diffraction data that could be collected from the only crystal formed. Nevertheless, this model serves as a starting point and several experiments have been highlighted that could be done in future to improve its structure.

The SpPol1 can now be said to be the second solved structure of a full-length DNA polymerase I, next to Taq polymerase. Whether we can claim it to be the first structure of a full-length DNA polymerase I with a proofreading domain remains in contention, with some evidence towards SpPol1 also lacking proofreading function.


Chapter 7: Results - Fragment library screening with the Streptococcus pneumoniae FEN

7.1 Introduction

7.1.1 Preclinical drug design

The development of new medicines for market production is a lengthy process. Before any clinical trials can take place, novel drug development starts in preclinical drug discovery, for which there has been a rise in academic settings (Dahlin et al, 2015). This involves the identification of firstly hits, then lead compounds against a selected drug target, which can then be modified and optimized later into a lead candidate for further testing and investigations. However, even for those leads that enter into Phase I clinical trials, 90% fail to make it to market (Brodniewicz & Grynkiewicz, 2010).

Historically, there have been two main methods for the identification of new lead compounds, where a potential biological target has been established. The first, more traditional (and more costly) method, is high-throughput screening (HTS), where chemical libraries are experimentally screened against the target (Lionta et al, 2014). This concept first entered the drug industry in the 1980’s (Snowden & Green, 2008). Pfizer (USA), who was screening natural products at the time (1986) for pharmacological compounds, were initially able to culture and test a maximum of 200 new soil samples (containing actinomycetes) every week for the presence of antibiotic production. However, with new incoming large libraries of up to 10,000 clones, screening capacity needed to be greatly increased. This led to the key use of the 96-well microtiter plate, which allowed 96 samples to be tested simultaneously as well as reducing sample quantities needed, incubation space, and staff. By 1989, this process achieved a capacity to screen >7000 compounds every week. Following this, HTS concepts diverged into biochemical and cell-based screens as well and has become universally implemented in pharmaceutical industries (Pereira & Williams, 2007). Nowadays, depending on the facilities available, 10,000 to 100,000 compounds can be screened in a single day (Rizk et al, 2015).

The second method is rational or structure-based drug design (SBDD), also introduced in the 1980’s, which either makes use of computer-based methods to perform virtual screening of compounds against a known structure of the target or uses a de novo approach to design completely new molecules specific for the biological target in question (Lionta et al, 2014). The cyclic process first relies on obtaining the 3D structural information of the biological target, then positioning compounds into a specified region of the target. The compounds are then analysed for their interaction with the target site, and best compounds (based on interaction with the target site) are tested biochemically for inhibition. Target:compound complexes are then structurally determined to ensure binding in the expected region, and to allow further optimization of the compounds. The process of optimization and structure determination is repeated to improve specificity and binding properties (Anderson, 2003). QSAR (quantitative structure activity relationship) predictive modelling is also routinely used in the screening method, where structural properties of compounds are correlated with biological activity, which can guide lead optimization (Aparoy et al, 2012, Cherkasov et al, 2014).

While HTS remains the most used method especially in pharmaceutical industries, its popularity has been declining because of the low hit rate despite the cost and workload (Lounnas et al, 2013; Sliwoski et al, 2014). It is estimated that pharmaceutical companies take 2 years from HTS to lead compounds, with a 27% success rate from HTS to hit, and a 26% success rate from hit to lead. At GSK, 70 HTS campaigns were run from the year 1995 to 2001, at an estimated cost of 1 million USD per campaign. From this, only 5 leads emerged (i.e. 1 lead per 14 million USD), which could be used for further optimization into a drug candidate (Payne et al, 2007). Meanwhile, the popularity of drug design via SBDD is increasing. One prime example of a major SBDD success story is the number of anti-retroviral drugs that have been developed using X-ray structures of HIV protein targets. The HIV protease crystal structure was first solved in 1989 (Navia et al, 1989), and this led to the drug saquinavir entering the clinic only 6 years later. Since then, this has pioneered the way to the development of many more HIV protease inhibitors (Jaskolski et al, 2015), as well as opening up new hopes and opportunities for the field of drug discovery in general.
 
With the advent of increasingly advanced techniques in crystallography, the recent years have seen a rapid growth in the determination of new biological structures. These new structures have provided numerous new targets to study for drug discovery (Anderson, 2003). This is compounded by the fact that it also has advantages in efficiency, time, and cost over HTS, as well as understanding how to target disease on a molecular level (Lionta et al, 2014). Consequently, SBDD has been a rapidly growing field over the recent years. 

7.1.2 SpFEN as a novel drug target

With the rise of antibiotic resistance, the search for novel drug targets in bacterial species is also on the rise. FENs represent a group of proteins found in bacteria that are well conserved, and play crucial roles in DNA metabolism. Thus, interest in FENs as a novel target for drug development has increased (Robinson et al, 2012, van Eijk et al, 2017). 

In Chapter 5, we presented X-ray structures of the Streptococcus pneumoniae FEN domain. Before now, no structures of FENs from pathogenic organisms had yet been published in the literature. Thus, by solving the structure of SpFEN, we can now potentially use this structure for SBDD methods to identify and generate possible new drugs in the future against the FEN enzyme as a target. 

SBDD may prove advantageous in the development of new drugs against bacterial FENs, because of the fact that FENs are ubiquitous enzymes and therefore exist in humans as well. This poses challenges in drug safety, where selectivity is of key concern. The essential functions of FEN in the cell mean that their structures also remain tightly conserved across different organisms. However, with crystal structures of SpFEN and the human FEN now both available, the differences that exist between them and their active sites can now be visually explored. Both proteins share 24% identity between them, and the differences in the conserved residues were also shown (e.g. the additional conserved aspartate at residue 190 of SpFEN that is not present in the human FEN) (Section 8.5, Figure 8.2). Consequently, this could allow fine-tuning of identified compound inhibitors to develop a drug that can target the SpFEN but not the human FEN.

7.1.3 Aims

In this chapter, the aim was to identify inhibitory compounds from the Maybridge Ro3 Fragment Library against the WT SpFEN enzyme using a combination of both HTS and SBDD methods.  For HTS, purified WT SpFEN was screened against the fragment library using a FRET-based biochemical assay to determine the level of inhibition for each compound. For SBDD, an in silico virtual screen was employed using the same fragment library to identify compounds with high affinity to SpFEN crystal structure as well as identifying the most likely binding sites.

7.2 FRET-based HTS using a fragment library against SpFEN

7.2.1 Fragment library

The Maybridge Ro3 Fragment Library (Thermofisher Scientific, Cat No. R3W035) was provided, consisting of 1000 different fragments, all obeying Lipinski’s “Rule of Three” which hits generally seem to follow. The “Rule of Three” stipulates that the compound has a molecular weight of < 300, the number of hydrogen bond donors and hydrogen bond acceptors are ≤ 3 each, the ClogP is ≤ 3 (high hydrophilicity), and the number of rotatable bonds are ≤ 3 (Congreve et al, 2003; Lipinski, 2004).

This section reports on a high-throughput inhibition assay using the FRET method to directly compare the normal activity of the WT SpFEN enzyme to its activity when fragments at 2 mM concentration are added to the reaction. This method was used to simply identify any fragments in the library that may already be potential inhibitors of SpFEN prior to any fragment modification or optimization.

7.2.2 Optimization of enzyme concentration for HTS

The FRET-based inhibition assay using dual fluorescently-labelled oligonucleotides was developed by Dr Sarbendra Pradhananga, University of Sheffield (Section 2.10.1) and modified for testing the WT SpFEN against the Maybridge Fragment Library.

The assay was developed at a pH of 7. The optimum pH for the WT SpFEN enzyme in the FRET assay was previously determined at around pH 8 (Section 4.4.2). However, since it was reasoned that although pH 8 may be the optimum pH for the specific enzyme in vitro, pH 7 may be more likely to mimic the living conditions of the cell (especially since it is a bacterium that lives in its human host conditions), which could be more important to take into consideration in the drug discovery process. Also, the fact that any inhibitor developed medically against S. pneumoniae will have contact with human cells as well means that human conditions must also be taken into account. Therefore, the conditions of the HTS assay were kept at pH 7 so that comparable data can be obtained in future when performing the same assay for the fragments but for the human FEN. The assay is an end-point one, so a drop in fluorescence is simply looked for to indicate an inhibition of SpFEN activity.

The assay was optimized to consider which concentration of WT SpFEN enzyme should be used for the fragment screening. Different concentrations of the SpFEN at final concentrations of 0.1 μg.mL-1, 1 μg.mL-1, and 10 μg.mL-1 were initially tested to indicate the optimum concentration for carrying out the assay. At 10 μg.mL-1 of WT SpFEN, it was determined that the reaction was already completed before any measurements had taken place, indicating that the concentration was much too high to be able to extract meaningful data from the assay.

Using more varying concentrations (falling around the 0.1 μg.mL-1 to 1 μg.mL-1 marks), further fine-tuning of the concentration of SpFEN was performed for the assay. Concentrations of 0.06 μg.mL-1, 0.13 μg.mL-1, 0.19 μg.mL-1, and 0.25 μg.mL-1 WT SpFEN were selected and tested in triplicate measurements (Figure 7.1) alongside a negative control. All concentrations tested showed observable rates of reactions, increasing with the concentration. Small disturbances during the reactions indicate that the reactions may need to undergo more vigorous mixing before starting measurements.
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Figure 7.1: Fluorometric report showing FRET reactions in triplicate for varying concentrations of SpFEN. Column 01: Negative control (0 μg.mL-1); Column 02-05: SpFEN at 0.06 μg.mL-1, 0.13 μg.mL-1, 0.19 μg.mL-1, and 0.25 μg.mL-1 respectively.

From the data, the Z-factor (Z’) value (Figure 7.2) was calculated to indicate which concentration of enzyme would give the most robust assay for carrying out fragment screening. The calculation of this Z’ value in the small pilot study determines whether HTS of the 1000 fragments can be reasonably carried out using a single measurement without the need for replication. This practice is routinely done in order to reduce time and costs, as well as taking into account the feasibility of large-scale assays (Zhang et al, 1999; Birmingham et al, 2009).
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Figure 7.2: Z’ value equation. Z’ = 1 is an ideal assay. Z’ > 0.5 is an excellent assay. 0 < Z’ > 0.5 is an acceptable assay. Z’ < 0 is an unacceptable assay (Iversen et al, 2006). σp = standard deviation for positive control; σn = standard deviation for negative control; μp = mean for positive control; μn = mean for negative control.

The calculation is based on the assumption that the data follows normal distribution, and that more than 99% of all values will lie within the range of 3 SDs from the mean by chance. It is a description of the amount of overlap between the negative and positive controls, which then determines whether a significant signal can be reasonably detected from the assay. Z’ scores for the varying concentrations of SpFEN used are shown in Table 7.1.

Table 7.1: Mean, SD, and Z’ scores for SpFEN concentrations. 
SpFEN Concentration (μg.mL-1)	Fluorescence (AU)
					Mean		SD		Z’
0.06					2.54		0.24		0.55
0.13					3.61		0.07		0.87	
0.19					3.92		0.20		0.77
0.25					4.03		0.26		0.72

While all concentrations of SpFEN gave a Z’ value that falls within the “excellent assay” range or >0.5, the concentration of WT SpFEN at 0.13 μg.mL-1 gave the highest Z’ value of 0.87 compared to the other concentrations, and indicates that the assay can be performed for high throughput screening.

The assay was then repeated for the WT SpFEN enzyme at 0.13 μg.mL-1 12 times to ensure the reproducibility of the assay. The fluorometric report (Figure 7.3) shows that all 12 replicates gave mean (defined as the average increase in fluorescence [AU] between the end and starting points), SD, and Z’ scores of 1.97 AU, 0.16 AU, and 0.55 respectively. Although more variability was observed compared to the initial study using three replicates, it still falls within the realm of an “excellent assay”.

Thus, a concentration of 0.13 μg.mL-1WT SpFEN used for HTS of the Maybridge Fragment Library as it had a good Z’. 
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Figure 7.3: Fluorometric report showing 12 replicates of the FRET reactions for the WT SpFEN at 0.13 μg.mL-1.

7.2.3 HTS of the Maybridge Fragment Library against SpFEN

The optimized FRET-based assay was then performed against all 1000 fragments from the Maybridge Ro3 library, using each fragment at 2 mM concentration for the reaction. HTS was carried out using 96-well plates (13 plates in total for the whole library), with each plate containing 8 negative controls (without enzyme), 8 positive controls, and the testing of 80 different fragments. Fragments displaying at least 40% inhibition against SpFEN were noted.

Table 7.2: Z’ scores and SD values calculated for each 96-well assay.
Maybridge plate	96-well Plate		Fragments	Z’	1 SD	3 SD
1			1			1-80		0.77	5.70	17.11
		2			81-160		0.71	7.11	21.33	
		3			161-240	0.40	14.73	44.20
		4			241-320	0.88	2.53	7.60
2			5			321-400	0.71	7.03	21.08
		6			401-480	0.77	5.94	17.82
		7			481-560	0.69	7.09	21.28
		8			561-640	0.78	5.35	16.05
3			9			641-720	0.16	22.49	67.46
		10			721-800	0.68	6.53	19.59
		11			801-880	0.31	16.99	50.98
		12			881-960	0.46	14.42	43.27
4			13			961-1000	0.76	5.04	15.12

A Z’ score and SD values were calculated for each 96-well plate from the multiple positive and negative controls (Table 7.2). From the inhibitor screening, 4 of the 96-well plates (plate 3, plate 9, plate 11, plate 13) were identified to have a lower Z’ score than 0.5. The Z’ scores for these plates range from 0.16 to 0.46, and therefore fall within the “acceptable assay” range. Generally, the higher the SD of the assay, the lower the Z’ score (and vice versa) as would be expected. For these 4 plates, the 3 SD values are high, ranging from 43.27% to 67.46% inhibition. Therefore, any true inhibition for fragments occurring at the 40% threshold would not be detected in the assay, and thus may result in a higher number of false negatives.

The mean average of all the Z’ scores from the 13 plates was calculated at 0.62, while the mean average of all the 3 SD scores comes out at around 27.91. The % inhibition of each fragment in comparison to the positive control was calculated. Those fragments identified to surpass the threshold of at least 40% inhibition (based on similar studies) of the SpFEN enzyme and are also greater than 3 SDs in their respective plates are highlighted. Based on the normal distribution curve, any data points falling outside of 3 SDs are unlikely to have occurred simply by chance, and therefore represent a significant result in the assay.
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Figure 7.4: Inhibitory activity of each fragment of the Maybridge library on WT SpFEN. A-D) Fragments from plate 1, 2, 3, and 4 respectively. Fragments highlighted in red represent those with ≥ 40% inhibition against SpFEN and also falls outside 3 SDs in their respective 96-well plates. 
7.2.4 Identification of inhibitory fragments from HTS data

A total of 138 fragments were identified across the whole library to have at least 40% inhibition and above, as well as having a value greater than 3 SDs. This represents around 10% of the library. By chance, based on the normal distribution curve, 0.1% of the library would be expected to produce false negatives (i.e. 1 fragment out of 1000). Thus, based purely on this, we could expect many or most of the 138 fragments identified to have inhibitory activity to be real. However, the validity of these potential inhibitors would need to be further verified before a strong judgement on the potential of these fragments can be made.

Out of the 138 fragments identified to display at least 40% inhibition, 38 of these showed at least 75% inhibition, and 15 of these showed at least 95% inhibition against SpFEN (Table 7.3). 

Table 7.3: Fragments identified with different levels of inhibition on the WT SpFEN. Only those greater than 3SD are considered.

Plate 		No. of inhibitory fragments	
		≥ 40%		≥ 75%		≥ 95%
1		10 (3.1%)	0 (0%)		0 (0%)
2		73 (22.8%)	21 (6.6%)	8 (2.5%)
3		44 (13.8%)	15 (4.7%)	6 (1.9%)
4		11 (27.5%)	2 (5%)		1 (2.5%)

Total		138 (13.8%)	38 (3.8%)	15 (1.5%)

The inhibitory compounds against SpFEN were spread unevenly across the 4 plates. It was observed that for plate 1 of the Maybridge Fragment Library, much fewer compounds with inhibitory activity on the SpFEN were identified compared to plate 2 and plate 3 of the Maybridge library. Overall, only 3.1% were identified from this plate to have over 40% inhibition, much lower than the average of 13.8% (Table 7.3). Additionally, none of the fragments from plate 1 reached higher than 60% inhibition (the highest was actually calculated at 50.5% for fragment 178). This is in contrast to the other plates, where several fragments were identified with much higher inhibitory activities against SpFEN (Figure 7.4).

Fragments from the Maybridge library were randomly assigned to a well number (as opposed to clustering of fragments with similar properties), therefore an even distribution of fragments with inhibition against SpFEN through each plate would be expected. In addition to this, clusters of similar fragments analysed later (Table 7.4) do show similar fragments that occur on entirely different plates. Another reason must exist for the differences observed between the plates.

The assay was optimised with the concentration of SpFEN enzyme to produce a positive control that displayed a mostly linear reaction over 20 minutes (i.e. a detectable reaction that was not too fast or not too slow) (Figure 7.1). Each of the 4 plates of the library was then screened using the optimised assay, carrying out 1 plate per day (in reverse order from plate 4 to plate 1). While the positive control reactions remained similar for plates 2-4, the positive controls were observed to change when carrying out the screen for plate 1. Instead of being a mainly linear reaction over 20 minutes, the reactions appeared to finish more quickly in around 5 minutes, with the rest of the reaction reaching a plateau (Figure 7.5).  It is likely that most of the reaction had already taken place before any measurements could be made for the assay. Because this is an endpoint assay, only the difference between the initial and final data point is accounted for. Therefore, in this case, the positive controls would display a smaller difference, which would translate as “lower activity” of the enzyme, which in turn could lower the detection rate for inhibitory activity. If the positive control reactions had run as normal, then perhaps more fragments with at least 40% activity would have been identified. 
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Figure 7.5: Comparison of positive controls between plates of the Maybridge Fragment library. Column 01: Negative controls; Column 02: Positive controls. A-D) Plates 1-4 respectively. Plate 1 shows a significant change in reaction compared to the other 3 plates.

The reason for this observation in plate 1 was not identified. Conditions and concentrations of reagents were kept the same. The reactions were tested with different batches of enzymes (in case one was contaminated), and also using old and newly ordered batches of DNA substrate – all producing similar reaction curves. One possible explanation is that the screen for plate 1 was performed several weeks after the other 3 plates due to substrate availability, and warmer temperatures may have affected the reaction, which was carried out at “room temperature”. Lowering the enzyme concentration was considered for plate 1 in order to produce the linear reaction for the positive controls, but this would mean that the results could not be compared to inhibitory activity of fragments from the other plates across the whole screen. 

It would have been ideal if the whole library could have been screened together, to eliminate fluctuations in temperature or perhaps changes in enzymes or substrates over time affecting the assay. However, this was not feasible. The assay may need to be repeated in future to obtain a more reliable result for the fragments in plate 1. Because of time limitations, the data obtained here were used for analysis, but keeping in mind that fragments may have a higher inhibitory activity against SpFEN than calculated. High Z’ scores were calculated were three of the 96-well assays for plate 1, indicating that it was at least replicable. 

7.2.5 Analysis of identified fragments with inhibitory action against SpFEN

Fragments from the whole library, and each of their calculated inhibitions against SpFEN from the HTS assay, were analysed in DataWarrior (Sander et al, 2015). Similarity/activity cliffs were investigated, which clusters fragments with similar properties together. Starting with those showing the highest inhibition, clustered fragments were searched for which displayed levels of inhibition against the SpFEN enzyme, with a cut-off inhibition of 40% (Table 7.4).

Table 7.4: Fragment clusters showing comparable levels of inhibition on SpFEN. Clusters are listed in order of appearance starting from highest inhibition and decreasing to 40%. 2D molecules were generated using the Smi2Depict online tool in the ChemDB portal (Chen et al, 2007).
Cluster	Fragment	Inhibition (%)	2D structure
[image: ]1		431		96.2




926		102.6	




2		601		68.5




784		69.4




3		695		64.3




700		70.8


[image: ]4		480		74.9		




537		60.9




5		194		47.4




650		63.3




6		365		45.7




		501		95.5



7		163		43.9




		468		66.0




8		532		57.3




		596		40.1

Eight cluster pairs were identified from this screen, many of which showed similar levels of inhibition to each other. No clusters with 3 or more fragments were identified, where all fragments displayed at least 40% inhibition against SpFEN.

The first cluster pair identified is composed of fragments 431 and 926, both showing inhibition levels >95%. Fragment 926 differs from 431 through an additional OH group, and the replacement of an O with an S between the two benzene rings (Table 7.4). These fragments display the highest inhibition levels of SpFEN out of all the clusters identified, and therefore may potentially be the most interesting to follow up further studies. Lowering the inhibition levels completely (to -166.4%) revealed no other fragment appearing in the library that clustered with this pair. Therefore, they are two compounds with similar properties that display high inhibitory activities, and also have different properties to any other compound in the library.

Some of the cluster pairs do have an additional third fragment joining them, appearing at a lower inhibition threshold. For example, the second cluster pair identified is from fragments 601 and 784, showing very similar inhibitions of 68.5% and 69.4% respectively. However, as we lower the inhibition threshold, a third fragment, fragment 605, joins the cluster. Fragment 605 only has a calculated inhibition of 24.8%, too low to consider as a real potential inhibitor of SpFEN. The way fragment 605 differs is that it has a CNH3 group attached to its benzene ring, while fragments 601 and 784 both have a COOH group attached to the benzene ring. 

Another example is cluster 4, where fragments 480 and 537 show inhibition of 74.9% and 60.9% respectively. A third fragment, fragment 62, joins this cluster at an inhibition level of -1.5%. All three fragments have a different group (fragment 480 = indole [NH], fragment 537 = benzofuran [O], fragment 62 = benzothiopene [S]) within their fused aromatic rings. However, fragment 62 differs via the addition of an external Cl group to its benzothiopene ring. Therefore, it may be this extra Cl group that hindered the inhibitory activities of fragment 62 compared to the other two fragments.

Cluster 6 contains fragments 365 and 501, with 45.7% and 95.5% inhibition respectively. Although they both fall within the 40% inhibition threshold, their levels of inhibition vary widely. A third fragment, fragment 810, joins the cluster at 27.4% inhibition. All 3 fragments contain the indole ring. Fragment 501 has an NH2 attached to this ring, while fragment 365 has an OC group attached instead of the NH2. Fragment 810 contains just an additional carbon in place of the NH2 in fragment 501.

These cluster analyses may or may not reveal certain properties of the fragments, which are responsible for allowing inhibition (or disallowing inhibition) of the SpEN enzyme.


7.3 In silico screen of fragment library using SpFEN

7.3.1 Docking of fragments onto SpFEN

An in silico screen of SpFEN against the Maybridge fragment library was also carried out. The solved apo structure of SpFEN (Section 5.5.6) was used as the model for molecular docking, because of its high resolution and also having a more complete structure than the others. Additionally, since its structure has not undergone conformational change due to DNA binding, it is interesting to start with this structure initially. Since the apo structure was solved from the D141K mutant of SpFEN, the lysine residue at 141 was converted back to an aspartate in Coot before docking.

The virtual screen was performed using the AutoDock Vina 1.1.2 molecular docking program (Trott & Olson, 2009). This predicts the area of the SpFEN where the fragment might dock in various conformations based on the selected binding site. The whole SpFEN protein was selected as the binding site, to allow possible binding of the fragments to any location. The docking was then performed, and each fragment scored based on the predicted binding affinity (kcal/mol). A lower binding energy translates to a higher affinity.

Fragments from the library with high binding affinities (< -8.0 kcal/mol) were searched for (Cosconati et al, 2010, Nguyen et al, 2016). There were 128 fragments identified with scores of a predicted binding affinity of -8.0 kcal/mol or lower, with the lowest docking reaching -10.1 kcal/mol. The top 5 fragments generated from the in silico screen are listed in Table 7.5.

Visually, the top fragments appear to represent the larger molecules from the library. Analysis of the data using Bravais-Pearson (linear) showed weak negative correlation between the binding affinity and two related parameters: the molecular weight (-0.614) or atom count (-0.670). Therefore, fragments that are basically larger in size would be more likely to have a lower binding energy (higher affinity). 


Table 7.5: Top 5 fragments with highest affinity scores to SpFEN.
Fragment	Binding energy (kcal/mol)	2D structure
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This correlation is what would be expected normally, as larger molecules or fragments would be more likely to make more individual contacts with the protein, leading to generally higher affinity than smaller molecules. However, each atom may only make a very weak contribution to its overall affinity. Therefore, in some cases, some small molecules with low affinity may in fact have advantages over large molecules with high affinity (Albert & Edwards, 2008). In this case, rather than simply looking for the lowest binding energy, fragments, which may be of even more interest, would be those with a small molecular weight or atom count but with a low binding energy (Figure 7.6).
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Figure 7.6: Larger fragments display higher affinity. Several fragments with lower than -8.0 kcal/mol and lower atom counts than the trending general population have been highlighted (fragment numbers to the left of the respective data point).

7.3.2 Visualization of docked fragments on SpFEN

Each fragment comes with its top 9 positions/orientations for where and how it docks into the protein. These represent the local optimization of each fragment, starting from random positions and conformations. Thus, a fragment with all 9 possibilities found in the same location is most likely to bind here based on probability, although with possible different orientations (Trott & Olson, 2010).

The top 5 hits from the in silico screen were viewed in PyMOL in conjunction with the SpFEN crystal structure to see where the fragments had been docked in relation to the protein.  All 5 fragments were found in the SpFEN pocket below the arch of the protein (Figure 7.7).

Although the whole region of the protein was used as a target for docking, the fact that there is a defined and prominent pocket below the arch in SpFEN might just mean that most fragments are likely to dock here regardless of the properties of either the fragments or that protein region, so long as they manage to fit. On closer inspection, these fragments do not sit within the active site, but rather, just outside of it. All fragments in this site appear to interact, or sit close (i.e. within 4 Å) with 3 phenylalanine residues (F63, F89, and F93), as well as a few residues from the arch itself. The fragment that comes closest to the active site is fragment 63, around 10.5 Å away from D139.
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Figure 7.7: Fragment 323 binding to the SpFEN crystal structure. The fragment sits in the pocket just below the arch of the protein. The top 5 hits (323, 806, 63, 831, 333) have all fragments sitting in roughly the same region as fragment 323 shown. A) Cartoon view of SpFEN with fragment 323. B) Surface view of SpFEN with fragment 323. C-F) Residues on SpFEN sitting within 4 Å of the fragment (in 4 different orientations) are highlighted as sticks.
[image: ]Investigating fragment 63 further, 3 out of 9 places where this fragment has docked actually finds itself elsewhere than the main site of docking for all 5 fragments. These 3 positions/orientations do sit much closer to the active site (although still not within it) of SpFEN compared to the main site, with fragment 63 even reaching within 4 Å of D139 (Figure 7.8).

Figure 7.8: Distances between atoms in fragment 63 and D139 of the SpFEN active site. A-C) 3 orientations of fragment 63 in this position from the in silico screen are shown, with different regions of the fragment coming within 4 Å of the aspartate residue at location 139.


7.4 Comparison between in silico screen and inhibition assay

7.4.1 Correlation between inhibition and binding energies

The HTS assay and the in silico screen have been analysed for their top hits from the Maybridge Fragment Library. Both these screens will now be compared to each other, to determine whether top fragments identified from one screen correlate with the top fragments identified from the other.

Analysis of both datasets using Bravais-Pearson showed no significant correlation (-0.161) between them (i.e. calculated inhibitions for each fragment from the HTS did not correlate with the binding affinities for each fragment calculated from the virtual screen). Correlation between inhibition and any other parameters were also not found, including atom count or molecular weight as previously discussed in the virtual screen.

The two datasets do not validate each other, but the biochemical data should be considered the “gold standard” or represent the more trustworthy data over the in silico screen. The biochemical screen presents how enzyme activity is potentially affected by the addition of an inhibitor even though one cannot visually see the mechanism of action, and therefore should hold more importance. The in silico screen just predicts a docking site for the fragments, which 1) may simply be predicted to dock into the most prominent hole in the enzyme regardless of the fragment, and 2) predicted docking in a place expected to lead to inhibition may not actually do so in real life (or docking in an unexpected place may lead to inhibition). Additionally, the SpFEN structural model used for docking is firstly, a model, and secondly, static and represents a single conformation as previously discussed in Chapter 5 as opposed to the dynamic entity that it really is. Side chains in odd conformations could affect the docking, and so the docking program could be run again using flexible side chains. The docking algorithm used by the program could also change the docking. The number of times run in the program could also be altered. Tweaking the docking until the program ranks the hits identified from the biochemical screen higher than the misses could be done, if possible. Consequently, the docking can then be rerun against other databases, for example the ZINC database, which contains over 35 million compounds (Irwin & Shoichet, 2005). 
 
For now, a combinational approach may be to look for top fragments from HTS and see whether the fragment docks into the active site. Additionally, between the top hits identified for each screen, fragments that appear twice could be identified. From the top 10 fragments of the HTS assay identified with the highest inhibitory activity against SpFEN, only two of these (fragments 333 and 408) were calculated to have binding energies lower than -8.0 kcal/mol (Figure 7.9). Of these, fragment 333 appears in the top 5 fragments for the in silico screen, and therefore may be worth investigating further in future. This fragment was calculated to have an inhibition of 102.1% and a binding energy of -9.3 kcal/mol. Additionally, it has an atom count of 16, which is below the average for fragments with similar binding energies in the library (Figure 7.6).
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Figure 7.9: No correlation was found between inhibition and binding energy of the fragments. Two fragments were identified (333 and 408) that had at least 95% inhibition in the HTS assay, and a binding energy lower than -8.0 kcal/mol (fragment numbers to the left of the respective data point).

7.4.2 Molecular docking of top fragments from HTS

The top fragments from the HTS with the highest inhibitions of SpFEN (>100%) were analysed to see where they were predicted to dock onto SpFEN. None of these fragments docked inside the active site of the protein either, but rather docked onto small pockets of SpFEN, and mainly under the arch, similar to those discussed for the top fragments from the in silico screen. This suggests that fragments do not necessarily need to interfere directly in the active site, but binding near the active site is enough to perhaps cause slight conformational changes there that alter function, or prevent DNA binding by hindrance.

7.5 Discussion

7.5.1 Identification of hits against SpFEN

FENs have been discussed in the literature as a potential target for novel drugs. This has been done for the human FEN-1, where it has been discussed in the context of a cancer target. However, with multidrug resistance for infectious diseases on the rise, FENs from bacterial organisms are also now being discussed as a target for new antibiotics.

This has led to more interest in solving the structures of FENs from pathogens, potentially for rational drug design in the future. SpFEN is one of them. With an available structure of a FEN from a pathogenic organism, we can now start to explore its potential as a drug target. 


In this chapter, potential inhibitors were identified from a 1000 fragment library for SpFEN. Combinational approaches are used frequently in pharmaceutical industries, where the cheaper and faster in silico screen is often performed first to narrow down the number of compounds (those with undesirable properties) to be tested in HTS (Smith, 2002, Leelananda & Lindert, 2016). 

A high throughput FRET-based assay was developed to biochemically screen for inhibitors, while an in silico screen was also used to dock the compounds onto the SpFEN crystal structure. The two methods were used against all 1000 fragments to see whether the results would validate each other. Both screening methods yielded several fragments identified to have potential in inhibiting SpFEN nucleolytic activity or binding to its active site. While no correlation was found between the two assays, with both identifying a generally different set of top ranked hits, some fragments did appear to have high inhibitory activity in the HTS as well as high affinity in the in silico screen, which may be worth investigating further. 

7.5.2 Screening strategy

The concentration of WT SpFEN at 0.13 μg.mL-1 was selected to carry out HTS, since it gave the highest Z’ value out of all enzyme concentrations tested. In addition to this, the reaction for 0.13 μg.mL-1 SpFEN was observed to be generally linear from beginning to end (20 minutes), which means that an end-point measurement can be calculated from a reaction that is not too fast or not too slow (Figure 7.1). For example, the concentration of 0.25 μg.mL-1 had its reaction completed by around 10 minutes, which can mean any delay when adding the substrate will lead to larger differences noticed between samples. Additionally, a fragment that shows partial inhibition for the SpFEN may complete its reaction in 20 minutes compared to the 10 minutes without the fragment, but would not be detected in an end-point assay. On the other hand, the concentration of 0.06 μg.mL-1 SpFEN may cause a reaction that is too slow for reasonable detection of inhibition.

The greater variability (and therefore smaller but still acceptable Z’ score) observed between samples in testing 12 replicates of 0.13 μg.mL-1 SpFEN compared to the initial study (comparing different concentrations of enzymes) may have been due to the delays in measuring the fluorescence between samples because of the greater number of samples to prepare. The SD value calculated for these 12 replicates was found to be less than 10% of the mean value, indicating that the assay was still reasonable.

7.5.3 Limitations of screening

Firstly, it was identified that reproducibility of the HTS was an issue due to unknown factors (although room temperature was suspected to play a role), which led to different rates of reaction in plate 1 compared to the other 3 plates. A more ideal situation would have been to carry out screening of all 4 plates of the library in a constant temperature and environment as much as possible, to minimise discrepancies between plates. Similarly, the same DNA substrate would be used in all assays, rather than the two different substrates used here (although, they did not appear to significantly alter the rates of reaction). In this case, both scenarios were not feasible because of substrate availability. Since only the end-point of the assay was analysed, inhibition of each fragment could still be calculated in relation to the positive control, which is the data given. However, it was suspected that the differences in the reaction in plate 1 affected the number of potential SpFEN inhibitors identified – for the general population, plate 1 had lower inhibition rates detected overall as well as a lower number of fragments with 40% inhibition identified. If we were to carry out the screen again for plate 1, where the positive control gave a linear reaction over the 20 minutes, then it is likely that more potential inhibitors would appear. The assay itself is a real-time assay where lots of different information can be extracted from the data, and so one could use choose any time point to analyse, or even determine the reaction rates in each well. However, this was not done because of time constraints.

All 96-well plates gave a Z’ score over 0, meaning that an acceptable assay had been performed. However, those with a Z’ score less than 0.5 had more variation in their positive controls, and therefore it would be ideal to carry out further repeats of these plates for increased reliability. Nonetheless, the SD for each plate was taken into account. As expected, those with lower Z’ scores had higher SDs. Therefore, for those whose 3 SDs were above the 40% threshold, fragments were only taken into account if they exceeded the value of 3 SDs instead. Repeating these assays may also help to identify fragments with lower inhibition that were overlooked because of the higher variability of the positive controls.

A suspiciously high number of hits were identified from the biochemical screen for such a small library. Some fragments identified to inhibit SpFEN in the FRET screen may in fact, just be DNA intercalators, and therefore have no relevance for drug development against SpFEN in future. While the top fragments identified from the HTS based on their calculated inhibition values do not appear to be likely DNA intercalators, many others with lower inhibitions may have this property and therefore would lower the number of potential fragments for further investigation. Other fragments may be promiscuous binding, achieving non-specific interaction with the protein through aggregation (Giannetti, 2011). Fragments themselves may give a fluorescent signal, or block the emission wavelength, affecting the data, and some may even direct interact or interfere with the dyes (Ciulli, 2013).

For the in silico screen, the apo crystal structure of SpFEN from Chapter 5 was used as the model for molecular docking. Mainly, as well as having no DNA bound, this structure represented a high-resolution and the most complete model of SpFEN. However, it does represent a single conformer of a dynamic protein, and therefore may not be a sufficiently representative structure for docking. Certainly, we know that the top fragments docking into the apo structure of SpFEN appear to have contact with the arch of the protein, which sits down near the active site. However, in another structure of SpFEN, discussed in Chapter 5, the arch appears to sit up away from the active site, and therefore could affect the fragments that dock here.  Therefore, the in silico screening could also be repeated individually or simultaneously with the other crystal structures of SpFEN available, and also perhaps with predicted homology models, in order to test a range of multiple different conformations of the protein (Sliwoski et al, 2014).

Since a crystal structure of the WT SpFEN has not yet been solved, the D141K apo structure were modelled manually back to the WT. This in itself may reduce accuracy because it would not be certain how the aspartate would sit in space. The apo crystal structure of SpFEN has been observed to contain no metal ions (e.g. Mg2+ cofactors) in its active site. This may be because of the mutation at D141K, where the positive charge of the lysine has prevented binding of positive ions here. However, with a WT SpFEN crystal structure (formed under high metal salt conditions), we may well expect there to be positive metal ions bound there. When carrying out the FRET assay, MgCl2 is added for the SpFEN to facilitate nucleolytic activity. Thus, it would be expected that Mg2+ is present in the active site of the WT. Whether the addition of a fragment is able to inhibit by displacing that Mg2+, or is able to inhibit by binding elsewhere is unknown. Still, a crystal structure without any metal ions may not be representative of the active site, and this could also be a possible reason why the inhibitors identified from the virtual screening were different from the biochemical screen. While it is certainly still useful to screen against the structure used here, if a structure with metal ions is solved in future, then comparing the same screen against such a structure could be informative.

7.5.4 Further investigation of inhibitory fragments from HTS and in silico screening

The top 5 fragments with the lowest binding energies from the in silico screen were identified and analysed for their docking position in SpFEN. They localised to the SpFEN pocket below the arch, but did not interact with the active site (with the exception of possibly fragment 63). However, there were also 123 other fragments with binding energies of -8.0 kcal/mol or lower that were not analysed in detail. These fragments could be investigated to identify those, if any, that do interact with the active site of SpFEN.

While the possibility of using multiple structures of SpFEN for in silico screening has been discussed, it may also be interesting to examine the use of the full length SpPol1 protein for screening as well, if a higher-resolution structure can be obtained in the future. This could be to see whether the fragments still bind preferentially to their original location in SpFEN, or whether they have the ability to bind to any pocket available in the whole structure.

The fragments identified to have potential inhibitory activity against the WT SpFEN enzyme will need to be investigated further. The ones with the strongest inhibition can be tested first, carrying out repeats to minimize the risk that they represent false positive results. Additionally, a fresh supply of each potential inhibitory fragment identified for further investigation will need to be ordered for re-evaluating in the assay, in case of any contamination/degradation in the library, which may affect the result.

Once potential strong inhibitors against the SpFEN enzyme have been confirmed via repeats and using fresh compounds, dose response curves can also be carried out for the top fragments identified, to determine the concentration (IC50) at which it carries out half of its maximum inhibitory activity. This can determine how effective those fragments are at inhibiting SpFEN.

The fragments can then be used in a similar FRET-based assay but against the human FEN-1 enzyme for comparison. Because the FEN family is ubiquitous and therefore exists in humans as well as bacterial organisms, selectivity must be taken into account when designing a drug. Importantly, inhibitors should be identified that discriminate between SpFEN and human FEN. Additionally, counterscreening with the human FEN would also eliminate fragments that are DNA intercalators, those that interfere with the dyes, or those that affect fluorescence signal as discussed in section 7.5.3.

7.5.5 Fragment-based drug design

The screening performed against SpFEN was done using 1000 different fragments from the Maybridge Library. Because these are “fragments”, rather than whole large compounds, they are meant to have the ability to undergo significant optimization by medicinal chemists. For example, through the building and fusing of several different fragments together, a larger compound with higher affinity could be formed, transforming initial hits into promising drug leads. Therefore, although several potential inhibitors were identified from the HTS, the scope for identifying fragments with the potential to form an inhibitory compound could be widened further in theory. On the other hand, there has already been an unusually high number of potential inhibitors identified from the HTS, so arguably, one would want to narrow down the number of fragments for further investigation rather than widen the search. 

The HTS only takes into account fragments that already display some sort of inhibition (at least 40%) against SpFEN. Potential binding to the WT SpFEN enzyme can be performed using a thermal shift assay. This can then be compared to the in silico screen to see where these fragments might bind. Although the fragments themselves may not present any inhibition of the enzyme, any binding identified via thermal shift can be analysed further to see if the fragment can be optimized or fused with other fragments binding nearby to produce pharmacologically active compounds in future. To limit the search, data from thermal shift could be compared with the HTS data to identify those with the highest affinity as well as the highest inhibitions, or fragments with the lowest Kd or IC50 could be carried forward for further investigation.

Fragment-based drug design allows the rapid exploration of chemical space, providing building blocks for combinatorial chemistry where vast numbers of compounds can theoretically be created even from only a few available fragments (Doak et al, 2016). It is still a relatively new field, with the first drug (Vemurafenib, for treatment of melanoma) to reach FDA approval only in 2011 using this approach (Bollag et al, 2012). However, fragment-based drug design has become a popular approach in pharmaceutical industries recently, with continuing growth in the field. 



7.5.6 Conclusions

Several fragments from the Maybridge Fragment Library have been identified to potentially inhibit SpFEN activity or bind close to its active site using two approaches: HTS and in silico screening. The fragments identified here can be verified and possibly optimised further in future, in fragment and structure-based drug design, using the experimentally solved crystal structures of SpFEN.


Chapter 8: Discussion

8.1 Structure-based drug design

While advances in medicine are helping to solve many of the world's public health problems, it also presents with it, new challenges. Ever since the discovery of penicillin, there has existed an ongoing evolutionary arms race between bacterial organisms and human technology: with every new drug that is developed, there follows the emergence of a pathogenic strain that is resistant to that drug.

The emergence of drug-resistant S. pneumoniae strains has been concerning. Certain strains of S. pneumoniae have now developed tolerance even against last resort drugs such as vancomycin (CDC, 2013; Novak et al, 1999). These concerns call for new drugs and new strategies to deal with the rising problem of antibiotic resistance.

Previous drug development has largely been based on a trial and error method (Lee et al, 2011). However, significant advances in crystallography, medicinal chemistry, and computational biology means that novel drug leads can now be identified based on the structural information of the drug target. Structure- and fragment-based drug design are two emerging fields that provide new opportunities for developing new drugs against antibiotic resistance. By first identifying potential inhibitors by virtual screening through a computer molecular docking program before testing, these methods provide a cheaper and more efficient way of developing new drugs (Lee et al, 2011). Additionally, inhibitors of the target can be structurally modified to optimise drug efficacy, and also to make it specific to the bacterial target if not already so. For example, chemical groups can be added or removed to the inhibitor in structure-based drug design, and different small molecule inhibitors can be adhered together in fragment-based drug design to make a drug with greater overall inhibitory function (Anderson, 2003, Murray and Blundell, 2010).

A fragment-based approach has recently been employed to identify lead compounds against another essential element of the DNA replication machinery, the bacterial sliding clamp (Yin et al, 2014). Here, x-ray crystallography was used to screen for fragments against the sliding clamp, with several identified to bind deep into a protein-interacting pocket, inhibit DNA replication, and also show antibacterial effects in vitro. Following this identification, further fragments were searched for that displayed structural similarity to these compounds and tested in a docking program in order to identify a fragment that occupied this pocket more fully. Further work aimed to improve the affinities of these fragments by synthesizing chemical substitutions, and potentially develop them into broad-spectrum antibiotics. (Yin et al, 2014). The study reveals that the structure of the target is valuable for identifying potential inhibitors and refining these compounds for greater effect.

8.2 Studies on FENs

FENs represent a well-characterized family of proteins that have been extensively studied since its first discovery in Escherichia coli in 1968 as the 5′-3′ exonucleolytic activity of DNA polymerase I. Since then, the roles of FEN in the cell as well as its nucleolytic functions have been well characterized in the literature. In addition to this, numbers of FEN crystal structures appearing in the databases have also been rapidly expanding over recent years. So far, FEN crystal structures have been solved for at least 10 different organisms, which include the human homologue and two from bacteria (E. coli and Thermus aquaticus). These have enabled conserved structural motifs to be identified across all FENs, and between FENs from different domains of life.

Characterization of FENs from pathogens is particularly useful because of the implications for novel drug design. The essential nature of the bacterial flap endonuclease suggest it may be  a potential drug target. This is combined with the fact that it diverges substantially from the human flap endonuclease in terms of its protein sequence, but remains highly conserved between bacterial species. This is especially true of the active site, which contains several conserved aspartate residues that do not differ between the bacterial species, indicating that they are essential for enzymatic function (Kim et al, 1995, Xu et al, 2001). The targeting of conserved structures could be one strategy against drug resistance, as perhaps these areas are much less likely to undergo mutation and therefore develop resistance (Robinson et al, 2012).

In this thesis, we perpetuated the studies on FENs further by focusing on the detailed exploration of one FEN in particular, the Streptococcus pneumoniae FEN. In doing so, we have included an additional FEN crystal structure to the growing collection of structural data. The importance of this lies in the fact that despite the large number of FEN structures available now, so far, no FEN structure has yet been published for any pathogenic organism. Therefore, the determining of the 3D crystal structure of the S. pneumoniae FEN is especially important as it will inform structure- and fragment- based drug design studies in the future by determining how potential inhibitors will fit into the structures. 

This is complemented by the investigation of SpFEN active-site site II conserved aspartates, which appear to be important for nucleolytic activity of the enzyme. Therefore, using the solved structure, small molecules that are found to (or are designed to) fit in the active site of the bacterial FEN and could therefore interfere with the interactions between the aspartate residues of the protein and its DNA substrate could be identified. These molecules could either inhibit DNA binding or inhibit nucleolytic activity, and therefore impede DNA replication in the cell.

8.3 Biochemical studies of SpFEN and its active-site mutants

Using PCR-based site directed mutagenesis, four aspartate-to-lysine site II active-site mutants were generated for SpFEN, to directly compare exonucleolytic and endonucleolytic activities to the WT enzyme. Although the mutants were found to be difficult to generate, after a suitable clone was obtained, they were then found to be expressed as largely soluble protein in the E. coli system, and therefore were able to undergo relatively straightforward purification similar to the method developed for the WT SpFEN. The yield of purified protein produced for these was low however, ranging from around 1 to 20 mg of protein for 5g of cell paste. Nonetheless, the amounts produced for each protein was enough to carry out further biochemical investigations as well as setting up X-ray crystallography experiments.

The kinetic parameters of the SpFEN could not be determined within the scope of this study, even using up to 5000 nM concentration of DNA substrate to carry out the FRET assay. For the WT T5FEN, the Km of the protein has been reported to be from 40-70 nM, using a 5′ overhang hairpin substrate (HP1) (Dervan et al, 2002, Pickering et al, 1999, Zhang, 2012). In this study (Chapter 4, Section 4.4.4), the Km for the T5FEN as a positive control was calculated at around 89 nM, similar to the published data (errors of up to 35% in determining the Km value are not uncommon) (Pickering et al, 1999) indicating that the assay has been carried out correctly. Therefore, in comparison with the T5FEN, although kinetic values could not be assigned to the SpFEN, the assay indicates that it has a much higher Km value, which implies a lower affinity for its substrate. The WT human FEN1 has a calculated Km of around 27.5-185 nM using various flap substrate (Finger et al, 2009). The assay suggests that perhaps the SpFEN has a Km of >2500 nM, much higher than that calculated for the T5FEN and for the human FEN1, although this cannot be ascertained confidently. 

Both T5FEN and the human FEN1 enzyme exist as an independent protein, rather than as a domain of a larger protein like SpFEN. Therefore, it could be expected that without the rest of the DNA polymerase I protein, the SpFEN domain would have low affinity for its substrate. During DNA replication, the DNA polymerase I would already be attached to the lagging strand and functioning as a polymerase before the FEN domain would be required to process the Okazaki fragments, therefore the FEN domain would already be in close proximity to its substrate at this point. A flexible Pol1 model was proposed where the flexible linker region allows the FEN domain to move adjacent to the polymerase active site. As the polymerase incorporates all the necessary nucleotides into the synthesizing strand, there is no more available 3′ ssDNA, and the polymerase loses its affinity to the DNA substrate, whereas the FEN domain now has the highest affinity for the transient flap substrate allowing cleavage of the flap (Xie & Sayers, 2011). This model (as opposed to a rigid Pol1 model) is supported by the solved structure of the full length streptococcal DNA polymerase I (Chapter 6), where superposition with Taq polymerase revealed rotation of the FEN domain with respect to the Klenow fragment.

From the investigation of the active-site mutants, three of the conserved aspartate residues at locations 139, 141, and 190 were determined to be important for both nucleolytic activities. The results for the conserved aspartate at 193 is inconclusive because of the additional upstream mutation at 116 in site I of the active-site. Likely, the mutation to a lysine at these positions means that not only does that specific residue no longer have the ability to coordinate the metal cation required for catalysis, but the positively charged lysine could also repel the metal ion away from site II.




8.4 Structural studies of SpFEN

Several crystal structures of SpFEN were produced from this study. This included one apo structure, two in complex with DNA, and one as part of the full-length DNA polymerase. With the exception of the full-length protein, these structures were solved to high resolution, and reveal conserved features as well as structural differences between the SpFEN and available FENs in the PDB.

These structures display the conserved beta-sheet in the protein core, helix-loop-helix motifs, and the FEN arch that are all common features of FENs across widely divergent species. Aligning the FEN structures from different organisms with each other, it is revealed that the core of the protein appears to be very well conserved. Major structural differences are found however, for example, in the arch of the protein between some organisms. In T5FEN, the arch is made up of two distinct helices, whereas in SpFEN, the arch is a disordered flexible loop region. This significant difference between the structures is noteworthy since the arch is implicated in DNA substrate binding and interaction. Structural data has given evidence of single-stranded DNA having the ability to thread through its helical arch in T5FEN but not in bacterial FENs.

The ability to thread 5′ flap structures could well be limited to FENs of specific organisms. However, more recently, structural evidence has also been obtained for a threading mechanism in the human exonuclease 1 (hExo1), a member of the 5′-nuclease superfamily (containing Exo1, FEN1, XPG, and GEN1), that possesses 5′-3′ nuclease activity and have a common catalytic core. An intermediate complex of hExo1 with DNA substrates were captured that found 4 nt of a 5 nt flap substrate (f5I) threaded through the hExo1 mobile arch, where the helices were found to have parted slightly to make way for the substrate. Another complex of hExoI with a 2 nt flap substrate (f2II) showed endonucleolytic cleavage of the flap where its scissile bond was placed in the active-site of the enzyme. Here, the mobile arch was found in a more restrictive clamp position (Shi et al, 2017).

The structural differences observed between SpFEN and T5FEN could perhaps indicate a different mechanism of action for bacterial FENs to recognize and bind 5′ flap substrates. However, their general architecture still remain strongly conserved, and with structures showing for DNA threading in FENs and FEN-related proteins in two vastly different organisms (i.e. in a human and in a virus), evidence is perhaps pointing towards a common threading mechanism for all FEN proteins. While the SpFEN arch is shown as a disordered flexible loop region in the crystal structures, conformational change may take place upon substrate binding and closer interaction to a stricter conformation. As shown by the hExoI intermediate structures as well as the T5FEN DNA-free and DNA-threaded structures, a dynamic and mobile arch is revealed that changes conformation upon different stages of the enzymatic reaction (AlMalki et al, 2016, Shi et al, 2017). Thus, more experimental trials will need to be carried out for the SpFEN and other bacterial FEN structures in complex with DNA substrates, since the threading observation was only recently observed structurally.

The intermediate structures of hExo1 in complex with DNA substrates were obtained through a time-resolved trapping technique. First, the reaction of hExoI with DNA substrates was initiated by adding 10-20 mM Mg2+ or Mn2+ ions, then capturing of the intermediates was carried out by cryo-cooling the crystals in liquid nitrogen after different incubation times (between 1-600 seconds). This led to 12 reported intermediate structures on hExo1, revealing the reaction before and after nucleolytic cleavage, with uncleaved, unthreaded, and partially threaded 5′ flap substrates (Shi et al, 2017). The same could potentially be done as well for the SpFEN in complex with DNA. This would allow the WT SpFEN to be used, without the need for sequestering metal ions (i.e. by using EDTA), using inhibitory metal ions (i.e. Ca2+) ions, or using mutant forms of SpFEN that potentially destroys a metal-binding site as was carried out in this project (Shi et al, 2017), all of which may mean that the true mechanism of action of the WT enzyme may not be reflected in the structures. The FEN:DNA co-crystal structures that were obtained for the SpFEN in this project, as discussed represent one snapshot of the whole mechanism: they do not show the 5′ substrate close to the active-site of the enzyme, and it is uncertain at which stage the structure represents (i.e. before substrate binding, or a substrate that has been released). Additionally, the mutation from an aspartate to a lysine in site II of the active-site may have interfered with the ability of SpFEN in binding and interacting with the DNA substrate, and certainly no metal ions were ever observed in any of the structures so far despite high metal salt concentrations added to the conditions. A time-resolved approach with the WT form could well be the answer to determining the SpFEN mechanism of action.
Many crystallographers are now turning towards the use of X-ray free electron lasers (XFEL) to solve crystal structures, instead of traditional crystallography methods. In an XFEL, electrons are accelerated to extremely high energies at almost the speed of light. The electrons are then directed through specially arranged magnets, forcing the electrons to emit x-ray light in sync, which result in highly intense and extremely short femtosecond x-ray pulses. These X-ray flashes have much higher intensities compared to those at traditional synchrotrons (Galli et al, 2015). XFELs have many advantages (as well as limitations) compared to traditional x-ray crystallography. The use of liquid jet delivery allows diffraction data to be collected from nanocrystals at room temperature, which would be much closer to the condition of protein molecules in living cells than at the cryo-cooled conditions in conventional crystallography (Lyubimov et al, 2015). This has the added advantage that temperature-dependent structural dynamics can be observed compared to the static conformation obtained from conventional crystallography. Time resolved crystallography allows molecular movies to be pieced together to reveal significant information about motion for example in enzyme catalysis or ligand binding. This technique has already been used to study the process of splitting water by Photosystem II (Kupitz et al, 2014). XFEL may well be feasible for studying the interaction between SpFEN and DNA, because of the ability to reproduce many crystals for SpFEN:5OV4 in a very short time period. They can then be used to create a molecular video from which to study the dynamics of SpFEN, and how it is able to bind and release 5OV4. This could answer many questions, for example, if DNA does indeed thread through the SpFEN arch. The technique could also have immense implications for drug development in gaining a much more detailed visual understanding how a compound effectively inhibit its target protein.

8.5 Structural comparison between SpFEN and other FENs

Overall, all known FEN structures show remarked structural conservation in their architecture to each other regardless of their host organism or sequence identities, due to the highly essential nature of their function. Therefore, it was expected that SpFEN would be no different. Superposition of the determined apo SpFEN structure with a selection of available structures in the PDB shows that it displays the same general architecture as with other FENs (Figure 8.1), possessing the beta-sheet core surrounded by helices and helix-turn-helix motifs that generally align well with the other FENs.
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Figure 8.1: Superposition of apo SpFEN structure (grey) with various available FEN crystal structures available in the PDB. Viewed in PyMOL. A) Superposition with the T5 FEN (1UT5). B) Superposition with the FEN domain of Taq polymerase (1TAQ). C) Superposition with ExoIX from E. coli (1EXN). D) Superposition with the human FEN-1 (1UL1).
Superposition of the SpFEN with the selected FEN structures in PyMOL (using the cealign function) reveals rough RMSD values of 3.3 Å with the T5 FEN, 4.1 Å with the Taq polymerase FEN, 3.8 Å with the ExoIX, and 5.4 Å with the human FEN1. These scores indicate large deviations between the structures despite an overall structural similarity. Visually, this can be observed notably in specific regions.

The RMSD scores suggest that the apo SpFEN is closest structurally to the T5FEN. However, a major difference can be observed in the FEN arch, where the T5FEN possesses an arch with a distinct helical structure, whereas the SpFEN has a disordered loop for its arch. This difference can also be observed in the ExoIX structure, which also has a helical arch. In all cases except for the Taq polymerase FEN, the SpFEN appears to have a smaller arch. The Taq polymerase FEN on the other hand appears (it is incomplete in the structure) to have a disordered loop, similar to the SpFEN, but it also appears to contain less distinct helices throughout the rest of its structure, which have been replaced with more disordered regions. This seems to be the case as well for the human FEN1, where visually, structural alignment with the SpFEN does appear the least similar out of the 4 structures tested.

The solving of these structures allows closer detailed examination that reveals more subtle differences between them. Importantly, between SpFEN and the human FEN1, there is only 24% identity. Comparing the active-site of SpFEN with that of the human FEN1, it was revealed that a conserved aspartate in SpFEN (D190 in site II) was not present in the human FEN1 (Figure 8.2). Additionally, another conserved aspartate (D116 in site I of the active-site) in SpFEN is replaced by the negatively charged glutamic acid (E160) in the human FEN1. Despite the structural similarity, the differences observed between the SpFEN and other FEN structures, especially with the human FEN1, give hope that a selective drug can be developed against pathogenic organisms using the FEN as the target.
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Figure 8.2: Superposition of SpFEN active-site (teal) with the human FEN1 active-site (pink). Site I and site II conserved residues are shown in both FENs. Viewed in PyMOL. 

8.6 Fragment library screening

Because of time limitations, the library screen against the SpFEN in this thesis represents a preliminary study rather than a full-blown detailed investigation into potential inhibitors of SpFEN.

Fragments with inhibitory activity against the SpFEN endonuclease activity were identified from HTS, although there did seem to unusually high numbers of potential inhibitors detected from a 1000 fragment library (1.5% showing 95% inhibition or higher). Additionally, no correlation was found between this and the top fragments identified from the in silico screen, although lack of correlation between the experimental and in silico screens is not unusual in the field. There will need to be further experiments performed to test for false positives (Khedkar et al, 2005, Hosokawa-Muto et al, 2009, Makau et al, 2017).

Crystal soaking SpFEN with all 1000 fragments is an alternative way to investigating for potential inhibitors, with the advantage that the location of docking can be visualized as opposed to just a prediction from the in silico screen. However, this would require that a large number of good, diffractable and high-resolution crystals of SpFEN can be produced in a relatively quick timescale. For the apo SpFEN structure, only one diffractable crystal has so far been obtained, so unless a method is found to maximize its production, this seems unfeasible at the moment. The experiment could perhaps be performed with SpFEN:5OV4 since these seemed to produce many large diffracting crystals, usually under 24 hours, although if the fragment works to prevent DNA binding the its presence would not be of use. Possible fragments that allow the SpFEN to bind so tightly to its DNA substrate so that it cannot be released could also be identified as potential hits.

8.7 Two distinct FENs in Staphylococcus aureus

The study of FENs from bacterial pathogens should be extended to those organisms that include two distinct FENs within their proteome, one as part of DNA polymerase I, and the other as a separate protein. One such organism is Staphylococcus aureus (Allen et al, 2009), another bacterial pathogen that has been in the spotlight for antibiotic resistance (e.g. MRSA), even more so than Streptococcus pneumoniae. While only vancomycin-tolerant strains of S. pneumoniae have been observed, resistance to this antibiotic has long been reported for S. aureus (VRSA), since 2002 (CDC, 2004). 

The existence of these two FENs means that both must be considered when developing a novel drug using the FEN as the drug target, as one could compensate for the other if its function has been compromised (i.e. through an inhibitor). This idea of redundancy between the two FENs is supported through investigation of the NARSA library. Transposons were found within each FEN in two different strains of S. aureus in the library, indicating that these are non-essential genes, and that the organism can survive even if one of its FENs has lost its function. What would be interesting to investigate is whether introducing a transposon to both FENs in the same strain would lead to a non-viable organism. This certainly would be expected. Work was started to carry out this experiment, but could not be completed because of time limitations.

Some FEN work on the S. aureus has been started during this project concerning the N-terminal domain of DNA Pol1 that has not been discussed in this thesis. So far, the FEN domain sequence has been amplified by PCR from a laboratory strain of S. aureus, cloned into E. coli, expressed and undergone purification – much in the same way as for the streptococcal FEN. Preliminary biochemical experiments on this purified staphylococcal FEN (briefly discussed in Chapter 3) indicate much weaker exonucleolytic activity compared to the streptococcal FEN, based on zymograms and the UV exonuclease assay. 

Crystal trials have also been set up for the staphylococcal FEN at around 20 mg.mL-1, although no crystals were observed for the conditions tested. However, this was done with purified protein that had been in storage for a while, rather than with freshly purified protein. It would also be interesting to perform the crystal trials again with 5OV4 DNA, as was found to easily crystallize the SpFEN.

The continued study of this staphylococcal FEN domain in conjunction with its separate FEN would help elucidate the differences that exist between them, for example, any structural differences between their active sites. This could then allow drug development to proceed, whether one molecule could be produced that is able to target both FENs while still being selective, or whether the two FENs must be targeted separately.

8.8 Further considerations for future drug discovery

While the active site of the flap endonuclease interacts with DNA, it must not be forgotten that this enzyme plays a pivotal role in DNA metabolism and it has many other protein interacting partners as well (Finger et al, 2012), at least in eukaryotes. The development of inhibitors against protein-protein interactions has been challenging because of the large surface areas involved in such interactions (Yin et al, 2014). However, the fragment-based study discussed was able to identify inhibitors of the interaction between the anchor site of bacterial sliding clamp and the motif of its protein partners by which it binds (Yin et al, 2014).

While inhibiting the flap endonuclease is an obvious function for developing new drugs as this will inhibit DNA replication, the same could also be true for enhancing the endonuclease function. If the activity of the nuclease is increased that it becomes extremely potent, this could also have deleterious effects on the cell. It is perhaps much harder to visualize how a molecule could enhance the function of the target rather than inhibit it. However, the fragment library screening did reveal potential fragments that appeared to increase SpFEN activity.

Ongoing work (unpublished) has also revealed that the DNA substrates that the human flap endonuclease prefer are more specific (i.e double flap substrates) than those for the bacterial flap endonucleases. This perhaps raises the possibility of using DNA as a drug, where if possible, a DNA substrate could be designed that binds to the bacterial flap endonuclease but is not able to be cut. Alternatively, the DNA substrates could be delivered and flooded into the bacterial cells, whereby they can act as competitive inhibitors for the real substrates in DNA replication.

Although of course insufficient, the development of new drugs nevertheless plays a necessary role in combating the problem of antibiotic resistance. The work described here recognizes the bacterial flap endonuclease as one potential target for such novel antibiotics, as well as identifying potential conserved and functional aspartate residues that can be targeted using a structure-based approach. 

8.9 Final conclusions

The work presented here follows on from these previous studies on FENs, focusing on the Streptococcus pneumoniae FEN in particular. The work presents several new findings in the field, including some of the first FEN structures as well as the first full-length DNA polymerase I in complex with DNA from a pathogenic organism. In the search for new strategies to combat antibiotic resistance, these findings increase the potential of FENs to be used as a novel target for rational, structure-based drug design, which is certainly something that has begun to generate interest. 

Several issues do still remain debated regarding FENs in the literature, a major one of which is the mechanism by which FENs recognize and bind their DNA substrates. Mechanistic studies reveal threading of DNA through the T5FEN arch, but no structural evidence has yet been compiled for the same system for bacterial FENs, and further investigation will be required to elucidate the mechanism. Nonetheless, the inclusion of a newly solved FEN structure from a bacterial pathogen as well as the identification of several potential inhibitors in this report may well help to turn that interest into reality in the near future.
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