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The sugar fermentation stimulation protein A (SfsA) is ubiquitous among all kingdoms of life.  The structures of E. coli and P. furiosus SfsAs show the protein is unique among DNA-binding proteins, containing both an oligonucleotide-binding (OB) fold and a restriction endonuclease-like domain.  This domain contains the semi-conserved PD-(D/E)xK motif that is the catalytic center of type II restriction endonucleases, and which binds metal ion cofactors to coordinate a cleavage reaction at the substrate.  Accordingly, activity assays have indicated that the enzyme acts as a non-specific nuclease.  The structure of a P. furiosus SfsA-DNA complex has shown that a conserved OB-fold arginine and phenylalanine interdigitate the DNA duplex at a gap position and so may be essential for function.

This thesis presents the results of a structure-function investigation into the roles of highly conserved residues from both SfsA domains.  Site-directed mutants of the key OB-fold residues and the PD-(D/E)xK active site have been produced from E. coli and P. furiosus SfsAs and their structures determined by X-ray crystallography.  This has resulted in the highest resolution structures of SfsA for both species.  Together with these structures, substrate precipitation and DNA degradation activity assays have shown that the active site PD-(D/E)xK residues D117, E130 and K132 are essential for function in P. furiosus SfsA, with the acidic residues coordinating the active site metals and the lysine polarizing the nucleophilic water molecule.  In E. coli SfsA the equivalent E135 residue is also essential, but the D121A mutant retains some residual activity.  The OB-fold R18A, F19A P. furiosus SfsA double mutant, and their E. coli counterparts show that these two residues are essential for binding covalently closed DNA, and for the initial endonuclease event, but not for subsequent exonuclease activity.
[bookmark: _Toc273678822][bookmark: _Toc288040746][bookmark: _Toc288052075]Additionally, the first structure of an E. coli SfsA-DNA complex has been determined to 2.0 Å resolution.  This shows a small conformational change between the two domains and a significant bend in the substrate, which is stablilised through binding of the RF motif.  The transcription factors CRP and TBP bend DNA by a comparable amount, perhaps alluding to the cellular function of SfsA. 
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[bookmark: _Toc288052080]Introduction

This thesis aims to describe the findings of crystallographic and biochemical research into the structure and function of the proposed nuclease SfsA.  Previous work has endeavoured to determine the full function of SfsA, which has included successful structure determination of the Escherichia coli and Pyrococcus furiosus varients of the protein.  However, the physiological role of SfsA remains unidentified and the roles of absolutely conserved residues that are assumed to be of functional importance have not yet been determined.  Investigations into the conserved amino acid residues highlighted in previous studies to be potentially vital components of the enzyme mechanism form the foundation of this thesis.  A full description of preceding research into SfsA is given in this chapter.
 
[bookmark: _Toc288052081]Discovery of SfsA

SfsA owes its name to the discovery of a novel collection of genes identified during investigations into maltose metabolism within Escherichia coli (E. coli) (Kawamukai, 1991).  These ‘sugar fermentation stimulation’ agents comprise 12 genes labelled sfs-A through to L (Kawamukai, 1991; Takeda, 2001).  The first of these genes translates to the protein SfsA, which subsequently became the most fully characterised protein in the sfs group.  Research efforts were concentrated on SfsA following observations on the notable effects of the protein on cellular metabolism within a modified maltose metabolism pathway (Kawamukai, 1991). 

[bookmark: _Toc288052082]Maltose Metabolism in E. coli

Glucose is the preferred energy source of E. coli.  The processing of this carbohydrate necessitates minimal energy expenditure for the cell due to the requirement for fewer metabolic enzymes in comparison to alternative carbohydrate sources (Gomez, 2012).  The expression of genes related to these alternative metabolic pathways is inhibited by the presence of glucose within the cell, known as catabolite repression (Deutscher, 2008).  However, the adaptable nature of the bacterium allows maltose to function as an acceptable secondary metabolite should no glucose be available.  In conditions of glucose deprivation the presence of maltose is detected by chemoreceptors and the phosphoenolpyruvate-dependent sugar phosphotransferase system is alerted.  Cyclic AMP levels in the cell increase, resulting in activation of transcriptional regulators to divert gene expression to the alternate catabolism pathway that utilises maltose as an energy source (Shibuya, 1977).  

The transcriptional induction of two genes, cya and crp, is vital to perpetuate this new nutritional cycle.  The cya gene encodes the protein adenylyl cyclase, an integral membrane protein with an intracellular catalytic domain that produces 3’, 5’-cyclic adenosine monophosphate (cAMP) and pyrophosphate from the catalysis of ATP (Sutherland, 1962).  It is a protein controlled by multiple effectors including G-proteins and protein kinase C, as cAMP is vital to multiple cellular processes (Botsford, 1992).

The crp gene translates to the cAMP receptor protein (CAP), otherwise known as the ‘catabolite activator protein’.  The intracellular CAP requires the binding of cAMP at the N-terminus to increase the enzyme’s affinity for DNA.  This is achieved by rearrarangement of solvent about the protein resulting from a rigid body movement in the secondary structure of the CAP C-terminus on binding of cAMP (Baichoo, 1997).  This enables binding of cAMP-CRP to DNA within a promoter region, acting as a transcriptional regulator by recruiting RNA polymerase to facilitate transcription (Figure 1.1)(McKay, 1982).  Whilst cAMP-CRP can act both as a positive and negative regulator for an extensive assortment of genes, it has the effect of rapidly up-regulating those required for maltose metabolism, situated on the mal operon  (Boos, 1998).
[image: ]
Figure 1.1: The cryststal structure of the cAMP receptor protein bound to cAMP and its cognate DNA sequence, showing the bending of the substate that enables binding of RNA polymerase (PDB: 1RUO, Parkinson, 1996). 

[bookmark: _Toc288052083]The mal operon

The mal operon contains all genes required for maltose metabolism and is separated into malA and malB regions.  The malA region contains malT, which produces an activator protein that interacts with RNA polymerase to positively regulate all other mal gene promoters (Richet, 1989).  malPQ is also siuated at malA, which encodes the enzymes maltodextrin phosphorylase and amylomaltase (Schwarz, 1966).  The malB region contains a range of genes required for maltose uptake into the cell, including malK, lamB, malM and malEFG (Silhavy, 1979).  Once transcribed, the integral membrane proteins MalF and MalG and two copies of the ATP-hydrolyzing subunit MalK compose the ATP binding cassette (ABC) transporter that enables maltose uptake into the cell.  This ensures a cyclical up-regulation of the transporter in the presence of maltose (Martínez-Gómez, 2012).  lamB encodes the maltoporin protein that orchestrtates the transport of maltodextrins across the membrane (Schirmer, 1995) whilst malM encodes the maltose regulon periplasmic protein of unkown function (Rudd, 2000).

The primary function of the cAMP-CRP complex is to activate the transcription of malT and the transport gene cluster malEFG (Boos, 1998).  MalT is a monomeric protein that binds ATP and maltotriose to form a transcriptional activator that is up-regulated under the translational control of cAMP-CRP (Nikaido, 1994).  In concert, cAMP-CRP and MalT bind at alternate signal sequences in the regulatory domain of the EFG gene to form an unusual multi-nucleoprotein complex (Boos, 1998).  This is thought to cause a bend in the DNA of over 55° to enable the binding of RNA polymerase (Rivetti, 1999).

Maltodextrin phosphorylase and amylomaltase products of the malPQ genes are also up-regulated by MalT activation.  These proteins enable eventual metabolism of maltose and maltodextrins to glucose and glucose-1-phosphate.  Amylomaltase is an α-amylase-like transglycosylase that releases glucose from the reducing end of a maltotriose (Barends, 2007).  This forms a maltosyl-maylomaltase complex that requires the transfer of the bound maltosyl residue onto the end of a carbohydrate acceptor, such as another maltose or any larger maltodextrin.  Maltodextrin phosphorylase sequentially lyses the non-reducing ends of larger glucose dextrins to form glucose-1-phosphate (Boos, 1998).  In this way, glucose is made available to the cell.

[bookmark: _Toc288052084]A Modified Metabolic Pathway

SfsA was identified using a strain of E. coli modified to contain an activated allele of CRP (crp*) in the absence of cAMP (Kawamukai, 1991).  Simultaneously, the cya gene was disrupted to cause a phenotypic knockout of the adenylate cyclase protein and therefore creating an absence of cAMP within the cell.  Although the cya gene is not essential for cell survival under nutrient-rich conditions, phenotypic microarrays have shown disruption of the gene has noted effects on maltose metabolism (Bochner, 2001).  The result of this experiment highlights the importance of the cAMP-CRP complex in mal gene activation, as the CRP* protein is only active as a transcriptional activator at the lac operon.  The absence of activity at the mal operon was determined by a lack of any difference in mal gene products in the presence of maltose as a primary metabolite.  In contrast, the lac operon was deemed enabled due to the presence of a high concentration of β-Galactosidase, the translation product of lacZ.  This phenotypic lac+/mal- strain was entitled MK2001.

The MK2001 strain was created to investigate the sfs genes.  In these experiments, plasmids carrying the various sfs genes under the control of a lac promotor were transferred into the MK2001 strain, and the effect of expressing the sfs genes in the mutant host was determined.  Although few of the sfs proteins had previously been isolated, each gene was identified due to its relationship with the cAMP-CRP regulator.  For example, sfsI is positioned upstream from the locus of malA, sfsD is regulated by cAMP-CRP and the sfsH gene includes the cya gene sequence at its locus.  Every gene was found to reinstate the ability of the cell to produce amylomaltase when over-expressed.  Of these Sfs proteins, SfsA appeared to enable the most effective degradation of maltose and so was singled out for further investigation.

Further experiments were performed with another mutant strain, MPL2001 (Takeda, 2001).  This strain was created with the purpose of identifying whether SfsA affects mal expression at a transcriptional level or has a stimulatory effect further downstream in the process.  MPL2001 was formed from the transfer of a chromosome containing a malPp-lacZ fusion gene into MP2001.   More usually, the expression of amylomaltase is under the control of the malP promotor malPp in the malPQ gene.  The MPL2001 strain retains the lac+/mal- phenotype of MK2001, therefore the malP gene is the only mal gene that can be expressed in this strain.  The introduction and over-expression of SfsA into MPL2001 resulted in a 3.5-fold increase in malPp-lacZ expression compared to MK2001, thus indicating that SfsA is a positive transcriptional regulator in the process (Takeda, 2001). 

In wild-type E. coli, the malPQ promoter is under the control of MalT and RNA polymerase.  This indicates that SfsA may have an effect at the malT gene.  Indeed, when incubated with malT and malEK genes the SfsA protein has been observed to bind in a sequence-independent fashion.  An increased expression of MalE maltose binding protein during SfsA over-expression has also been observed (Takeda, 2001). 

[bookmark: _Toc288052085]Maltose metabolism in other organisms

Whilst it is clear that SfsA has a noted effect on maltose metabolism in E. coli, it is not clear as to whether this is the only function or even if it is the primary function of the protein.  There are several indications as to why SfsA is likely to have other cellular effects from these early studies into the protein.  The first is that SfsA does not bind to specific sites at the mal operon (Takeda, 2001).  Other mal transcriptional regulators such as cAMP/CRP and MalT have highly specific recognition sites (Boos, 1998).   As such, SfsA is an enzyme that is unlikely to be specific to the mal operon.  The second indication is that homologues of SfsA have been identified in all three major kingdoms of life; the prokaryotic bacteria and archaea, and single-celled eukaryotes (BLAST NCBI; Altshul, 1997).  For example, the prokaryotic E. coli SfsA shares 38% protein sequence identity with the eukaryotic organism Phytophthora infestans.  However, the maltose metabolic pathways of these organisms are quite different; the fermentation pathway in archaea is more complex than the pathway observed in E. coli, and the eukaryotic pathways are more divergent still.

[bookmark: _Toc288052086]Maltose metabolism in hyperthermophilic archaea

Studies into the hyperthermophilic obligate anaerobes Thermococcus litoralis and Pyrococcus furiosus (P. furiosus) indicate that there are some comparable aspects of archaea maltose metabolism to that of E. coli.  This similarity is due to a suspected horizontal gene transfer of the mal operons between the hyperthermophile bacterium Thermotoga maritima, and the archaea T. litoralis and P. furiosus (Diruggiero, 2000).  These organisms are believed to share a geographical niche as all were isolated from Volcano Island sediment and their mal genes have high sequence similarities.  The P. furiosus genome in particular contains homologues of almost all E. coli maltose metabolic genes, with the greatest level of conservation being between the ABC binding cassette genes (malEFG in E. coli) (Noll, 2008).  It is therefore plausible that SfsA could have similar effects on maltose metabolism in archaea as seen in E. coli.

Within archaea are variations in the metabolic genes present.  While the genomes of Pyrococcus woesei, Pyrococcus abyssi, Pyrococcus horikoshii, and Thermococcus kodakarensis all contain one mal operon, the genomes of P. furiosus and T. litoralis contain two (Noll, 2008).  The first contains the horizontally transferred genes of bacterial origin, and is termed mal-I.  In P. furiosus the mal-I gene PF1739 corresponds to the periplasmic maltose-binding protein MalE of E. coli (Lee, 2006).  PF1740 and PF1741 are equivalent to the MalF and MalG subunits that form the central pore (Lee, 2006).  PF1744 corresponds to the nucleotide-binding component MalK (Lee, 2006).

The mal-II operon contains mdx genes that encode extra transporter proteins to ensure a greater capacity for maltodextrin uptake.  These encode another ATP-binding cassette, with PF1938 binding maltose, PF1936 and PF1937 forming the pore and PF1933 binding ATP (Lee, 2006).  The mdx genes are thought to be orthologues of malEGF and are therefore a more ancient uptake system within the archaea than the mal-I genes gained through horizontal gene transfer.  As such, P. furiosus has been shown to have a greater reliance on the mdx proteins than the mal-I transporter genes (Lee, 2006).  

With two transporter complexes in the cell, a swift transcriptional response to maltose is enacted when P. furiosus is grown on maltose.  malPQ homologues PF0272 and PF1535 are up-regulated, with the former undergoing the greater level of transcription (Lee, 2006).  Like amylomaltase in E. coli, the PF0272 enzyme GtpK is a 4-α-glucanotransferase in the α-amylase family.  It cannot hydrolise maltose but will transfer the glucosyl units to an acceptor another maltodextrin or glucose.  The maltodextrins produced by GtpK are converted to glucose-1-phosphate by maltodextrin phosphorylase, encoded by PF1535.  In this way the P. furiosus maltose metabolic pathway proceeds in a similar manner as that of E. coli (Figure 1.2).

[image: ]

Figure 1.2:  A comparison of the E. coli (A) and P. furiosus (B) maltose fermentation pathways.  When the cell is grown on a maltose carbon source, the genes encoding the proteins shown in the diagram are up-regulated.  The gene allocations are given in place of the protein names to allow for a direct comparison in cellular function.  Uncharacterised enzymes are represented with dashed borders.  Adapted from (Boos, 1998) and (Lee, 2006).
[bookmark: _Toc288052087]Alternative archaea metabolic proteins

An additional or alternative pathway is also available within the P. furiosus cell.  Further to parts of the aforementioned mal-II transporter, another periplasmic protein is present that is absent in E. coli.  This is the amylolytic amylopullulanase, from the PF1935 gene (Lee, 2006).  This enzyme hydrolyses starch to maltodextrin, increasing the availability of maltose in the cell.

Within the cytoplasm, the P. furiosus genome contains another putative α-glucosidase, encoded by PF0132 (Lee, 2006).  This enzyme represents a new family of glucosidases and has not been fully characterized, largely the result of a lack of bacterial homologues of this protein.  However, it has been observed to convert maltose to glucose in P. furiosus.  This enzyme is essential for cell survival and is highly expressed on all carbon sources, so is not specific to maltose metabolism but certainly involved in its fermentation.

Another novel enzyme is encoded by PF1939 (Lee, 2006).  This putative α-amylase is also largely uncharacterized but displays cyclodextrinase activity and pullulanase activity.  The gene is positioned next to the mdx genes in the mal-II operon and is thought to be an intracellular counterpart to the PF0478* gene.  This encodes an extracellular enzyme that generates cyclodextrins, which are catalysed to maltose and glucose by the PF1535 protein (Lee, 2006).

[bookmark: _Toc288052088]Maltose metabolism in eukarya

Maltose metabolism in eukaryotes is highly dependent on the species and in many cases only slightly resembles that of the prokaryotes.  This is due to the greater array of maltose-related proteins required by the specialism of the cell.  For example, photosynthetic plant cells and algae degrade starch to maltose in the chloroplast and require the MEX1 transporter to export maltose to the cytoplasm (Settler 2009).   Here maltose is metabolized by PHS2, an α-glucan phosphorylase orthologue of MalP, and a glucosyltransferase MalQ orthologue DPE2.  However, these enzymes also provide an alternative route to metabolize the glucan residues in soluble heteroglycans to trehalose and so have a broader range of function than their prokaryotic counterparts (Lu, 2006; Radakovits, 2010).  Transcriptional control of these genes is highly regulated, with each gene situated in the telomeric regions of different chromosomes.  Therefore, universal transcriptional regulation of ‘mal’ genes is significantly different in prokaryotes and eukaryotes (Radakovits, 2010).

The system that most closely resembles that of the prokaryotes is the maltose fermentation pathway of yeast.  Similarly to the archaea, starch is broken down extracellularly and is transported into the cell via malT, a maltose permease ABC- binding cassette.  It is then metabolized by the intracellular alpha-D-glucosidase MalS, known simply as yeast maltase (Chow, 1983).

Like MalT of E. coli, malR is a positive regulator responsible for all yeast mal gene expression (Ostrgaard, 2000).  However, the transcription of the mal proteins is much more complex.  There are multiple mal alleles within a yeast cell instead of a single operon in bacteria, with numbers of alleles varying with species (Chow, 1983).  For example, Saccharomyces cerevisiae contains five unlinked and independent mal loci termed mal1-4 and mal6.  Each one of these active loci contains the malT, malR and malS genes and more than one locus must be transcriptionally active for protein synthesis (Jiang, 2008).
[bookmark: _Toc288052089]The limitations of maltose fermentation pathways

In summary E. coli and P. furiosus appear as model organisms, the maltose fermentation pathways for each having been the most extensively studied for their repective kingdoms.  Nonetheless, the differences between the maltose metabolism of E. coli and P. furiosus are difficult to ascertain for certain. 

One reason for this is that the archaeal pathways have been much less extensively studied than the bacterial pathways, with a greater number of maltose-related proteins of unknown function.   Several genes identified in P. furiosus have no bacterial homologues and are up-regulated when cells are grown on a maltose carbon source.  These include PF0261 and PF0262, which are predicted to be membrane associated efflux transporters.  The genes PF1109 and PF1110 are predicted to encode hypothetical proteins containing carbohydrate binding family 9 (CBD9) domains. (Lee, 2006).  PF0312 is the gene for a novel ADP-dependent glucokinase that requires ADP to produce glucose-6-Pi from glucose.

A further reason is that maltose metabolism pathways differ even within a kingdom; not all bacteria fermentation pathways are equivalent to that of E. coli, nor all archaea pathways equivalent to that of P. furiosus.  For example, the PF1256 gene that encodes a membrane-bound α-glucosidase in P. furiosus is absent from E. coli (Lee, 2006) and yet shares a 43% sequence identity to an α-glucosidase recently identified in the bacterium Thermococcus hydrothermalis.  Due to this diversity, even the metabolic enzymes outlined previously may have divergent physiological functions that have yet to be ascertained.  The presence of SfsA in a diverse range of species and in all major kingdoms therefore complicates theories of its function, although the consistent protein sequence identity of around 40% or above suggest divergent rather than convergent evolution.

[bookmark: _Toc288052090]The Embden-Meyerhof pathway

If it is questionable that SfsA is a specific maltose metabolism transcriptional regulator, then it is possible that SfsA has a wider influence on sugar fermentation.

SfsA from Vibiro cholerae has been linked with sorbitol fermentation during investigations into pathogenicity testing mechanisms (QingHua, 2006).  A marker for V. cholera pathogenicity is the rate of sorbitol fermentation; a slower rate indicates an epidemic strain.  The expression of SfsA was increased when sorbitol was introduced to the growth medium of the cells.  SfsA levels in the cell were increased by a factor of ten in the non-epidemic strain and a factor of 5 in the epidemic strain (QingHua, 2006).  It may be that SfsA is less specialised the previously thought.  In this case, SfsA could play a non-specific role in carbohydrate metabolism.

As previously noted, glucose is the preferable metabolite for bacteria and archaea as it is most efficiently oxidised.  All of the maltose fermentation pathways described previosuly produce glucose to enable a continuation of glycolysis.  Unlike the maltose fermentation pathways that differ significantly between eukaryotes and prokaryotes, the Embden-Meyerhoff glycolytic pathways are highly conserved.

Named for the primary investigators Gustav Embden and Otto Meyerhof (Voet, 2004), the EM pathway charts the oxidation of glucose to pyruvate and ATP through the utilisation of ten key enzymes (Figure 1.3).  The major enzymes present are common to all kingdoms glucokinase (GLK), phosphofructokinase (PFK), and pyruvate kinase (PK) and are under allosteric control in E. coli (Dandeker, 1999).

The obligate anaerobe P. furiosus also follows this pathway but controls are typically found at the transcriptional level (Siebers, 2005).  An exception to this may be glyceraldehyde-3-phosphate dehydrogenase (GAPN), with a multiple effector system having been observed in Thermoproteus tenax GAPN (Lorentzen, 2004).  Up-regulation of phosphoglucose isomerase of the cupin superfamily (cPGI), phosphofructokinase (PFK), glyceraldehyde-3-phosphate ferredoxin oxidoreductase (GAPOR) and triosephosphate isomerase (TIM) were observed during microarray experiments (Schut, 2003).

However, the glucose catabolism pathways also differ between species and kingdoms.  Facultative anaerobes such as Sulfolobus and Thermoplasma follow a non-phosphorylated Entner-Doudoroff pathway that requires KDG aldolase, glyceraldehyde dehydrogenase and glycerate kinase (Shafer, 1992).  Some aerobic archaea such as Halobacterium also follow an Entner-Doudoroff pathway that requires KDG kinase and KDPG aldolase to form pyruvate (Verhees, 2003).  A homologue of SfsA has been identified in the related archaea Halopiger xanaduensis and so this, coupled with the allosteric control of the EM pathway in E. coli, indicates a generalised role for SfsA in sugar metabolism is unlikely.
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Figure 1.3:  A schematic of the Embden-Meyerhof pathways in E. coli and P. furiosus to allow for comparisons between the classical bacterial pathway and the modified archaea pathway  (based on Sakuraba, 2004).  Abbreviations: GLK, glucokinase; PGI, phosphoglucose isomerase; PFK, phosphofructokinase; FBP, fructose-1,6-bisphosphate adolase; TIM, triosephosphate isomerase; GAPDH/GAPN, glyceraldehyde-3-phosphate dehydrogenase/ (NADP+); GAPOR, glyceraldehyde-3-phosphate ferridozin oxidoreductase; PGK, phosphoglycerate kinase; PGM, phosphoglycerate mutase; PK, pyruvate kinase.
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[bookmark: _Toc288052092]Further evidence supporting an alternative function for SfsA

Following on from the initial studies of SfsA and the suggestion that the protein is a transcriptional regulator, investigations performed by Jasper Akerboom under the supervision of John van der Oost (Wagningen University, The Netherlands) showed that E. coli SfsA co-purifies with a range of DNA bound non-specifically in the active site.  This is consistent with the initial assessment that SfsA is a transcriptional regulator.  However, sequencing of these fragments show SfsA is bound to coding regions of the E. coli genome, reducing the possibility that SfsA binds primarily to non-coding regulatory regions as suggested by the effects on the mal operon (Akerboom, 2007).

When the same experiement was repeated with SfsA from P. furiosus, the protein co-purified with transfer RNA, ribosomal RNA and messenger RNA when expressed in E. coli (Akerboom, 2007).  The tRNAs isolated from the co-purification comprised varying sequences, although a weak trend towards binding D and TφC tRNA loops at the 5’ and 3’ ends respectively was observed (Hayashi, 2006).  The rRNA also contained no consensus sequences but all fragments were situated approximately 15 Å away from the 30S ribosomal protein RpsO, and 8 Å away from the 50S protein RpmB in the intact ribosome.  These proteins are required for complete ribosome assembly (Held, 1974; Maguire, 1997) and it may be inferred that SfsA has a regulatory effect on ribosome binding or assembly from these findings.  However, as transcription and translation in prokaryotes are coupled, there is a close relationship between RNA polymerase and the ribosome that follows close behind (Proshkin, 2010).  As a consequense it may be that SfsA interacts less with the ribosome and more with the RNA polymerase also in the vicinity, as is supported by the results of Kawamukai et al (Kawamukai, 1991; Takeda, 2001).



[bookmark: _Toc288052093]SfsA pull downs and genomic context

To continue his studies into E. coli SfsA, Dr Akerboom completed pull-down experiments with E. coli cell lysate and a His-tagged protein immobilised on a Ni-NTA column.  Polypeptides retained from the lysate and assumed bound to SsfA were isolated by SDS-PAGE and analysed by mass spectroscopy.  It was observed that CRP could be a potential binding partner of E. coli SfsA, which would concur with the potential transcriptional regulator function of SfsA (Akerboom, 2007).  In correspondence with the co-purification experiments, SfsA also pulled down the ribosomal proteins RpsO and RpmB.  While it is unclear as to whether this indicates that SfsA may form part of the transcription/translation complex, it was considered further evidence that SfsA can and does bind to DNA in E. coli.  To further this assessment, the predicted transcriptional regulator YqjI has also been identified as a potential binding partner of SfsA (Akerboom, 2007).  YqjI is a homologue of the NdeD nodulation formation efficiency protein and is thought to be a transcriptional repressor of the divergent operon yqjH-yqjI (Yokoyama, 2005).  The protein is inactivated by divalent metals but in their absence binds repetitive extragenic palindromic (REP) sequences to regulate the synthesis of an NADPH-dependent ferric reductase.  YqjI represses the expression of yqjH, an enzyme involved in iron homeostasis under excess nickel conditions (Wang, 2010).  Its relationship with SfsA is questionable, but it could also indicate a wider regulatory role for the protein.  It may also be related to the unusual secondary structure formation of the stem loop REP structure of the yqjI binding site (Stern, 1984).

A separate study shows that yadB, a paralog of glutamyl-tRNA synthetase, pulls down SfsA, but not vice versa (Arifuzzaman, 2006).  YadB also binds to stem loop folds of aminoacylate tRNAAsp along with glutamate, resulting in a glutamyl-queuosine at the wobble position of the anti-codon. It is thought that the glutamylacylated tRNAAsp product could provide an amino acid donor in non-ribosome-mediated peptide synthesis (Dubois, 2004).  YadB proteins are only present in bacteria and so any interaction with SfsA is specific to this kingdom.  It is also co-transcribed with the stress response protein dksA.  Studies of yadB homologues in Pseudomonas aeruginosa, Yersinia pestis and Vibrio cholerae suggest that it too plays a part in the stress response pathway (Dubois, 2004).
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Figure 1.4:  A schematic representing the genomic context of E. coli SfsA.  Three genes downstream and two genes upstream of SfsA are all involved in nucleotide regulation.  Arrows indicate the direction of transcription for each of the genes.

Several of the above proteins may be co-transcribed with SfsA as they share the same gene locus in several bacteria species (Figure 1.4).  The genomic context of E. coli and its close species relatives Salmonella, Shingella, Yersina, Vibrio and Shewanella were found to contain a conserved gene order upstream and downstream of SfsA, which may give insights into its function (Akerboom, 2007). 

Directly downstream from SfsA is the dksA gene.  The dksA protein is a global stress regulator, and as such may indicate a stress response role for SfsA.  During starvation conditions, deficiencies in amino acid or carbon sources provoke the ‘stringent response’ in the cell.  This response is immediate at a transcriptional level, with RNA synthesis and DNA replication down-regulated.  Protein turnover is up-regulated and the resulting stimulation of amino acid biosynthesis promotes cell survival (Foster, 2007).  The accumulation of unusual guanosine nucleotides ppGpp and pppGpp, together with dksA, are responsible for implementing this response through binding to RNA polymerase (Srivatsan, 2008).  This has the effect of repressing rRNA transcription and prevents clashes between replication and transcription machinery to allow the continuation of transcription at biosynthesis promoters (Paul, 2004). 

Further on from dksA is the yadB gene, which encodes the afomentioned a glutamyl-tRNA synthetase that pulls down SfsA.  Following this is the pcnB gene, which encodes a poly(A) polymerase I.  This protein is responsible for inhibition of the RNA I8 antisense repressor of ColE1-like plasmids, therefore increasing plasmid copy number (Xu, 1993).   It also modulates mRNA turnover through the addition of poly(A) tails that mark RNA for degradation (Mohanty, 1999).

Upstream from SfsA is a predicted ATP-dependant DEAH-box helicase hrpB gene, although its role in gene expression is yet to be established (Kaberdin, 2013).   The neighbouring gene upstream from SfsA is ligT, encoding a tRNA Ligase that targets tRNA half-molecules containing nucleoside base modifications to form a 2’-5’ phosphodiester bridge (Arn, 1996).

Unfortunately, a similar comparison cannot be made in P. furiosus, as the gene order is not conserved between related archaea.  Within the P. furiosus genome itself, the regions surrounding SfsA do not contain genes encoding for nucleic acid-associated proteins (Akerboom, 2007).  This is a surprising find, as the structures of E. coli SfsA and P. furiosus SfsA have subsequently been determined and found to be remarkably similar.

[bookmark: _Toc288052094]The structure of E. coli and P. furiosus SfsAs

In 2007 the structures of E. coli and P. furiosus SfsA were solved using the selenomethionine phasing method of X-ray crystallography (Allen, 2011).  These were obtained at a 1.8 Å resolution for the P. furiosus SfsA structure and a 2.2 Å resolution for the E. coli protein.  At these resolutions the major structural components of SfsA could be determined.

SfsA incorporates two separate DNA binding domains in a structure that is unique among all known superfamilies.  The first of these domains is an oligonucleotide binding (OB) fold at the N-terminal, and encompassing approximately the first 70 residues of the sequence.  Around 150 residues comprise a second domain at the C-teminus and this region is termed the restriction endonuclease-like domain (Figure 1.5).  This structurally conserved domain contains the conserved PD-(D/E)xK catalytic motif typical of a variety of nucleases, indicating a previously unexpected function for SfsA.
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Figure 1.5: The secondary and tertiary structures of wild type E. coli SfsA (A) and wild type P. furiosus SfsA (B) shown in cartoon representation, along with schematics of domain classifications.  The structural homology of SfsA is apparent, with an N-terminal OB-fold β-barrel and C-terminal restriction endonuclease-like domain.  The termini have been labeled and residues comprising the start and end of these structural motifs have ebeen highlighted.

[bookmark: _Toc288052095]The oligonucleotide-binding fold in SfsA

The OB-fold is present within 16 superfamilies in the SCOP database, mostly comprising oligosaccharide and oligonucleotide binding proteins (Murzin, 1993).  It was originally identified in bacteria and yeast, but later found to be present in all kingdoms of life, and is typically required for non-specific binding to coding sequences of single-stranded DNA and RNA (Murzin, 1993).  The OB-fold is an integral component of genome stability mechanisms within the cell, due to the roles of OB-fold containing proteins in DNA damage checkpoint and repair.  Examples of proteins containing OB-folds include the eukaryotic replication protein A (RPA), essential for replication, recombination and DNA repair; the bacterial cold shock protein CspA, an RNA chaperone that regulates cold stress adaptation through initiating transcription; and the telomere-binding protein TPP1, which is required for telomere synthesis maintenance (Theobald, 2006; Graumann, 1998; Zhong, 2012).  Some proteins, such as the human replication protein A, are able to distinguish between DNA and RNA though recognition of T-rich substrates (Kim, 1992).

In addition to the variability of functions performed by OB-fold proteins, the fold also demonstrates a low degree of sequence similarity between different proteins and organisms (Murzin, 1993).   As a measure of sequence similarity, proteins that share 25 % or less homology cannot be reliably modeled based on an experimentally determined structure (Kopp, 2004).  Nonetheless, the fold is always formed from two- to three-stranded antiparallel β-sheets coiled into a β-barrel.  A helix of variable length often lies between the 3rd and 4th strand, causing the barrel to be ‘open’ or ‘closed’ depending on the position relative to the β-stands.  A cleft in the structure often signifies the DNA binding site with connecting loops also thought to play a role in binding specificities (Flynn, 2011).  The OB-fold canonical structure can vary by length between 70-150 residues, due to these multiple linking loops and the α-helix positioned at the apex. 



The SfsA OB-fold is of classic composition, comprising a β-barrel formed from two three-stranded β-sheets that share the β1 strand between them.  The five strands form a Greek key motif, with the α1 helix at the ‘top’ of the barrel (Figure 1.6).  
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Figure 1.6: A schematic demonstrating the Greek key motif of SfsA, with the β-strands labeled accordingly.

The role of this domain in oligonucleotide binding is indicated by comparing the SfsA structure with other proteins of known structure using the DALI server (Holm, 2010).  The top Dali hits returned for the structure of the P. furiosus SfsA OB-fold are highly similar to the Homo sapiens MGC11102 RNA-binding transcriptional activator (PDB: 2DGY, Abe, to be published) and the mammalian elongation factor 1A (PDB: 4CXH, Budkevich, 2014), the OB-domains of which are instrumental in RNA binding (Figure 1.7).  These homologies may suggest that the substrate of SfsA is in fact RNA, but for the presence of the second domain.
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Figure 1.7: The structures of SfsA oligonucleotide-biding folds and how these compare to the closest structural homologues.  The first 80 residues of the E. coli SfsA N-terminus (A) and the P. furiosus SfsA N-terminus (B) viewed from the same orientation in cartoon format.  The N-terminus is coloured blue.  Also shown are the closest Dali hits with P. furiosus SfsA used as a search model, so showing an overlay with the RNA-binding transcriptional activator MGC11102 (C) and the elongation factor 1A (D) (PDB: 2DGY and 4CXH).   The root mean squared (r.m.s.d) deviations of the α-carbon backbone positions are 3.8 Å2 and 2.1 Å2 respectively.




[bookmark: _Toc288052096]The restriction endonuclease-like domain in SfsA

The second domain of SfsA is the restriction endonuclease-like domain, so named for its comparable structural homology with the conserved structure of Type II restriction endonucleases (Figure 1.8).  Like the OB-fold, this domain has a remarkably low primary structure homology across the restriction enzyme family and yet has a conserved secondary structure topology of a mixed β-sheet surrounded by helices in an αβββαβ formation.  SfsA conforms to this model, although its β-sheet is more extensive with seven β-strands forming the core.  β9, β12 and β14 are arranged in a parallel fashion, with the flanking strands β7, β8 and β15, β0 antiparallel to one another.  The β-strands are arranged to allow the conserved active site residues to come into contact, which orchestrate oligonucleotide cleavage.

The closest Dali hits for the restriction endonuclease-like domain that also contain the same conserved nuclease motif are the Bacillus sp. D6 Type IIS restriction endonuclease R.BspD6I (PDB: 2EWF; Kachalova, 2008) and the Pyrococcus abyssi NucS nuclease (PDB: 2VLD; Ren, 2009).  Unlike the closest Dali hits of the OB-fold these restriction endonuclease-like domains target DNA, with R.BspD6I acting as a nicking endonuclease at asymmetric DNA sequences (Kachalova, 2008) and NucS acting on branched DNA to cleave the junction between the single-stranded and double-stranded DNA (Creze, 2012).

The β-sheet arrangement as seen in SfsA can be phylogenetically traced to fold motifs in enzymes involved in nuclease replication, repair and recombination.  Examples include various phage exonucleases, ssDNA nicking nucleases, homing enzymes, non-long terminal repeat nucleases and archael Holliday junction resolvases in addition to the restriction endonucleases (Kosinski, 2005).  Each of the nucleases considered above contain the same conserved catalytic residues within the restriction endonuclease-like domain.  This is termed the PD-(D/E)xK motif. 
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Figure 1.8:  The structures of the E. coli and P. furiosus SfsA restriction endonuclease-like domains and homologous partners as identified by DALI.  Similarity in topology can be seen between residues 82-234 of E. coli SfsA (A) and residues 80-230 of P. furiosus SfsA (B).  All α-helicies, β-strands and connecting loop are allocated, demonstrating that SfsA follows the classical structural model for this domain.  The top two Dali results using the P. furiosus SfsA restriction endonuclease-like domain containing the PD-(D/E)xK motif are shown, each having an r.m.s. deviation  of 3.4 Å2.  These restriction endonuclease-like folds are residues 414-538 of the nicking endonuclease N. BSPD6 (C) and one subunit of the P. abyssi NucS nuclease (D) (PDB: 2EWF and 2VLD).


[bookmark: _Toc288052097]The PD-(D/E)xK motif in SfsA

In 2012 a comprehensive study into the categorisation of enzymes containing the catalytic motif PD-(D/E)xK was completed, which revealed 21, 900 proteins are present within this superfamily (Steczkiewicz, 2012).  Historically, it has been difficult to identify the PD-(D/E)xK motif using standard sequence comparisons.  This is due to the semi-conserved nature of the motif and the dispersal of residues about the secondary structure of the restriction endonuclease-like domain (Pingoud, 2001).

The PD-(D/E)xK motif is bipartite, with the hyphen representing a gap comprising ten to thirty unconserved residues. The ‘x’ residue in the second half of the sequence indicates that any hydrophobic residue can be present.  For several nucleases it is common for the initial proline to be absent, the serine, threonine or alanine exchanged for the central aspartate/glutamate, and the terminal lysine replaced with glutamate.  These variations have been seen in the restriction enzymes SsoII, PspGI and EcoRII respectively (Pingoud, 2005).  Nonetheless, almost all Type II restriction endonucleases were found to contain a PD-(D/E)xK motif.

SfsA was previously classified as part of the PD-(D/E)xK superfamily in 2005 (Kosinski, 2005).  The SfsA motif actually reads D-ExK, with a past precedent being set for the absence of the proline in the bacterial homing nuclease I-SspI and the restriction endonuclease HincII (Menon, 2010).  The structure determination of SfsA confirms this is the case, as the motif becomes visible when observing the tertiary structure.  The restriction endonuclease-like fold forms a conserved secondary structure scaffold to make the bipartite partitioning of the conserved residues redundant, positioning the D-ExK residues close to one another on the central β-sheet.  The 2012 study reveals the PD-(D/E)xK sequence to be inseparable from the restriction endonuclease-like fold, with the second and third β-stands typically containing the motif (Steczkiewicz, 2012).  In SfsA the aspartate is found on the Lβ7-β8 loop of P. furiosus SfsA before the start of the β8 strand and the N-terminal end of the β8 strand of E. coli SfsA.  The canonical ExK is positioned on the C-terminal end of the β9 strand, with the ‘x’ comprised of valine 134 and threonine 131 in P. furiosus and E. coli SfsA respectively.

The PD-(D/E)xK motif has been identified as comprising the active sites of Type II restriction endonucleases.  All PD-(D/E)xK motif-containing enzymes are thought to effect cleavage of the phosphodiested backbone of an oligonucleotide through coordinating between one and three divalent metal ion cofactors.  Twenty-eight Type IIP restriction endonucleases have been successfully crystallized since the structure of EcoRI was solved in 1986 (Orlowski, 2008) and within many of these structures metals have been observed to be bound at the PD-(D/E)xK motif.  Although the native metal is hypothesized to be magnesium, this metal has been substituted for a range of divalent (and sometimes monovalent) cofactors that include Mn2+, Fe2+, Co2+, Ni2+, Zn2+, Cd2+ and Na+ (Pingoud, 2001).  These cations are required to decrease electrostatic repulsion between the phosphate groups of the nucleotide backbone and the active site carboxylates upon binding of the substrate.
[bookmark: _Toc288052098]The proposed catalytic mechanism for the PD-(D/E)xK motif

In addition to balancing charges at the active site, the metals are believed to coordinate nucleophillic water, through which the enzyme performs the cleavage reaction.  In the schematic taken from Xie, 2010 (Figure 1.9) one metal ion positions a water molecule close to a phosphoryl of the DNA backbone in order to perform an in-line nucleophilic attack (Imhof, 2009).  The DNA backbone is held in place through completing the coordination shells of both metal ions, having displaced a water molecule that had previously filled this role.  The nuclophilic water is activated through removal of a proton to form hydroxide.  During the attack, the hydroxide electrons are shared with the tetrahedral phosphorus to form a transitional enzyme-substrate intermediate.  The resultant triagonal bipyramid at the phosphate is comprised of three equatorial and two axial oxygens.  Here, the positive charge of the ion is thought to balance the negatively charged phosphorus to promote stability in the transition state complex.  From the transition state a second water molecule coordinated by the second metal ion protonates the leaving group to enable a break from the phosphate-bridging oxygen and allowing the release of DNA.
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Figure 1.9: Schematic taken from Xie et al. (Xie, 2010), which demonstrates a potential reaction mechanism of catalysis in restriction endonuclease-like proteins for a two-ion system.  Along with coordinating the proton donors and phosphate backbone, the Mg2+ cofactors of this model are thought to lower the free energy of phosphoanion transition state to increase the rate of reaction (Galburt and Stoddard, 2002).

There is little consensus on the number of metals that should be seen in Type II restriction endonuclease active sites, even within proteins originating from the same species.  For example, 17 structures of EcoRV have been determined and each contain one, two or three ions bound at the PD-(D/E)xK motif (Pingoud, 2001).  Other restriction endonuclease structures that show a more consistent binding pattern over separate crystallography experiments include BglII and EcoRI with one metal bound, and BglI, BanHI and PvuII with two ions bound (Horton, 2000).  The two–ion mechanism described above is just one proposed mechanism, though it is the most widely agreed-upon (Imhof, 2009; Galburt 2002).

Two structures of SfsA containing metal ions have been obtained.  The wild type apo structure of P. furiosus SfsA binds two calcium ions at positions designated metal sites 1 and 2.  The wild type apo structure of E. coli SfsA has bound a single sodium ion at metal site 1 (Allen, 2011).  Whilst these metals do not necessarily represent physiological metal binding, these structures are good indications of the positions and coordination spheres for the native Mg2+.  As such, SfsA may follow a mechanism such as that described for the restriction endonucleases.  However, the differing numbers of ions observed in the E. coli SfsA and P. furiosus SfsA structures hinders an assessment of mechanism.  One of the aims of this thesis is to better understand the metal ion binding requirements for SfsA and whether these requirements are species-dependant.  A conventional method of investigating the motif is to perform point mutations on the conserved residues to alter the charge and steric balance of the active site (Rimseliene, 2000; Tamulaitis, 2006; Waugh, 1993; Pieper, 2002).  These can then be used in biochemical and structural investigations to allow for a comparison with the active site mechanisms of the restriction endonucleases.

[bookmark: _Toc288052099]The structure of DNA bound to P. furiosus SfsA

One of the most significant clues as to the function of SfsA has come as a result of co-crystallisation experiments of SfsA with a multitude of substrates (Allen, 2011).  Gel shift assays indicate that SfsA both binds and cleaves double-stranded DNA and RNA, but there appears to be no particular nucleotide base recognition site, unlike the mode of operation for all restriction endonucleases (Akerboom, 2007; Allen, 2011).  Because of this, crystallisations of the protein with a large range of constructs were attempted.  One SfsA-DNA complex structure was produced, comprising the wild type P. furiosus SfsA and a 12-base oligonucleotide that had self-annealed to form a duplex (Figure 1.10).  This unconventional oligonucleotide pairing results in three 5’ overhanging bases, which pair with the overhangs of the neighboring oligonucleotide in the crystal.  Beause of this, the oligonucleotides are bound together in a sequential fashion to form chains through the crystal lattice, which perhaps plays a significant scaffolding role in crystal formation.  The DNA is situated in the cleft between the OB-fold and the restriction endonuclease-like domain, with one phosphodiester bond within close proximity of the catalytic metals.  
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Figure 1.10:  The P. furiosus SfsA-DNA complex in the crystal lattice is orchestrated by specific binding of the substrate to both the OB-fold and restriction endonuclease-like domain.  The position of DNA bound at an SfsA monomer indicates contact with both domains, made possible through a bend in the helix.

[bookmark: _Toc288052100]SfsA binds to a gap in the DNA duplex

In the 5’ overhang regions a gap constituting a single unpaired base is formed; the strand 3’ to the gap lies across the OB-fold and the strand 5’ to the gap interacts with the nuclease domain.  A monomeric SfsA is bound at each gap, resulting in two closely positioned structures in a face-to-face arrangement.  Both E. coli and P. furiosus SfsAs have been further certified as monomeric proteins by gel filtration analysis.  Of the PD-(D/E)xK-containing nucleotides, the very short patch (Vsr) repair endonuclease (Tsutakawa, 1999) also binds and cleaves a monomer, unlike the dimeric type II restriction endonucleases (Pingoud, 2005) and the trimeric phage λ exonuclease (Kovall, 1997).  

The most significant aspect of this structure is the accommodation of the gap by the conserved residues arginine 20 and phenylalanine 21 (equivalent to R18 and F19 in E. coli SfsA), which are positioned on the Lβ1-β2 loop of the OB-fold.  The side chains of these residues appear to have inserted into the cleft to take the palce of the missing base, which is positioned on the putative non-scissile strand.  The arginine forms two pyrimidine-specific hydrogen bonds with the unmatched cytosine, while the guanidinium moiety of the arginine and phenyl ring of the phenylalanine π-stacks onto the next nucleotide in the sequence.  Whether this interaction is base-specific in a natural environment is unknown, as too is the role of the conserved residues.  A bend in the DNA was observed, although it is unclear as to whether this bend was induced by SfsA binding or was already present in the DNA as a result of the atypical duplex structure.

The phosphoryl group of the DNA nucleotide placed 5’ of the gap is positioned within 5.0 Å of the PD-(D/E)xK lysine, indicating that this nucleotide may be cleaved in an active enzyme.  Metal ions are not present in the structure and so the enzyme is inactive and no cleavage of the bound substrate has taken place.  Nonetheless, if the metal-containing P. furiosus SfsA structure is superposed onto the DNA-bound complex structure, the putative scissile water is positioned 1.3 Å away from the putative scissile phosphate.  The close positioning of the gap and the scissile bond may suggest a possible binding requirement for a gapped strand.

Many questions remain about the structure of the substate of the DNA duplex seen in the crystal.  The atypical structure surrounding the gap is comprised of a G-T wobble-pair, a standard Watson-Crick C-G pair and a T-T homo-pyrimidine pair.  Wobble pairs are usually seen only in RNA secondary structures (Varani, 2000).  T-T pairs are considered a mismatch formed erroniously during replecation or repair, or via heteroduplex formation after homologous recombination (Gantchev, 2005).  It is unclear whether these features indicate a possible function for SfsA or whether the enzyme has a promiscuous binding ability.


[bookmark: _Toc288052101]The DNA-binding surface of SfsA

The surface charges of both E. coli and P. furiosus SfsA are positioned to form favourable interactions with the substrate.  For this reason, positively charged residues are situated along the putative DNA binding cleft.  With their side chains exposed on the protein surface, these residues can form favourable electrostatic interactions with the DNA backbone (Figure 1.11).  Similar charge distributions in each of the domains have been demonstrated in other DNA-binding proteins; the OB-folds of the ribosomal protein S17 and aspartyl-tRNA synthetase contain a positively charged face, as do the regions neighboring the active sites of the restriction endonucleases BamHI and Vsr (Pingoud, 2005; Tsutakawa, 1999). 

The opposite faces of both proteins display less focused charge clusters, with regions of positive, negative and neutral charge all seen.  The small patches of charged surface could provide an interactive surface for other proteins.  It is possible that SfsA could come into close contact with other DNA-contacting proteins if it is indeed a transcriptional regulator, with proximity to CRP, MalT, RNA polymerase and the ribosome indicated by the initial characterisation and pull down assays of SfsA.
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Figure 1.11:  The surface electrostatics of the P. furiosus SfsA are shown along the nucleotide-binding cleft and the opposite face of the protein.  In this surface representation of the protein, blue indicates residues with a partially positive charge and red indicates residues with a partially negative charge.

[bookmark: _Toc288052102]  Structural homology of SfsA

The E. coli and P. furiosus SfsA structures show that the secondary and tertiary structures of the proteins are very similar.  Sequential structure alignment programs can be used to produce an SSAP score as a measure of tertiary structure similarity between proteins.  Structures with a SSAP of 80 and above are considered highly similar in domain organisation and folding (Porwal, 2007).  When the structures of the wild-type E. coli SfsA and P. furiosus SfsAs are submitted to the CATH programme, an SSAP score of 87% is returned (Sillitoe, 2013).  This corresponds to a 97% overlap in the secondary structures, an almost exact superposition.  

Despite the high secondary structure similarity, the proteins have a low primary structure sequence identity of 28% (ClustalW, accessed Jan 2014).  Homology of the enzymes is better inferred from the gene sequences of the protein.  The sfs gene sequence encoding the E. coli and P. furiosus SfsA has an absolute conservation of 53% (Figure 1.12).

The low sequence similarity of the SfsA proteins corresponds to the primary and secondary structure relationships of the restriction endonucleases.  Restriction systems are categorized into a ‘type’ based on differences in target DNA sequences, cleavage sites, cofactor reliance and complex formation rather than protein homology as would normally be the case for enzyme nomenclature (Pingoud, 2005).  This is because primary structure identities between restriction enzymes are so low that they do not provide a basis for classification (Jeltch, 1995).  Nonetheless there are distinct secondary and tertiary structure homologies among the 28 Type IIP restriction endonucleases crystallised (Orlowski and Bujnicki, 2008).  It is this similarity that provides the functional similarities, proving that homologous enzymes exhibit close relationships despite sequence divergence.
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Figure 1.12:  The structural alignments of E. coli and P. furiosus SfsAs, including the DNA sequence alignments of the genes and the amino acid sequence alignments of the proteins. In the first alignment, the fully conserved nucleotides are highlighted in blue.  In the primary structure alignment, absolutely conserved residues are listed as the consensus sequence.  The degree of conservation of physical properties is indicated by the chart and the corresponding residues highlighted as follows; purple: negatively charged carboxylic acids, green: positively charged residues and blue: hydrophobic residues.  The alignments were constructed using ClustalW and Jalview.


[bookmark: _Toc288052103]SfsA is a ubiquitous protein

The high similarity of the secondary and tertiary structures makes a strong case for a divergent evolutionary relationship and indicates a specific cellular function due to the conservation of structure.  The origins of SfsA can therefore be attributed to either its presence in early primordial organisms, or extensive horizontal gene transfer.  While evidence for either is difficult to obtain with certainty, both of these hypotheses illustrate the importance of SfsA to cellular function.  While the true functions of SfsA have yet to be eluded, it is certain that this nuclease is one component of cellular metabolism that may be required in specific environmental conditions.  This is evidenced by the identification of putative SfsA proteins within the genomes of bacteria, archaea and eukaryotes, comprising the three major kingdoms of life (Figure 1.13).  However, knockouts of SfsA from E. coli have shown that the protein is not essential for life under normal growth conditions (Takeda, 2001).

According to data from the National Centre for Biotechnology Information (Sayers, 2008), the SfsA protein has been identified in 4355 species of bacteria, 143 species of archaea and 21 species of eukaryotes to date.  In comparison, data on SfsA received from the Pfam database (Finn, 2014) reveal protein homologues in 1606 bacterial species, 77 archaea species and 11 eukaryotic species.  While these estimates of species coverage vary, the consensus remains that SfsA is ubiquitous to all phylogenetic kingdoms.  This led to SfsA being classified as a new protein superfamily in the Conserved Domain Database in 2008.

The first bacterial SfsA to be identified was the E. coli SfsA of Kawamaki’s experiments (Kawamukai, 1991).  Six years later, the first archaeal SfsA was identified from Methanothermobacter termautotrophicus (Smith, 1997).  However, it wasn’t until 2009 that the first eukaryotic SfsA was identified, within the fungus-like Phytophthora infestans T30-4 (Haas, 2009).  SfsA has since been identified within a range of single-celled eukaryotes including water moulds, algae and oomycete plant pathogens.  These SfsAs fall into two structural categories; those that contain the conserved RF residues in the OB fold, and those that do not and yet still contain both OB-fold and the PD-(D/E)xK catalytic domain. 
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Figure 1.13a: A phylogenetic tree of the top 200 organisms containing genes homologous to the E. coli SfsA and identified an SfsA variant, produced using BLAST, ClustalW and the Interactive Tree of Life.  Although the tree does not take into account the change in evolutionary relationship instigated through gene transfer (Doolittle, 2000), the wide variety of species shown here discounts the theory that SfsA is only present in gram-negative bacteria (Takeda, 2001).  While most organisms originate from the bacteria kingdom, the eukaryotes Coccomyxa subellipsoidea (green algae) and Phytophthora infestans (oomycete) feature along with the archaea Haloferax volcanii, Methanobrevibacter ruminantium and Methanobrevibacter smithii. 
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Figure 1.13b: The key for the phylogenetic tree of organisms found to contain SfsA homologues, with colours denoting genus.





















[bookmark: _Toc288052104] Thesis outline

This thesis aims to investigate the roles of several highly conserved sequence motifs that are found in all species of SfsA.  Site-directed mutagenesis has been applied to key residues in the oligonucleotide-binding fold and the PD-(D/E)xK active site in E. coli and P. furiosus SfsAs and the structures determined.  Activity assays have also been completed with these mutants to correlate the structural data with observational functional effects.  These include a qualitative substrate precipitation assay and a qualitative DNA degradation assay.
· Chapter 2 summarises the historical and theoretical background of X-ray crystallography, on which the crystallographic work presented in this thesis is based.  
· Chapter 3 contains a description of the materials and methods used in this study.  
· Chapter 4 describes the mutagenesis, over-expression, purification, crystallisation and structure determination of mutant SfsAs.  This encompasses the DExK mutations of the restriction endonuclease-like domain and the mutation of the OB-fold RF residues for both E. coli and P. furiosus SfsA species.
· Chapter 5 analyses the structures of the active site mutations of SfsA and presentation of activity assay data.
· Chapter 6 provides a description of the RF mutants of SfsA and relates the structures to functional findings.
· Chapter 7 describes in detail the structure of a wild type E. coli SfsA-DNA complex 
· Chapter 8 provides a summary of the knowledge obtained, suggestions for future work and shows preliminary work on the elucidation of the cellular function of SfsA.
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[bookmark: _Toc288052105]The theoretical background of X-ray crystallography

The science of crystallography has contributed enormously to the fields of medicine, chemistry, geology and materials science.  In biochemistry, the application of crystallography to the determination of three- dimensional protein structure has resulted in over 85,000 structures determined within the last 50 years (PDB).  Although the theory of crystallography is covered in many standard texts, such as Biomolecular Crystallography (Rupp, 1999) and Crystallography Made Crystal Clear (Rhodes, 2006), this chapter attempts to explain each stage of structure determination and the concepts behind these processes.  From growing crystals to processing data, the protein structures presented in this thesis were determined using the methods presented here.
[bookmark: _Toc288052106] Historical overview of the crystallisation process

The crystallographic process is rooted in the belief that molecules can be viewed at an atomic level, but only in a specialised fashion.  The wavelength of visible light is too large to resolve the distance between atoms and so atomic structures cannot be viewed using light microscopy.  The discovery of the X-ray range of the light spectrum by Wilhelm Röntgen in 1895 introduced the possibility of utilising short wavelengths to determine the arrangement of atoms in a solid crystal structure.  The use of crystals in this process allows the systematic amplification of the signal gleaned from arrays of identiacally-orientated molecules to enable detection of diffraction.  In 1912 Max von Laue proved that crystals could diffract X-rays and in this way the crystal arrangement could be observed.

The first atomic X-ray structure determined was the crystal structure of diamond by the father and son team William Henry Bragg and William Lawrence Bragg, followed by that of sodium chloride, potassium chloride and potassium bromide among others.  Their seminal calculations still form that basis for data processing that enables the determination of a structure from a diffraction pattern.
Advancing this method for biological molecules, James B. Sumner discovered that the protein Urease could be crystallised in 1926 and in so doing opening the door for protein crystallography (Sumner, 1926).  This technique led to the first protein structures to be solved in 1958, those of Myoglobin and Haemoglobin, for which Max Perutz and John Kendrew won 1962 Nobel prize (Kendrew, 1958).  This was quickly followed by the use of X-ray diffraction to solve the structure of DNA.  Many of the practical processes used by these notable scientists have been refined through years of research and the principles are still in use today.

[bookmark: _Toc288052107] Growing crystals
	
Growing crystals of a novel protein can be both time consuming and challenging.  The reason for this is that, while crystal arrangement always falls into one of seven specific lattice groups, the conditions that form such arrangements are specific to each protein.  The ability for a protein to crystallise relies on the formation of non-covalent bonds between protein units despite the intrusion of solvent molecules.  The solvent molecules can be divided into ordered waters that surround every protein in the lattice at the same position and disordered waters that appear at random with no repeating structure.  As protein crystals contain around 50% solvent with channels in the structure forming a route of entry, assembling proteins into a highly ordered structure is therefore an unlikely prospect.

Most crystallisation methods rely on vapour diffusion, which is comprised of three absolute requirements.  The first is that an aqueous buffer must be present that contains a precipitant, sometimes along with metal salts.  This is known as the ‘mother liquor’.  The second requires a separate drop of concentrated pure protein to be mixed with a sample of the mother liquor.  Addition of the protein dilutes the liquor so that it contains the precipitant at concentrations lower than those required to pull the protein out of solution and into an ordered state.  The third requirement is that both drops be contained within a closed system.

Within a closed system, equilibrium will be reached between the concentration of precipitant in the resevoir and in the protein drop through water evaporation from the more dilute latter.  This has the effect of gradually increasing the concentration of protein and precipitant in the drop.

By introducing a high concentration of protein into conditions that reduce its solubility, a fine line is drawn between complete amorphous precipitation and nucleation, the initiation of crystal growth.  Once nucleation occurs, a stable platform is provided onto which an ordered lattice can be built and crystals formed.  Success therefore relies on a balance between precipitation and crystallisation during evaporation, and protein stability within the nucleation state must be achieved through finding the most suitable conditions to meet these requirements (Figure 2.1).
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Figure 2.1: A representation of the increase in droplet saturation as both the protein and precipitate concentrations increase during the equilibrium process.  The bands indicate the resultant changes in protein solubility and therefore the likelihood of nucleation occurring.  The size of these bands (and so the probability of crystal formation) will vary with different conditions and optimisations, with a faster nucleation and greater growth phase resulting in fewer, larger crystals.

Due to the wide variety of conditions that must be tried, initial screening usually takes place in an automated manner using high-throughput liquid-handling machines and 96-well crystallisation plates.  The initial screens introduce the protein to a wide variety of precipitants, salts and buffers and are random, as conditions cannot be predicted prior to testing.
Automated crystallisation typically relies on the sitting drop method, which requires a smaller volume of protein and buffer.  The sitting drop method requires specialised crystallisation plates due to the requirement for a ledge structure within each well, or the use of a microbridge.  In this arrangement the mother liquor is placed in the bottom of a reservoir, and a mixture of protein and mother liquor is placed dropwise onto the ledge at 250-500 times less the reservoir volume.  The well is then sealed to create an isolated environment, allowing the diffusion of water from the droplet into the reservoir.

Once conditions that form crystals successfully have been identified, these may be optimised to grow larger or more uniform crystals, to reduce cluster formations, or to find an alternative crystal form.  This can be done by subtly changing the growth conditions; by changing the concentrations of the precipitants or salts present in the liquor, the concentration of the protein, changing the pH, the temperature at which the crystals are grown, the ratio of protein to mother liquor.  This is done in a systematic fashion to narrow down the final protocol.

Optimisations are usually carried out using the hanging drop method.  This requires the protein-liquor mixture to be suspended above wells containing the mother liquor (Figure 2.2).   The hanging drop technique is useful for performing crystal trials by hand and the crystals produced are more suitable for data collection.  Both the hanging drop and sitting drop methods have been employed in this thesis.
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Figure 2.2: Comparison of the well composition for the sitting drop and hanging drop crystallisation methods (A and B respectively).  The red arrows are proportional to the amount and direction of water movement within the closed system over time, showing that en equilibrium is eventually reached.  In so doing, the nucleation point may be reached. 
Other, less common techniques are sometimes used.  Microdialysis is the earliest method of crystallisation and works on the same principle as the sitting and hanging drops, with the protein sample placed inside dialysis tubing or dialysis ‘button’ immersed in the mother liquor within a closed system.  Capillary tube methods are also available as an alternative to plating methods.  These include the batch method, which aims to form a saturated solution immediately through adding appropriate precipitants in high concentration, removing the need for a reservoir.   Free interface diffusion can also be performed in a capillary tube and brings the protein and precipitate into contact without mixing, creating a saturated interface at the point they meet.

Despite optimisation with any of the above methods protein crystals remain fragile and sensitive to environmental changes.  Maintenance of the structural integrity of the crystal relies on adequate solvation.  As cryoprotection is necessary for many crystals prior to data collection, cryoprotective methods must be used that do not disturb the delicate equilibrium of the crystal.

[bookmark: _Toc288052108] Radiation damage and cryoprotection

When a protein crystal is exposed to X-ray radiation, electrons within the structure absorb the energy transmitted by photons.  Sometimes this exceeds the binding energy of an inner shell electron, resulting in its ejection from the crystal.  This is known as the photoelectric effect and is the primary cause of radiation damage.  Secondary damage is inflicted through the formation of free radicals from radiolysis, which are able to propagate through the crystal over time. 

Both primary and secondary radiation can occur in the protein itself, or the surrounding solvent.  In 1962 it was discovered that radiation damage was increasingly proportional to the dose of X-rays that the crystals received, resulting in decreased intensities of the reflections within the final data (Muller, 1962).  This can result in loss of high-resolution data or else cause data to be interpreted differently than if the crystals were undamaged.  Other experimental effects include changes to unit cell dimensions, with an increase in cell volume observed with increasing doses of radiation, increase in atomic B factors and a decreased agreement between otherwise equivalent atoms (Ravelli, 2002).

Changes to data indicate that radiation damage has structural consequences.  Indeed, both tunnelling electrons and free radicals are thought to break disulphide bonds, result in the decarboxylation of acidic residues, cause the loss of tyrosine hydroxyl groups and instigate carbon-sulphur bond cleavage in methionines (Burmeister, 2000).  In the case of metal binding proteins, any metals present in the active site can be partly reduced (Carugo, 2005).

Secondary radiation damage can be reduced through cryocooling crystals to 100 K during data collection, so reducing radical diffusion through the crystal.  During the cooling process damage to the crystal must be prevented, as water molecules within solvent channels will freeze to form ice crystals.  This has the effect of disrupting the lattice and therefore destroying the repeating unit of the protein (Garman, 1997).  It is for this reason that cryoprotectants are used.

The development of cryoprotection methods began with John Bernal and Dorothy Hodgkin who, in 1934, found that higher quality diffraction patterns were gained through protein immersed in its growth liquor when compared to the inconsistent results gained from dry crystals.  Further to this, in 1966 radiation damage prompted Laue to slowly cool insulin crystals in their mother liquor to 123 K (Laue, 1966).  While the mosaicity of the data was unacceptably high and the technique abandoned, later investigations by Haas and Rossmann used cryoprotectants successfully by adding glucose or sucrose to the mother liquor and cooling rapidly (Haas, 1968 and 1970).  The rapidity of cooling was key, with crystals being flash cooled in gaseous or liquid nitrogen, or in some cases helium, to this day.  Other cryoprotectants such as 2-methyl-2,4-pentanediol (MPD), ethylene glycol and low molecular weight polyethylene glycols and alcohols were subsequently identified.  These small molecules filter into the solvent channels in the crystal and, upon contact with extreme low temperature, prevent the grouping of water molecules into ice crystals.  The concentration needs to be high enough to saturate the solvent channels but low enough to not disturb the mother liquor equilibrium, and so suitable cryoprotectants must be sampled in a trial-and-error fashion for each protein crystal (Ravelli, 2006).

Other methods of reducing water interference are sometimes used, but cryoprotection is still widespread.  The lifetime of a crystal within an X-ray beam is significantly extended and it has the additional effect of immobilising the crystal on the mounting loop, reducing background noise in Bragg peaks due to thermal motion (Kriminski, 2002).  However, with increasingly high-power X-ray generators, there will always be a degree of damage and radiation effects are a significantly limiting factor in macromolecular crystallography (Ravelli, 2006)

[bookmark: _Toc288052109] X-ray sources and diffractometers

[bookmark: _Toc288052110]In-house data collection

Having access to a local X-ray source and detector is an advantage as the production of X-rays on a small scale allows for immediate data collection.  This is useful in numerous ways; the appearance of ice rings and therefore background noise can be assessed and thus cryoprotectants tested for suitability, and crystals can be exposed for preliminary analysis such as content, mosaicity, or multiplicity.  From a short exposure a crystal may be indexed into a space group and a strategy devised for data collection.  Whilst the X-rays generated on a home source are much less powerful than those of a synchrotron and a lower resolution achieved, there is significantly less radiation damage. 

To generate X-rays a heated metal cathode filament focuses excited electrons towards an anode, which rotates via electromagnetic induction to reduce heating effects at the focal spot.  The potential difference accelerates the electrons towards the anode.  The arrival of the beam of electrons on the anode has the effect of displacing an electron from a low orbital and requiring the loss of energy in another in a higher orbital to drop down and fill its place.  In this way X-rays are produced.  The anode produces a wavelength specific to the metal type due to the differences in electron orbital energy levels; copper and tungsten are the most common anode materials but chromium and molybdenum are also used.  A monochromator can be used to select the wavelength before the crystal is exposed.

The X-rays are focused to the point of crystal contact, where the crystal is mounted on a goniometer.  This allows XYZ translations about a spindle axis (ϕ), so rotating the crystal around a fixed point in space.  The ϕ rotation is set to rotate in small increments, allowing diffraction from separate planes.  Each unique reflection can be measured once or more in this way.  Throughout rotation, the crystal remains at 100 K due to the direct application of a gaseous nitrogen cryostream to the tip of the goniometer.

Behind the goniometer, diffraction images are captured on a diffractometer that is either an image plate detector, a charge coupled device (CCD) detector or a Pilatus detector.  The latter is commonly used in synchrotrons.  Image plate detectors are comprised of a fine europium-coated phosphor layer, where contact with a diffracted X-ray causes the loss of an electron from the europium to the phosphor.  The oxidised europium requires scanning with a 633 nm red laser to effect a reduction to its original charge, and in so doing producing 390 nm radiation that is proportional to the initial X-ray intensity.  A photomultiplier detects this radiation and the diffraction pattern is reconstructed.  CCDs are faster, with a shorter readout time of between 0.5 and 8 seconds compared to 2 minutes for the image plate detector.  They have a higher capacity, and so are able to detect stronger intensities without overloading the image.  CCDs detect photons directly though a photoactive capacitor array, causing an accumulation of electric charge that is proportional to the diffracted X-rays.  This can be digitalised for rapid data transfer.  The Pilatus detectors are silicon pixel detectors that also rely on the activation of photons in silicon that are identified immediately with an application-specific integrated circuit (ASIC).  This is advantageous as each pixel has an amplifier and can distinguish X-rays of a specific energy against noise.

[bookmark: _Toc288052111]Synchrotron radiation and Diamond light source

The discovery of radiation produced by the centripetal acceleration of particles by Alfred-Marie Liénard in 1898 has enabled the development of synchrotron radiation sources.  Upon being induced to turn, accelerated charges maintain constant energy by producing radiation, with the change in direction of electrons produced by electromagnets.  The first machines to be built off the basis of this knowledge were the cyclotron particle accelerators, which were used as a source of high-energy beams for nuclear physics experiments.  Higher energies than those offered by the cyclotrons were required and on proposal of the physicist Edwin McMillan the first electron synchrotron was built in Woolwich (UK) in 1947.  The second, the General Electric synchrotron in Schenectady (USA), was the first to generate visible light.  With larger synchrotrons the frequency of radiation shifted to that of X-rays and in 1976, Keith Hodgson and colleagues were the first to use synchrotron radiation to expose a rubredoxin protein crystal to X-rays at the SLAC National Accelerator Laboratory  (Phillips, 1976). 

These circular particle accelerators are comprised primarily of a storage ring, in which the kinetic energy of the particles is kept constant.  The electron beam is maintained in a constant circulating path within the absolute vacuum of the chamber.  Therefore, the storage ring allows the electrons to circulate for long periods of time, resulting in a more stable beam than that of the cyclotrons.

Synchrotrons use different types of electromagnets to achieve control of the electron path; dipole or ‘bending’ magnets, and insertion devices.  Dipole magnets both produce electrons and, more commonly, bend the electron beam around the orbit of the storage ring.  Insertion devices are formed from alternating magnet arrays that causes the beam to follow either a wiggling or an undulating path (Figure 2.3).  The light produced by insertion devices demonstrates some unique characteristics of synchrotron radiation that are due to relativistic effects.   Electrons traveling around a synchrotron are able to reach speeds approaching the speed of light.  At these speeds the electrons are able to achieve a high Lorentz factor γ, resulting in length contraction effects from the observation point of the electron.  Therefore the length of the complete insertion device will be reduced and the spacing between the magnet arrays will be smaller with respect to the electron.  This forms a short wavelength, high frequency wave of electrons.  An even shorter wavelength is produced at the experimental station through the relativistic Doppler effect.  Of the insertion devices, the ‘wiggler’ magnets produce a wide cone of high energy X-rays of a continuous frequency, which are emitted from a worming electron path with a many bends.  In contrast, undulators form shallower bends that result in a very narrow beam of X-rays.  These can be tuned for energy preference by varying the separation of magnet arrays.
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Figure 2.3:  Schematics of the magnets comprising electron control in synchrotrons enable full control of the beam to produce high-powered X-rays.  A single bending magnet (A) can be used to deflect the straight path of the electrons to create an orbit whilst insertion devices (B) cause beam fluctuation to produce X-ray emission.  All of these techniques make use of the electron’s negative charge to either attract or repel the beam to achieve the desired effects.

The advantages of using synchrotron radiation over home sources are the high energy X-rays with a greater focusing capacity, due to the high concentration of X-rays and adaptability in tuning of the beams.  This allows a smaller beam size, which is particularly useful for small crystals with large unit cells to resolve closely spaced resolution spots, or to avoid multiple lattices in crystal clusters.

All high-resolution data presented in this thesis were collected at Diamond light source.  The Diamond light source storage ring (Figure 2.4) is a forty-eight sided polygon of around 561.6 m in circumference, in which the electrons accelerate to 3 GeV of energy.  Electron production requires a high voltage tungsten cathode to be heated within a vacuum, resulting in thermionic emission from the cathode surface as the electrons move towards the anode.  The electrons are passed through an alternating field to concentrate the bunch and form a coherent wave.   These enter a linear accelerator, or ‘linac’, that accelerates the electrons to 100 MeV using radio frequency cavities.  This feeds into a smaller booster synchrotron comprised of thirty-six dipole bending magnets to accelerate the electrons to the energies required for inclusion into the storage ring.  The lifetime of the beam is around 20 hours in which it is stable, high-powered and consistent.  48 dipole magnets situated around the storage ring allow bending of the electron beam through 24 straight sections, with the macromolecular crystallography beamlines situated at a tangent off each straight path.  The X-rays produced are channeled into the beamlines by insertion devices, forming an undulating path.

There are now more than seventy dedicated synchrotrons worldwide and with increasing availability, the quantity of data produced increases year upon year.  Four years after the conception of the Protein Data Bank in 1971, 13 structures had been deposited.  Compared to this, 8978 structures were deposited in 2012, largely due to the increased speed in data collection and greater flexibility in crystal usage.  The quality of data has also seen vast improvements.  To date, the highest resolution achieved for a protein structure is 0.48 Å for the plant protein Crambin, achieved at the Deutsches Elektronen-Synchrotron in 2011 (Schmidt, 2001).
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Figure 2.4: The major components of the Diamond synchrotron (A) show the progression of the electron beam through each section of the synchrotron before entering the beamlines.  The crystallography beamlines contain three sections (B).  An optics hutch focuses the beam into a narrow X-ay beam using silicon mirrors, crystals and slits.  Within experimental hutches are cryogenic sample storage dewars, a goniometer, a Rigaku sample changer and a Pilatus detector.  



[bookmark: _Toc288052112] Crystal diffraction

When a molecule is exposed to high power X-rays, light waves move through the structure and are diffracted by the electrons surrounding atoms in its path.  The use of hard X-rays with a wavelength between 0.6 - 1.6 Å means that atoms separated by ~1.5 Å, which comprises a typical bond length, can be resolved.  Therefore an image of the molecular structure can be determined.  Molecules (including proteins) diffract X-rays weakly but once arranged in the exact same orientation, the diffracted rays from each molecule can act cumulatively to result in a detectable signal.
[bookmark: _Toc288052113]Crystal symmetry and the unit cell
 
The smallest unit of crystal symmetry is the unit cell, defined as the area containing the simplest unit within a lattice that can be repeated by translation.  The unit cell can be divided into asymmetric units, which are related by the symmetry operators of the space group of the crystal.  As such, the asymmetric unit contains the description of the whole crystal structure.  Each unit cell is a parallelpiped defined by the length of its edges (a, b, c) and by the angles between them (α, β and γ).  The unit cells are described in terms of their space group, which detail the symmetry of the unit cell and its internal symmetry. 

The type of symmetry a unit cell exhibits determines the space group, or Fedorov group, of the crystal.  The space group takes into account the crystal lattice type, the crystal system and the presence of any screw axes.  There are seven crystal sysems; these are cubic, tetragonal, orthorhombic, hexagonal, trigonal, monoclinic and triclinic.  These systems define the rotational symmetry preset in the unit cell, with protein crystals able to have 2-fold (180°), 3- fold (120°), 4-fold (90°) and 6-fold (60°) rotational symmetry.  When combined with the four possible centering operators (primitive, 1 face-centrered, body centered and 3 face-centered), the 14 Bravais lattices are formed.  In conjunction with the 3 point groups that define the rotation, reflection and inversion axes, and whether screw axes or glide plains are present, the lattices come together to form the 230 possible space groups.  Of these 230 space groups, proteins can only be categorised into 65 as they are chiral molecules and so reflections are disallowed.

Having incorporated all of crystal and lattice systems described above, space group notation is fully descriptive of the crystal symmetry.  For example, following the Hermann-Mauguin nomenclature for the space group P3121, one knows the crystal is formed of a primitive trigonal lattice with a screw axis that is comprised of a rotation of the protein 120° and translation across a third of the unit cell together with a 2-fold axis perpendicular to the 3-fold axis, which lays along the cell edge.  The first letter describes the lattice system and therefore the position of lattice points; ‘P’ denotes a primitive lattice with a lattice point at each corner, ‘I’ is from the German ‘innenzentriert’ and is body centred with the same lattice points as the primitive lattice but with an internal lattice point at the centre, ‘C’ contains lattice points centred on the one face in addition to corner points and ‘F’ is face-centred with lattice points in the middle of each face and corner.  The accompanying number indicates the lattice system, and the symmetry axis for example P3 is trigonal with the line of symmetry about the (c) axis and P4 is tetragonal with symmetry about the (c) axis.  The rotational and translational symmetry of the unit cell is then described, with the subscript describing a screw axis.

Periodic planes in the Bravais lattice can be described by Miller indices.  These three integers are given the notation h, k and l and each index describes how a plane intersects the a, b and c axes of the unit cell respectively.  A simplified diagram can be seen in Figure 2.5.
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Figure 2.5: The composition of Miller indices can be demonstrated easily in two dimensions, where A) returns the indices h=1, k=0, B) gives h=1, k=1 and C) results in h=2, k=1.  In this way it can be seen that the Miller indices are a numerical description of the position of a set of planes in a unit cell.
[bookmark: _Toc288052114]Braggs Law

In order for the first crystal structures to be determined, W. H. Bragg and W. L. Bragg together devised a mathematical description of the conditions under which a diffraction spot will be produced that takes into account the multiple planes of a crystal.  The Braggs showed how a diffracted X-ray could be considered as arising from a reflection of the incident X-ray upon the set of planes in the lattice.  Consider parallel X-rays of wavelength λ intersecting at an angle θ a set of planes separated by a distance d.  The path length of ray 2 differs from that of ray 1 by 2.  From trigonometry, = d sinθ and so 2= 2d sinθ.  If the path difference between the two rays is an integral number of wavelengths then the two diffracted rays 1n and 2n will be in phase and constructuive interference will occur.  In all other cases the rays will interfere destructively and no diffraction will be seen.  Thus, the condition for diffraction is:


(Eqn. 2. 1),

where n is an integer.  Each set of planes (h, k, l) will give rise to a single diffracted beam.  As a diffracted ray will only be seen when the Bragg condition is met, the diffraction pattern is discrete rather than continuous.  For each set of planes in the crystal lattice the electron density will vary depending on the structure of the molecule in the lattice.  Therefore, each diffracted ray will have a different intensity (Figure 2.6).
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Figure 2.6: A representation of Bragg’s law shows the difference between the diffraction of light from a single surface (A) and from multiple planes (B).  Although X-rays are scattered in all directions, for simplicity they can be viewed as waves travelling in a single direction until diffracted from an object.  If these conditions are met, the θ angles of incidence and reflection are equal.  This is also the case for an object with multiple planes, but for a wave diffracted from one surface to remain in phase with another from a separate surface, the pathlength difference must equal to an integer number of wavelengths.

[bookmark: _Toc288052115]Reciprocal space and Ewald’s sphere

The data produced from an X-ray diffraction experiment results in images comprised of diffraction spots or ‘reflections’.  While Bragg’s law describes the intensity of a spot, a three dimensional vector Shkl can also be assigned which relates the positions of spots in a diffraction pattern to the planes in the crystal.  The length of this vector is the reciprocal of the space between the planes, as shown in Figure 2.6, and so describes the unit cell dimensions in reciprocal space.  These are directly proportional to the unit cell axes in real space. Assuming that the incident wave does not lose energy in the scattering process, this relationship can be visualised using Ewald’s sphere (Figure 2.7).  From this diagram, it can be seen that few of the reciprocal lattice points fulfil the requirements for creating a diffraction spot as per the Bragg condition.  In this way, one diffraction image represents a very small portion of reciprocal space.  In order to observe a greater number of lattice points, the crystal must be rotated about an axis and is done so during data collection.
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Figure 2.7: Two representations of Ewald’s sphere, a geometric construct describing the relationship between the vector of the incident and scattered beams, the angle of diffraction and the reciprocal lattice.  In these diagrams, the incident beam can be seen to diffract from a crystal at the centre of a sphere.  The radius of the sphere is determined by the wavelength that will result in constructive interferance, as stated in Bragg’s law.  Therefore, any lattice planes that intercept this sphere will result in a diffracted signal.  Lattice points are shown as grey ovals, with those that give rise to a diffraction spot highlighted in red.
[bookmark: _Toc288052116]Data collection

In order for a complete set of X-ray images to be taken the crystal must be removed from its mother liquor, transferred to a cryoprotectant and mounted onto a goniometer to allow for X-ray exposure and detection.  A single crystal must be isolated from its growth liquor with minimal physical disruption.  Whilst quartz capillary tube mounting was formerly the preferred method, as it keeps the crystal in a state of hydration to reduce shrinkage and therefore disruption to the lattice, the advent of crystal cooling means that crystals are now more commonly mounted on nylon or polymer microloops (Rayment, 1985).  Using the microloop, a crystal can be selected and transferred briefly to the cryoprotectant.  Here, the crystal is available for manipulation, which can include ligand or heavy metal soaking into the structure.  It is then cooled directly in liquid nitrogen or in the cryostream following mounting on a goniometer.  This method reduces issues of crystal slippage as it is rotated during data collection.

Data must be collected in all directions to result in a complete diffraction data set for use in calculating an electron density map.  Therefore, choosing the degree of rotation about ϕ and the increments for each image are key when considering a strategy for data collection.  Generally, 180° of rotation about Φ is suitable for most purposes due to Friedel’s law and centrosymmetric crystallographic point groups that describe the symmetry of the diffraction pattern.  Friedel’s law states that the intensity of the reflections h, k, l is identical to –h, -k, -l.  This is applicable in the case of the centrosymmetric point groups seen in protein diffraction as these contain an inversion center of symmetry, with the diffraction pattern exhibiting a higher symmetry than the crystal.  If the space group of the crystal contains extra symmetry operators then it is possible to reduce the amount of rotation required.  This is useful if a crystal has a short lifetime in the X-ray beam.
If possible it is better to collect each unique reflection several times to ensure complete coverage and accurate measurements.  To this end, an appropriate beam strength and exposure time must be chosen.  There is a balance between the high resolution and good signal-to-noise ratio from a high transmission exposure, and a longer, low transmission exposure that avoids overloading the reflections and may return a more complete data set through longer crystal lifetime.

The rotation angle for each image is usually set between 0.1° and 1°, the increments depending on the unit cell and mosaicity of the crystal.  Smaller rotations will be required for longer unit cells, as the resultant diffraction pattern will show closely spaced reflections that may be hard to discern as individual spots and so a smaller increment is required.  Mosaicity is an additional factor that arises from the observed width of the reflection in Φ.  It can be used as a measure of misalignment within a lattice with the beam parameters, which combined give rise to a broader spot shape.  A reduction in the incremental Φ per image can often reduce overlaps between reflections.  With fast pixel detectors such as the Pilatus series the readout time is negligible and very small (0.05°) increments can be used.  This ‘fine slicing’ approach can give rise to better background estimates and a more complete description of the spot profile. 

The first step in data collection, which can aid in the choice of data collection strategy, is to determine the unit cell and orientation of the crystal.  Several test images are collected at widely spaced intervals at ϕ (for example, 0°, 45°, 90°).  The programmes Mosflm and EDNA use the positions of the reflections on the images to predict the unit cell parameters, space group and crystal orientation.  This information together with the quality of diffraction can be used to give a data collection strategy.  A full data set can then be collected.









[bookmark: _Toc288052117]Relating diffraction to electron density

[bookmark: _Toc288052118]Fourier transforms

All of the atoms in the unit cell have an effect on every differacted X-ray.  Each diffracted X-ray can be described as a structure factor Fhkl, defined as:

   
(Eqn. 2.1).
The structure factor is a Fourier sum of the contributions of each atom j in the unit cell, wit scattering factor fj at position (j, yj, zj) in the unit cell, where h, k, l are the indices of the diffracted ray.  An alternative way of writing this equation is to consider very small volume elements of the electron density (P) in the cell rather than discrete atoms, to give P(x, y, z) (the electron density at position x, y, z).  In this case the Fourier sum is an integral over the unit cell volume V:

   
(Eqn. 2.2).
Now Fhkl is the fourier transform of P (x, y, z) in the lattice planes (h, k, l) and so the equation can be rewritten as the discrete sum:


(Eqn. 2.3)
As each structure factor can be thought of as a complex vector with
   
(Eqn.2.4),
where  is the amplitude and αhkl the phase of the vector.  Equation 2.3 can be written as:

(Eqn. 2.5)
Using equation 2.5, the electron density can be calculated, as long as the intensities (proportional to |Fhkl|2), the indicies and the phase for each reflection are known.  The phase is the only information not determined from the diffraction experiment and thus different techniques must be used to estimate it, which describes the ‘phase problem’ of crystallography.

[bookmark: _Toc288052119]Solving the phase problem

There are three widely used solutions to the phase problem, the experimental multiple isomorphous replacement (MIR) or multiwavelength anomalous dispersion (MAD) techniques, and the computational method of molecular replacement (MR).  Each requires the use of Patterson functions that are the Fourier transform of the intensities rather than the structure factors, with all phases set to 0 (Eqn. 2.6).


(Eqn. 2.6)
The Patterson function is a vector-based contour map of the structure with the coordinates P(u,v,w), representing the inter- and intra-atomic positions of all the atoms in a structure with respect to each other.

If the structure contains only a few atoms, then the inter-atomic vectors can be used to determine the structure.  For protein structures the Patterson function is too complicated to solve directly, but it can be used in the molecular replacement technique to align a model with target data.  The experimental phasing methods MIR and MAD exploit the fact that only a few atoms of high atomic number (and therefore electron density) are present in the structure.  Their positions can be determined from the Patterson, as the inter-atomic vector of these atoms will tend to dominate the Patterson synthesis.  Of the techniques that are used the Patterson method, only molecular replacement has been used in this thesis, and so the experimental techniques will be discussed only briefly.
[bookmark: _Toc288052120]Experimental phasing techniques
Multiple isomorphous replacement (MIR)

MIR was used successfully by Max Perutz to determine the structure of haemoglobin (Perutz, 1952).  This method requires the soaking of ‘heavy’ metals such as mercury, gold and platinum into the crystal with the intention of binding these to specific protein residues in every unit cell.  Mercury binds cysteine alone whilst platinum and gold bind cysteine, histidine and methionine (Boggon, 2000).

The soaking of heavy metals is effective as the intensity of a peak in a Patterson map is proportional to the sum of atomic numbers of the two atoms referred by the vector.  Heavy metals have high atomic numbers and are easily identified in diffraction when compared to a native diffraction pattern from an identical (isomorphous) crystal.  The correct atomic position of the metal in the unit cell can be thus identified in a Patterson difference map.  This technique makes use of Harker planes, which are formed from peaks in the Patterson map that provide information on interatomic vectors and the coordinates of symmetry-related atoms.  Through determination of the heavy atom positions the structure factor can subsequently be calculated:
FPH= FP+FH
(Eqn. 2.7), 
where FPH is the structure factor of the protein heavy atom complex and FP is the protein structure factor.  The amplitudes of FP and FPH are measured in the diffraction experiment and so αp can be calculated.  For a single derivative there are two possible solutions for P and so more than one derivative is used to give an initial estimate for αP.
Multi-wavelength anomalous dispersion (MAD)

The MAD technique is a later development by Wayne Hendrickson and circumvents the requirement for separate native and heavy atom crystals (Hendrickson, 1991).  This is useful, as the addition of metals often significantly reduces data quality and resolution in particular.  Obtaining two isomorphous crystals can also be problematic.

MAD exploits the fact that certain atoms in a structure can scatter X-rays anomalously if the incident beam has an energy close to the absorption edge of the atom.  In this case there is an altered amplitude and phase to that of the incident beam, which results from the transition of elections between orbitals at the specific energies of the absorption edges.  The atomic scattering factor Fanom varies with X-ray wavelength, and is defined as:

Fanom=f’o+f’+if”
(Eqn. 2.8),
where Fanom can be defined as the sum of the normal scattering of an electron f0, the dispersive component f’ and the anomalous component f’’. The anomalous component of the scattering f” has a phase of +90° with respect to the normal scattering.  This has the effect of altering the amplitude of the reflections, such that Friedel pairs are no longer equal.  This difference in intensity between Friedel pairs (the anomalous difference) can be measured and varies with the wavelength of the X-rays.  If the protein contains an anomalous scattering atom such as selenium that can take the place of sulphur in the amino acid methionine, then data can be collected at a number of wavelengths and the anomalous difference used in Patterson synthesis to determine the positions of the anomalous scatterers.  In a way analogous to MIR, the phase can then be determined.

As f” affects phases so that the structure factors of Friedel pairs no longer have equivilant amplitudes and opposite phases, the phase angle can be determined by the difference in amplitude.  The wavelengths used must be experimentally determined from a fluorescence absorption curve (Figure 2.8).  A single crystal is used for taking multiple data sets at three different wavelengths; the inflection point, the peak and the remote of the anomalous scattering factors.
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Figure 2.8: The f’-f’’ anomalous scattering signal from a selino-methionine incorporated protein, giving the inflection, peak and remote wavelengths (adapted from Walsh, 1999).  This gives the maximum variation in f’ scattering contributions and the greatest f’’ contribution.  The absorption edge of most atoms comprising a protein are inaccessible to synchrotron X-rays.  However, incorporated elements such as selenium demonstrate excellent anomalous scattering and other atoms such as sulphur, calcium or copper may also be utilised for this purpose.

[bookmark: _Toc288052121]Molecular replacement 

Molecular replacement is the only fully theoretical technique that has no reliance on phases from the diffracting crystal.  Instead, phase estimates are acquired from a search model of a known structure that is similar to the unknown structure, usually determined by good sequence homology.  To improve the chance of a successful molecular replacement, the search model can be modified for use through removal of non-homologous components such as residue side-chains or even full regions of the backbone.  The use of MR has become significantly more widespread with the greater availability of coordinates in the Protein Data Bank and is the primary analysis tool used in this thesis.

If the search model (protein of known structure) can be placed in the same orientation as the unknown structure, then the structure factors of the search model can be calculated and the known phase (αcalcs) used for the initial estimate of the unknown protein phase.  Data on the unknown structure is collected from one crystal at a single wavelength, with the aim of obtaining a high degree of completeness and resolution.  This provides the experimental intensities |Fobs| required.  The Patterson functions are used to position the search model in the same orientation as the target protein within the target unit cell, which are independent of phase considerations.

To enable easy computation, a molecular replacement search is divided into a rotation function and a translation function.  During the rotation search, the intra-molecular components are compared through removing the inter-molecular factors.  For the search model, this is achieved by placing the model into a unit cell that is significantly larger than the protein and then calculating the Patterson map.  As each molecule of the search model is far away from the next, the Patterson map will be a set of intra-molecular vectors only.  The unit cell on the target model cannot be altered, and so a cut-off for this Patterson map is introduced based on the predicted radius of the protein.  The set of vectors shorter than this distance are selected and it is assumed that the majority will be intra-molecular vectors of the unknown structure, although the vectors will contain an amount of error due to the close packing of proteins in the lattice.

The molecular replacement programme calculates a convolution function between the two Patterson maps, with the search model Patterson rotated through all possible orientations, usually in small incremental steps (e.g. 5° rotations around three axes).  A scoring function tabulates the orientations of the search model where the similarity of the search and unknown Pattersons are greatest.  In this way, the orientation of the unknown model can be determined.

The next step is to find the correct position of the search model in the unknown cell.  This is usually undertaken using the T2 translation function (Crowther and Blow, 1967).  In this method the search model is rotated into the orientation suggested by the rotation function and placed in a unit cell of the same dimensions as the unknown structure, and a new Patterson function calculated.  As the translation function requires the inter-molecular vector set to be used, the set of intra-molecular vectors are subtracted from the whole vector set.  Similarly, the intra-molecular vector set of the search model are subtracted from the unknown structure Patterson, to give the unknown and known sets of inter-molecular vectors.  Another convolution function is calculated, this time with the search model Patterson translated into all possible positions.  The best agreement between search and unknown will give the position of the molecule and the molecular replacement procedure is complete.

The CCP4 suite programme Phaser (McCoy, 2007) was used for the molecular replacements described in this thesis.  This programme uses a maximum likelihood based algorithm.  Here, correlations are given a probability score and the highest likelihood is given as the best solution to determine the correctness of the rotational and translational fit.  This method deals with errors more comprehensively.  However, if an unknown structure contains non-crystallographic translational symmetry, of the crystal itself exhibits twinning, then the intensity distribution of the diffraction data ceases to be normal.  As the maximum likelihood scoring function assumes a normal distribution for the |Fcalcs|, the molecular replacement method in these cases can be more problematic.

[bookmark: _Toc288052122]Refinement and structure validation

[bookmark: _Toc288052123]Data collection

Data sets are simultaneously indexed and integrated by the programmes Fast_dp and Xia2 (Winter, 2010) through the automated processing pipeline at Diamond light source or through the CCP4 package.  These packages use the individual programmes XDS (Kabsh, 2010) or Mosflm to integrate the data, POINTLESS (Evans, 2006), which scores all possible Laue groups and absent reflections to suggest space groups and Aimless, Xscale or SCALA (Evans, 1997), to scale together multiple observations of reflections.

Fast_dp and Xia2 perform the same function, with Xia2 giving a more thorough but slower analysis.  After the data has been integrated, an .mtz file containing the intensities and h, k, l index of all measured reflections is produced, with corrections applied for the geometric and experimental factors.  A correct structure factor amplitude |Fhkl| is dependent on these corrections:


(Eqn. 2.9).
L refers to the Lorentz factor, which represents the length of time spent at the diffraction condition for a particular scattered beam.  The polarisation factor p performs accounts for variations in the diffracted X-ray beam.  The variations result from diffraction-induced monochromation that results in a partially polarised wave, with the intensities affected.  Both L and p depend on the angle of diffraction.  K is a constant for every reflection from a given crystal as it depends on crystal size and beam intensity of the reflections I and as such is applied as an overall scale factor.

[bookmark: _Toc288052124]Measures of data quality

The programmes SCALA or Aimless continue with data reduction by scaling differences in equivilant reflection intensities that are the result of external influences such as beam fluctuation or absorption.  Reflection intensity scaling factors are implemented relative to a diffraction image chosen at random (though this is often the first image collected).  These programmes collate statistics on data quality and resolution, such as Rmerge, Rpim the signal to noise ratio, and the completeness of data.  Generally data sets require over 90% completion and a signal to noise ratio (or I/sig(I)) should be above 2 for data to be useful.  A low completeness can result from too many discarded reflections or issues with data collection, while a low signal to noise ratio may be due to high mosaic spread or wide divergence of the beam due to too large an oscillation angle or collecting data beyond the maxima of the crystal.

Rmerge measures the similarity of equivalent reflections, where a poor agreement between symmetry-related reflections can indicate the indexing of the data to the wrong space group.  Whilst a high Rmerge may indicate poor agreement, its value can also be raised when equivalent reflections have been recorded many times to give a high multiplicity.  This is not detrimental and should in fact represent a more accurate data set.  In this case Rpim is a more usual measurement, as this takes multiplicity into account.

[bookmark: _Toc288052125] Data refinement

Once the initial electron density map has been calculated it can be viewed in a graphics programme such as COOT (Emsley, 2004).  COOT enables direct viewing of the electron density map and the initial protein structure model, which should overlay well if the molecular replacement was successful.  If satisfactory, corrections can now be made to the model to improve agreement with the electron density whilst keeping the structure within the physical limits of residue geometry.  Missing structural elements can also be added provided reasonable electron density exists.  Rounds of rebuilding and refinement are completed using Refmac5 (Murshudov, 1997).

Refmac5 uses a maximum likelihood-based minimisation function to adjust the coordinates of the model within geometric restraints, in order to minimise the difference between the |Fcalcs| from the model and |Fobs| from the difference data.  As the radius of convergance is limited, numerous rounds of manual rebuilding and refinement are performed, until no further improvements can be made.

Within Refmac5, the programme SIGMA-A (Read, 1986) is used to calculate the weighting coefficients m, a figure of merit, and scale factor D.  These are used to provide the best coefficients for map generation, using the calculated phases and |2mFo|-|DFc|.  This weighted map is used in COOT for further modification, using a difference map |mFo-DFc| to aid refinement.  The difference map is presented as isosurfaces of positive and negative electron density, with refinement aiming to reduce the features of the difference map.


[bookmark: _Toc288052126]Validation

During refinement, measures of data quality must be noted for accuracy in order to determine whether fallacious bias has been introduced into the structure.  To this end, the R-factor, or Residual index, of the structure is used to measure the agreement between the refined structure and the experimental data as calculated


(Eqn. 2.10).	
A higher R-factor indicates a greater difference between Fobs and Fcalc and so the value should decrease during refinement.  R-factors are most useful when used in combination with the Rfree component.  The Rfree is calculated using the same equation as for the R-factor, except the sum of observed and calculated components for each index contains an hklCT expression.  This denotes the free R flag, a random subset comprising 10% of reflections that incorporates data separate from the weighted map and therefore unchanged by refinement.  This can give a fairer indication of data quality.  During refinements the R-factor and Rfree, each should reduce equally; if a widening difference is observed, this is an indication of over-fitting and bias.

During refinement the position (x, y, z) and temperature factor (B) for each atom are refined.  As the magnitude of structure factors are affected by vibration and rotation thermal motion of atoms,

(Eqn. 2.11).
During data collection, anisotropic thermal motion covers an elliptical area, affecting the atomic scattering power fj to varying extents depending on the magnitudes of displacement.  The B-factor is a measure of the mean-squared amplitude of vibration and as B increases the scattering power decreases.  For low resolution (>2.5 Å) data sets, the B-factors are usually constrained to an overall B-factor for the whole structure.  For medium resolution B-factors are refined isotropically and so a set vibration is imposed.  For high resolution, B-factors are refined anisotropically with no geometric restraints, and so the atoms are assumed to vibrate differently in all directions.

Along with assessing the validity of the data, PROCHECK (Laskowski, 1993) and MolProbity (Chen, 2010) can be used to assess the chemical parameters of the protein structure, to ensure that it is physicaly reasonable.  Aspects of the structure that can be checked include bond lengths and angles, including the presence of stable side chain torsion angles, isomerism of peptide bonds and chirality of amino acids.  The backbone dihedral angles ϕ and ψ must be within the allowed ranges as determined by Ramachandran plots. 



[bookmark: _Toc288052127]Materials and methods


The experimental techniques employed in this thesis are described here in detail, allowing reproduction of experiments by persons familiar and unfamiliar with the project.  Specific materials and techniques are given, including the resources required for the creation of point mutations, producing protein for crystallography and the operation of functional and binding assays.

[bookmark: _Toc288052128]Molecular cloning

Dr. Akerboom of Wageningen University (the Netherlands) performed the initial cloning of wild-type E. coli and P. furiosus SfsA genes into Novagen® pET-24d(+) expression vectors (genbank accession numbers U00096.2 and AE009950.1).  This vector contains a kanamycin-selectable marker and a lac promoter, allowing induction of transcription by isopropyl-β-D-thiogalactopyranoside (IPTG).  No other tags are incorporated into the gene and so no additional protein modifications should be present following purification.  The resulting plasmids are named pWUR295 (E. coli) and pWUR274 (P. furiosus), with both constructs verified by sequencing (Lark Technologies Inc.).

[bookmark: _Toc288052129]Transformation

Plasmids require transformation into a competent cell line such as the DH5α strain to allow modifications to the gene.  This cloning cell line is adapted from E. coli K12 to remove recA1 and endA1 proteins to increase insert stability and improve the quality of plasmid DNA.

Transformation requires the slow thawing of 20 μL aliquots of cells kept at -80°C.  These are removed from the freezer directly onto ice and left to recover for 2-5 minutes.  2 μL of plasmid is gently added and the mixture is incubated on ice for an additional 30 minutes.  The cells undergo heat shock for 45 seconds at 42°C and removed directly to ice for a further 2 minutes.  400 μL of Luria-Bertani media (LB) is added to the cells and the eppendorf incubated for an hour at 37°C and shaken at 250 RPM.  Following this, the cells are centrifuged at 1, 800 x g, room temperature in a Sigma 1-14 microcentrifuge, and 200 μL of the supernatant removed.  The cells are then gently resuspended and spread out onto agar plates containing 50μg/mL kanamycin using sterile technique.  The volume of cells used range between 10-50 μL over a number of plates to achieve an optimal spacing of single colonies.  The inoculated plates are incubated overnight at 37°C, which can then be sealed and stored at 4°C for several weeks.
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Table 3.1: The components required to make Luria-Bertani media and agar plates, with all constituents purchased from BD™ Biosciences.

[bookmark: _Toc288052130]Site-directed mutagenesis

Site-directed mutagenesis relies on the ability to reproduce a plasmid containing the gene of interest, with the copy containing small modifications to the original sequence whilst retaining all other plasmid features including the antibiotic resistance cassette.  To distinguish between the parent and the copied DNA, the original plasmid is methylated while the secondary plasmid is unmodified.  To this end, the parent plasmids are retained from DH5α cells that contain a dam+/dcm+ phenotype.  The preparation of plasmid requires transformation into DH5α cells, performed as detailed in section 3.1.1.  Transformed cells are plated onto LB-agar plates containing 50 μg/mL kanamycin and left to incubate overnight at 37°C.
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Table 3.2: The sequences of all primers required for SfsA point mutations, along with the changes that these will incur in the translated E. coli and P. furiosus SfsA sequence.  Primers are purchased from MWG operon (Eurofins).

From the transformation plate, a single colony is chosen and grown in 20 mL liquid LB containing 50 μg/mL kanamycin overnight at 37°C and 250 RPM.  This growth is separated into 10 mL aliquots and reduced to a pellet through centrifugation in a Sigma 3-16 table top centrifuge at 5, 200 x g, 10°C for 15 minutes.  The supernatant is removed and the pellets retained for plasmid extraction using a QIAprep® spin miniprep kit (Qiagen), as per manufacturer’s instructions.  Plasmids are eluted in water and used immediately or stored at -80°C for later use.

For each of the active site mutations (E. coli D121A, E135A, K137A and P. furiosus D117A, E130A, K132A), the parent plasmids used are the pWUR295 (E. coli) and pWUR274 (P. furiosus) plasmids containing the wild-type SfsA gene.  For the double mutants E. coli R18A, F19A SfsA and P. furiosus R20A, F21A SfsA, the arginine to alanine mutation is performed first using pWUR295 and pWUR274 as templates.  The resulting plasmid is then used as the template for the phenyalanine to alanine mutation, having been transformed into DH5α cells for methylation.  Initially, the double mutation was attempted within a single primer for each SfsA species but mutation was unsuccessful.

Substitution mutagenesis is performed using the Stratagene QuikChange® mutagenesis kit (Agilent) in combination with specifically designed primers for each point mutation (Table 3.1).  This method requires a nucleotide change of up to three bases at the site of mutation, altering the desired codon to enable transcription of a different amino acid residue in place of the original without producing a transcriptional frameshift.  The altered sequence is designed at a central position within the primer.  To either side of the altered codon, the sequence matches that of the native protein to allow full annealing of the primer.

Primers are added to a reaction mix (Table 3.3) with the reaction buffer, template plasmid, free dNTPs and high fidelity polymerases such as PfuTurbo® (Agilent) or Fusion® (New England Biolabs).  The reaction is spun briefly and transferred to a PCR tube.  This is placed in a thermocycler and the plasmid copy produced through a polymerase chain reaction (PCR) (Table 3.4). 
[image: ]
Table 3.3: The site-directed mutagenesis reaction mix.  The reaction buffer, dNTP mix and Pfu turbo® polymerase are purchased as part of the Stratagene QuikChange® mutagenesis kit, with the Fusion® enzyme purchased separately (New England Biolabs).
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Table 3.4:  The PCR protocol required for site-directed mutagenesis.

Further to the PCR, 0.5 μL of the restriction enzyme DpnI is added and the sample incubated at 37°C for 1 hour.  This endonuclease selects for methylated alanines (target sequence 5’-Gm6ATC-3’) and so digests the template DNA, leaving the plasmid copy uncleaved.





A 2 μL sample of the resulting plasmid is transformed into XL1-Blue supercompetent cells.  These are plated onto LB-agar plates containing 50 μg/mL kanamycin and incubated overnight at 37°C.  A selection of blue colonies are harvested from the plates and grown overnight in 10 mL LB media containing 50 μg/mL kanamycin overnight at 37°C and 250 RPM.  The plasmids are harvested using the QIAprep® spin miniprep kit (Qiagen) and sequenced for confirmation of the mutation (University of Sheffield Core Genomic Facility).

[bookmark: _Toc288052131]Over-expression

The over-expression efficiencies of all mutants were tested individually, as protein expression may be altered due to changes to secondary or tertiary structure, or changes to solubility of the protein.

For over-expression the cell lines TUNER (DE3) and BL21 (DE3) have been used.  These cell lines are modified B strains lacking in Lon and ompT proteases to allow increased intracellular levels of protein, with TUNER having an extra lacZY deletion, enabling greater control of IPTG induction.  The DE3 component refers to the inclusion of λ prophage (DE3) to form lysogenic cells that contain a chromosomal copy of the T7 RNA polymerase gene.  This is under the control of the lacUV5 promoter and so the inclusion of IPTG results in the expression of the T7 RNA polymerase.  This protein orchestrates the expression of genes under the T7 promoter, including those of the pET-24d vectors.

Confirmed mutant plasmids were transformed into the appropriate cell lines in preparation for over-expression trials.  To begin the growth, 10 mL cultures of each mutant are inoculated from single colonies taken from agar plates and grown overnight in LB media containing 50 μg/mL kanamycin at 37°C, 250 RPM.  0.5 mL of these samples are used to inoculate 50 mL volumes of LB growth media in 200 mL conical flasks, also containing 50 μg/mL kanamycin.  In this way, each flask will be inoculated with cells originating from the same colony for each mutant.

All flasks are grown at 37°C, 220 RPM, with cell density regularly checked through 1 mL sampling into a plastic cuvette.  The optical density of the media is measured in a spectrophotometer set to a 600 nm wavelength.  A reading of 0.6 indicates that the cells have passed through the lag phase of growth and have entered the log phase and it is at this point the cultures are induced with IPTG to begin over-expression of the protein.

For each mutant, two concentrations of IPTG (0.5 mM and 1 mM) were trialled along with a range of temperatures.  After induction, the flasks are removed to separate incubators to be trialled at 15°C, 20°C, 25°C, 30°C and 37°C.  1 mL samples are taken from these at 4, 6 and 8 hours following induction, as well as an overnight sample, to be analysed using SDS-PAGE validation.

[bookmark: _Toc288052132]SDS-PAGE preparation

Samples are pelleted in eppendorf tubes by centrifugation at 12, 500 x g for 10 minutes using a Sigma 1-14 microcentrifuge.  The supernatant is removed and the cells resuspended in 100 μL Bugbuster™ detergent (Novogen®) supplemented with 2 μL Bugbuster™ nuclease (Novogen®).  These are incubated on a rocking platform at room temperature for 30 minutes and centrifuged at 15, 000 x g for 10 minutes to separate the soluble and insoluble protein fractions.  The soluble protein resides in the supernatant and is removed into a separate eppendorf whilst the insoluble protein remains in the pellet and must be re-suspended in 400 μL buffer (50 mM Tris pH 8, 1% SDS).

The Bradford assay is performed on each sample as a method of determining approximate protein concentration.  Between 1-10 μL of sample is added to a plastic cuvette along with 800 μL Milli-Q water and 200 μL Bradford reagent (Bio-rad) and the mixture homogenised by inversion.  Using a spectrophotometer, the mixture is compared to a blank that does not contain protein.  The presence of Bradford reagent causes a colour-change reaction and the difference in colour can be measured at a 595 nm wavelength.  Absorption readings outside 0.1 and 0.8 were retested with an increased or decreased volume of sample to gain more accurate readings.  Based on calibration against a BSA standard, the protein concentration is determined with the following calculation:


(Eqn. 3.1).

Once the concentration is known, the samples are diluted to a concentration of 1.5 mg/mL with buffer (50 mM Tris pH 8, 1% SDS (w/v)) to a 20 μL volume.  5 μL NuPAGE® sample dye (Invitrogen™) supplemented with NuPAGE® 10 x reducing agent (Invitrogen™) is added and the samples heated to 100°C for several minutes.  Upon cooling, these are loaded onto a 12% polyacrylamide gel containing a 6% stack.  Mark12™ unstained standard (Invitrogen™) is used as a molecular weight marker.  
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Table 3.5: The recipe for a 12% resolve SDS gel with a 6% stack for use in polyacrylamide gel electrophoresis.  All components are purchased from Sigma-Aldrich, with Acrylamide acquired from Severn Biotech LTD.

Gels are run in running buffer (25 mM Tris, 60 mM glycine, 0.1% SDS (w/v)) for 10 minutes at 100 V initially to ensure the samples proceed through the stack.  The voltage is then increased to 190 V for 40 minutes or until the samples reach the bottom.  The gels are removed and stained (0.1% (w/v) coomassie blue in 46% (v/v) methanol, 7% (v/v) acetic acid) for an hour on a rocking platform at room temperature.  Destaining to remove the background dye is performed with destain solution (10% (v/v) methanol, 10% (v/v) acetic acid) in the same way.
The E. coli SfsA has a molecular weight of 26.229 kDa and P. furiosus SfsA has a weight of 26.114 kDa (ExPASy), with mutations having a negligible effect.  Where SfsA is present, a band is observed corresponding to these weights when compared to the Mark12™ ladder.  This analysis has determined the optimum growth conditions for each of the mutant proteins (Table 3.6). 
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Table 3.6: The conditions required to produce the highest amount of soluble protein at 1 mM final IPTG concentration following growth at 37°C and induction at an optical density of 0.6 at a 600 nm wavelength.

The conditions shown in Table 3.6 are replicated for large-scale growths to produce protein for purification.  Two to three large-scale growths in 2 L conical flasks were found to produce sufficient volumes of protein for purification.  Each flask contains 0.5 L LB media and 50 μg/mL kanamycin and are inoculated at a final 2% concentration from overnight growths of a single plated colony.  Each mutant is grown according to the above specifications.  Following post-induction incubation, the cells are pelleted through spinning at 15, 000 x g, 4°C in a Beckman Avanti J25i centrifuge for 15 minutes.  To recover the pellets from the reusable centrifuge vessel, the supernatant is removed for the most part and the remaining cells resuspended in a small volume of residual LB media.  The cells can then be transferred into 50 mL storage falcons and pelleted at 5, 200 x g, 4°C in a Sigma 3-16K table-top centrifuge for 20 minutes.  The media is again removed and the pellets frozen at -20°C for a minimum of 24 hours before use.
[bookmark: _Toc288052133]Purification

The purification procedures of both E. coli and P. furiosus SfsAs are similar and the process has not been altered between the wild-type protein and the mutants.  In each case an ÄKTA pure chromatography system was used and controlled through UNICORN 6 software.

The growth of ~1 L of cells results in a pellet weight of around 5 g.  Cell pellets are defrosted on ice and re-suspended in 20 mLs of 50mM Tris.HCL pH 8.0, 20 mM NaCl and 5 mM MgCl2.  The cells are separated into plastic vials for ultra-sonication and placed on ice.  Each vial is sonicated three times at an amplitude of 15 μm for 15 seconds.  The lysed cell components are separated through centrifugation in a Beckman Avanti J25i centrifuge at 43, 000 x g, 4°C for 15 minutes.  SfsA is present in the supernatant, which is removed and 10 μL Benzonase® (25 units/μL, Novagen®) added.  The supernatant is dialysed overnight against 0.5 L of 50mM Tris.HCL pH 8.0, 20mM NaCl and 5mM MgCl2 in a Medicell dialysis membrane with a 12-14 kDA molecular weight cut-off.

Following dialysis, the E. coli SfsA can be loaded onto a GE Healthcare HiTrap Heparin-HP column with a 5 mL bed volume following pre-equilibration with buffer A (50 mM Tris.HCl pH 8.0).  A salt gradient from 0 M to 1.2 M is run over 10 column volumes using a gradient mixer to produce an increasing NaCl concentration using contributions from buffer A and buffer B (A + 1.5 M NaCl).  The UV absorbance of the buffer is measured as it exits the column, with an increase in absorbance indicating the elution of protein and resulting in a peak on the spectra.  2.5 mL fractions of the elute are collected and those that correspond to an increase in absorbance are pooled in preparation for the next column.

The difference in purification procedures between the SfsA species involves an additional step for the P. furiosus SfsA.  Due to the heat-stable properties of the native protein, the P. furiosus SfsA can be separated into 10 mL falcons and incubated in a waterbath at 60°C for 20 minutes directly proceeding from dialysis.  The lysate is cooled and spun at 5, 200 x g in a Sigma 3-16K table top centrifuge at 10°C for 15 minutes.  The supernatant is loaded onto the heparin-HP column and an identical protocol followed as for the E. coli SfsA.

Following the heparin column, the combined elute is tested for protein concentration using the Bradford assay and content using SDS-PAGE.  Once the presence of protein at the expected molecular weight is assured, both species of SfsA generally require a final stage of purification.  The pooled fractions are buffer-exchanged into 50 mM MES pH 6.5 and loaded onto a GE Healthcare Resource-S™ cation exchange column with a 6 mL bed volume, which is pre-equilibrated with 50 mM MES pH 6.5.  A salt gradient of 0 M to 0.6 M NaCl is applied over 10 column volumes and 2.5 mL fractions collected and analysed using SDS-PAGE.  Fractions containing SfsA are combined and, if required, concentrated using a 10 kDa VivaspinTM concentrator in a Sigma 3-16K table top centrifuge.

An alternative to the Benzonase® purification protocol requires the use of an ammonium sulphate cut in place of the enzyme.  To effect denaturation of the protein, the SfsA solution is stirred in a beaker at 4°C and ammonium sulphate powder added to the solution gradually, to a final concentration of 1.8 M.  Following overnight incubation at 4°C, the precipitate suspension is collected by centrifugation in a Beckman Avanti J25i centrifuge at 5, 000 x g, 4°C for 10 minutes.  The supernatant is removed and the pellet resuspended in 200 volumes buffer A (50mM Tris.HCl pH 8.0).  This is dialised overnight aginst buffer A, with the dialysis buffer changed several times to ensure removal of the ammonium sulphate.  The soluble protein is then recovered by centrifugation at 25, 000 x g, 4°C for 15 minutes to remove any remaining aggregates.  The soluble protein is present in the supernatant and run on an SDS-PAGE gel to assess the purity of the protein.
[bookmark: _Toc288052134]Crystallisation

To prepare the protein for crystallisation, both species are incubated with 10 mM ethylenediaminetetraacetic acid (EDTA) at room temperature for 3 hours on a rocking platform.  This is dialysed overnight at 4°C against 20 mM MES pH 6.5 (with an additional 300 mM NaCl for P. furiosus SfsAs) and the protein concentrated to 10mg/mL for direct used in crystal trials.

Protein concentration for crystallisation or activity assay use is not determined by Bradford assay.  Instead, a reading is taken at a 280 nm wavelength on an Implen nanophotometer and calculated using the Beer-Lambert equation as follows:

(Eqn. 3.2),
where the absorbance (A) of the solution is proportional to the concentration of the solution in mol cm-1(c), the length of the light path in cm (l) and the molar extinction coefficient (ε).  In conjunction with the molecular mass of the protein, a specific concentration can be calculated.  The extinction coefficients for the E. coli SfsA is 30160 M-1 cm-1 and 10680 M-1 cm-1 for P. furiosus SfsA, assuming cystine pairs are oxidised to form disulphide bridges (ExPAsy).

All crystal trials employ the vapour diffusion method as described in Chapter 2, using the sitting drop and hanging drop methods.  For every mutant, a Hydra II robot was used to initially screen for crystal-forming precipitant conditions at a 1:1 protein to mother liquor ratio.  The Qiagen NeXtal® screening suites JCSG, PACT and Classics screens are used preferentially, with PH Clear, PEG and Ammonium Sulphate screens used additionally if enough protein volume remains.  Each screen was dispensed into a 96-well crystallisation plate at a volume of 500 μL in the reservoir and 200 nL into the microwell, followed by the addition of 200 nL of protein to the microwell.  The plates were sealed using crystallisation tape, spun in a Grant-bio LMC-3000 table top centrifuge and incubated at 17°C, to be checked at regular intervals.

Crystals produced in the initial screens are tested for diffraction where possible.  Data sets are collected from protein crystals and, if resolution or quality of data is insufficient, optimisation of the growth condition is completed.  Successful conditions were optimised using the hanging drop technique through varying precipitant concentration, protein concentration, incubation temperature and protein to mother liquor ratios.  The largest and most singular crystals produced from these are retrieved for data collection.

Specific crystallisation conditions, optimisations and data collection strategies will be outlined for each of the structures in the Results chapters, along with discussion on the processing and the validity of the structures.

[bookmark: _Toc288052135]Gel shift activity assays

[bookmark: _Toc288052136]Covelently-closed pUC19

Empty pUC19 plasmid is cloned into DH5α competent cells and grown on LB-agar plates containing 50 μg/mL ampicillin.  Single colonies are selected and grown overnight at 37°C, 250 RPM in 10 mL LB media containing 50 μg/mL ampicillin.  The cells are pelleted in a Sigma 3-16K table top centrifuge at 5, 200 x g and the supernatant removed.  Plasmid is then extracted from the cells using the QIAprep® Spin miniprep kit (Qiagen) according to the manufacturers instructions.  The concentration of the plasmid is determined using an Implen nanophotometer to determine the absorbance of the solution at a 260 nm wavelength.  The Beer-Lambert equation (as described in Eqn. 3.2) can be used to determine plasmid concentration, measured as μg/mL.  The extinction coefficient (ε) of ‘50’ is based on the assumption all DNA in solution is double-stranded and therefore spectroscopic values can be compared to a standard whereby 50 μg/mL dsDNA gives an absorbance of 1 absorbance unit (AU) at 260 nm.

The reaction mix is composed of 300 ng of pUC19 plasmid, 20 mM Tris.HCl, 10 mM MgCl2 and 0.2 mg/mL SfsA to a final volume of 10μL in an eppendorf.  Controls do not contain the protein.  Samples are incubated on ice and at 37°C (E. coli SfsAs) or 60°C (P. furiosus SfsAs), then removed to ice at 30, 60 and 120 minute time points.  Upon cooling, samples are briefly spun in a Sigma 1-14 table top centrifuge at 1, 800 x g to ensure homogeneity and 2μL of 6 x DNA loading dye (Fermentas) added.  Samples from these are run on a 0.7% agarose gel comprised of 50 ml 1 x TAE buffer (Table 3.7) and 4 μl GelRedTM (Biotium).  Along with the samples, HyperLadder™ I molecular weight standard (Bioline) is also added.  The gel is run at 100 V for 1 hour in 1 x TAE buffer and viewed using a UV light box.

Variations of this assay investigate the ratios of protein to DNA, where final concentrations of 300 ng, 30 ng and 3 ng of SfsA are used with 300 ng DNA.  These assays are carried out over a longer time period, with additional samples being removed at 240 minutes and overnight.
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Table 3.7: The recipe for 1 x TAE buffer, all components purchased from Sigma-Aldrich.

[bookmark: _Toc288052137]Linearised pUC19

pUC19 is prepared from DH5α cells as outlined above.  Digestions of pUC19 are carried out using the blunt-end restriction enzymes DraI and ScaI; the 3’- overhang restriction endonucleases AatII and SacI; and the 5’–overhang restriction enzymes NdeI, HindIII and XbaI (New England Biolabs®).  Each are incubated with pUC19 for 1 hour at 37°C and heat-inactivated at 65°C for 20 minutes (except ScaI and AatII, which require heat inactivation at 80°C).  These are used as substrates in the same assay format as described for the circular plasmid above.
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Table 3.8:  The composition of the reaction mix used to catalyse pUC19 plasmid cleavage. Restriction endonucleases and the CutSmart™ buffer were purchased from New England Biolabs.

[bookmark: _Toc288052138]DNA degradation activity assays

Stocks of DNA are formed from lyophilized Type XIV DNA retrieved from Herring testes (Sigma-Aldrich) by stirring gently in 20mM Tris.HCL pH 8.0 at 4°C for a minimum of 3 hours or overnight.  The stocks are made at a concentration of 2 mg/mL and aliquoted into sterile eppendorfs to be stored at -20°C and defrosted on ice before use.  SfsA is dialysed using the same method as for crystallisation to remove native metals from its active site.

To assess the activity of SfsA mutants, a 1:1 weight ratio of protein to DNA is used.  The reaction mix is kept on ice in sterile eppendorfs, containing a final concentration of 400 μg of Herring DNA, 400 μg of SfsA, 10 mM MgCL2 and 20 mM Tris.HCL pH 8.0 to a volume of 1 mL.  A negative control contains all components except the protein.  All reactions are carried out in triplicate, with three separate reaction mixtures for each protein and for the control.

The E. coli SfsA mutants are incubated at 37°C and the P. furiosus SfsA mutants incubated at 60°C.  At 30 minute time points starting from 0 hours and finishing at 8 hours, 50 μL of the reaction mix is removed into a new eppendorf and nuclease activity halted by the addition of 50 μL chilled 6% Perchloric acid (v/v).  This is mixed thoroughly and incubated on ice for 10 minutes.  The cooled samples are spun at 12470 x g and the absorbance of the solution tested at a 260 nm wavelength on an Implen nanophotometer.

Variations of this method include varying ratios of wild-type SfsAs to DNA, so requiring 400 μg, 40 μg and 4 μg of SfsA whilst keeping the DNA concentration consistent at 400 μg.  This gives weight ratios of 1:1, 10:1 and 100:1 respectively.

[bookmark: _Toc288052139]Production of SfsA knockout cells

[bookmark: _Toc288052140]PCR-produced gene replacement

The recombination of E. coli genes can be achieved through use of bacteriophages to insert a modified gene into the genome of the bacteria, so altering its expression.  PCR is first used to produce the disrupted gene with the pKD3 plasmid as a template.  pKD3 was kindly supplied by Dr Matt Rolfe, University of Sheffield.  The primers for the PCR contain the sequences ordinarily situated 40 base pairs upstream and downstream of the SfsA gene in an E. coli MG1655 strain.  

At the 3’ ends of each primer are the start and end sequences of a chloramphenicol resistance cassette situated in the pKD3 plasmid.  In this way, the SfsA gene will be replaced with a chloramphenicol resistance cassette when the resulting DNA fragments are recombined into the bacterial genome.
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Table 3.9:  The primers purchased from MWG Operon designed to amplify a chloramphenicol resistance cassette in place of the SfsA gene, with the primer sections to amplify the chloramphenicol resistance component highlighted.

The primers and plasmid are added to BioMix™ red (Bioline), which contains Taq polymerase, dNTPs, buffer and 1.5 mM MgCl2.  These are briefly spun and transferred to a PDR tube for thermocycling.  A sample of the product along with Hyperladder I molecular weight marker (Bioline) is run on a 1% agarose gel, composed of 50 μL TAE buffer and 4 μL GelRed™ (Biotium).  This is run at 100 V for 50 minutes and viewed on a UV light box.
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Table 3.10: The PCR reaction mix, with BioMix red supplied by Bioline.
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Table 3.11: The PCR protocol required for chloramphenicol resistance cassette production.
[bookmark: _Toc288052141]Homologous recombination

A stock of modified E. coli MG1655 cells have been kindly provided by Dr Matt Rolfe, University of Sheffield.   These cells had been previously transformed with the low-copy plasmid pSIM18, containing the λ-red recombinase enzymes λ exonuclease, β protein and λ-Gam protein.  These proteins promote the recombination of introduced DNA into the host genome.

A single colony of pSIM18-MG1655 cells is selected and grown in 5mL LB media in 30°C, 200 RPM overnight.  1 mL of the culture is used to inoculate 100 mL LB media and grown at 30°C, 200 RPM to an OD of 0.3 at a 600 nm wavelength.  This is divided into 50 mL falcons and heat-shocked at 42°C for 15 minutes, then left to recover on ice for 10 minutes.  Cells are pelleted in a Sigma 3-16K table top centrifuge at 2, 800 x g, 4°C for 10 minutes and the supernatant removed.  The cells are re-suspended in 45 mL ice-cold sterile Milli-Q water and again pelleted.  The process is repeated and the cells re-suspended in 1.5 mL cold water to be transferred to eppendorfs.  The cells are again pelleted at 7, 000 x g, 4°C for 2 minutes in a Sigma 1-14 centrifuge.  Five cycles of washing are completed before the re-suspension of the cell pellets in 100 μL cold water.  40 μL of the suspension is added to a cooled electroporation cuvette along with 4 μL of PCR product.  The solution is mixed gently, electroporated using a MicroPulser™ electroporator (Biorad) and 400 μL LB added for recovery.  The eppendorf is incubated at 37°C, 200 RPM for 2 hours and plated on LB-agar plates containing 7.5 μg/mL chloramphenicol for overnight incubation at 37°C.  Single colonies of these cells are selected for re-streaking on 25 μg/mL chloramphenicol LB-agar plates to ensure the cells contain the disrupted SfsA gene.
[bookmark: _Toc288052142]Phage P1 transduction

Colonies grown on 25 μg/mL chloramphenicol LB-agar plates are used to inoculate 2.5 mL LB media containing 5 mM CaCl2.  These are grown to stationary phase at 37°C, 250 RPM, corresponding to an OD of ~1.6 at a 600 nm wavelength, and growth is halted through incubation on ice.  50 μL aliquots are made and to these, 100 μL of 1010 PFU/mL P1 phage is added and the mixture incubated at 37°C for 20 minutes, 200 RPM.  Supersoft agar is formed from the mixture through the addition of warmed TB soft agar to the bacteria-phage mix (Table 3.12).  The supersoft agar is poured onto a phage lysate plate, cooled and incubated upright at 37°C in a ‘wet box’.  After 5 hours the plate is chilled at 4°C for 30 minutes and 5 mL pre-cooled phage dilution buffer added gently.  The plate is incubated at 4°C overnight and lysate harvested the next day.  These are stored over chloroform at 4°C until required for transduction.

MG1655 E. coli cells containing no modifications are grown in 2.5 mL LB media with 5 mM CaCl2 to an OD of ~1.6 at 600 nm wavelength and removed to ice.  The phage lysate prepared previously is added to 100 μL cooled aliquoted MD1655 cells in 1:1 and 2:1 ratios.  An aliquot of cells will not contain lysate so as to be used as a negative control.  These are incubated at 37°C for 20 minutes, 200 RPM and plated on 25 μg/mL chloramphenicol LB-agar plates supplemented with 125 μM Sodium pyrophosphate for phage inhibition.  Plates are incubated overnight at 37°C and then stored at 4°C.
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Table 3:12: The recipes for A) TB-agar, B) phage lysate agar and C) Phage dilution buffer.

[bookmark: _Toc288052143]Colony PCR 

Colony PCR is used to check the cells for incorporation of the gene.  A single colony is resuspended in 100 μL Milli-Q water and added to the BioMix (Bioline) PCR mixture containing Taq polymerase.  The primers used are the sequences either side of the kanamycin resistance cassette.
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Table 3.13: Primers used in colony PCR to check for presence of the chloramphenicol resistance gene, purchased from MWG Operon.
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Table 3.14:  The reaction mix for colony PCR.

The results of the PCR are determined by running the sample on a 1% agarose gel along with Hyperladder I molecular weight marker, to ensure the sample is the same weight as the chloramphenicol resistance gene.
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Table 3.15: The PCR protocol required colony PCR of SfsA knockouts.

[bookmark: _Toc288052144]SfsA knockout growth studies

The effects of removing SfsA from the genome were investigated by growing wild-type E. coli and knockout E. coli in comparative conditions to first investigate the proposed sugar utilisation phenotype as suggested by Kawamukai et al. (Kawamukai, 1991).

A single colony is removed from wild-type and knockout agar plates and used to inoculate 5 mL minimal media.  This is grown at 37°C, 250 RPM for ~3 hours before inoculating a 200 mL flask containing 50 mL minimal media, which in turn is grown overnight at 37°C, 200 RPM.  The cells are spun at 1, 800 x g, room temperature in a Sigma 3-16 table top centrifuge and the supernatant removed.  The cells are gently resuspended in fresh minimal media that does not contain any sugars and OD readings taken at a 600 nm wavelength.  Dilutions ensure that the wild-type and knockout cells are the same concentrations and the same volume of cells are used to inoculate six flasks each of 500 mL minimal media.  Three of the flasks contain glucose and three contain maltose as the primary carbon source for each of the wild-type and knockout cells, enabling triplicate readings.  These are grown at 37°C, 200 RPM, to be sampled every 30 minutes until stationary phase is reached.  Absorbances of samples are read on a Biowave cell density meter at a 600 nm wavelength and values normalised.

The same procedure was repeated for studies into the effects of cadmium on the knockout cells.  In this case, cadmium was added in the form of a 200 mM stock at the start of the secondary growths or after 30 minutes, at final concentrations of 250 μM, 500 μM and 1 mM.  The procedure is resumed as before.
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Table 3.16:  A minimal media recipe, including the composition of the trace elements solution.  This is autoclaved before use, as are the initial components of the media.  Components added after autoclaving hare filter sterilised.  All chemicals are purchased from Sigma-Aldrich.
[bookmark: _Toc288052145]Crystallisation and structure determination of the SfsA mutants

This chapter includes analysis of all the experimental techniques required to produce each SfsA mutant, crystallise the proteins and solve their structures.  Where differences between the wild type mutant SfsAs occur, notation has been provided as to the possible effects of the mutation on the protein along with any notable characteristics observed as being species-specific.  Each mutant protein investigated may contribute to a greater understanding of SfsA and its mechanism, with every structure allowing a more thorough analysis of structure and activity.
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Figure 4.1: The target residues to be mutated in SfsA are highlighterd in red, showing their positions within the protein and in relation to one another.


[bookmark: _Toc288052146]Mutagenesis of SfsA 

Successful substitution mutations were completed for active site residues D121, E135 and K137 in the E. coli SfsA and D117, E130 and K132 of P. furiosus SfsA, with each residue individually altered to alanine to remove both the charge and the steric occupation of the side chains.  Each mutagenesis reaction was competed using the wild-type pWUR295 (E. coli) and pWUR274 (P. furiosus) plasmids as templates, along with primers containing the altered nucleotide base sequence.  Codons were chosen for the lowest degree of base change coupled with the highest availability of tRNAs in the E. coli host cell.  By effecting a GCA or GCG change each primer sequence differs from the wild-type codon by only two bases, maximizing the chances of successful incorporation into the copied plasmid.

Mutagenesis of the OB-fold RF motif residues (R18A, F19A from E. coli SfsA and R20A, F21A from P. furiosus SfsA) were also successful, after conducting the double mutation in sequential fashion.  Due to the requirement for a four base change, primers containing the substitution codon were unsuccessful in implementing the double mutation in a single PCR reaction.  The sequential experiments performed instead required the use of the wild-type pWUR295 (E. coli) and pWUR274 (P. furiosus) plasmids as templates, coupled with the arginine to alanine mutant primer.  Upon successful completion of the first mutation, the plasmid produced was used as a template for the phenylalanine to alanine mutation.  The primer for this therefore contained the first mutated codon as a complementary sequence, along with the mismatched bass of the second mutation.

Following DpnI digestion and transformation, colonies were removed for sequencing.  Subsequent sequencing analysis has shown that both species’ genes are present in the expected position in the plasmid.  The sequence of the E. coli SfsA was consistent with the reported sequence in Genbank (accession number U00096.2, gene locus b0146) and the desired mutations were the only diversion from this sequence.

The P. furiosus SfsA sequence differed slightly from the native gene as reported in Genbank (accession number AE009950.1, gene locus PF1198).  Whilst the desired active site or OB-fold mutations were present, an additional substitution of leucine 120 to isoleucine 120 was observed.  Upon investigation, the mutation was present in the original pWUR274 wild-type plasmid due to a single base substitution (CTT to ATT) and is therefore present in the previously obtained wild-type structure.  This change was not corrected as it was deemed to have little effect on the overall structure, incurring no changes in charge or chain packing.  In addition, the residue is buried in the protein and so separate from any point of contact with potential substrates.  Also observed in the structure and present in the wild-type gene is the addition of an alanine to the beginning of the sequence and this residue may also be seen in the mutant protein structures.

[bookmark: _Toc288052147]Over-expression of mutant SfsAs in BL21 and TUNER cells

All mutants were individually trialled for optimum solubility and expression, to encompass any altered expression patterns that may have been introduced.  TUNER and BL21 over-expression strains were used and optimal conditions chosen were used to conduct large-scale over-expression of the proteins (Figure 4.2).  All E. coli SfsA mutants demonstrated a high degree of expression and large amounts of soluble protein was produced (with some appearing in the insoluble fraction, perhaps being misfolded in the cell due to the high degree of overexpression).  P. furiosus SfsA expression was less prolific and demonstrated consistently lower yields of soluble protein.  When the two species are compared, the same mass of cell pellet contains approximately three times more E. coli SfsA than P. furiosus SfsA.  This may be the result of the P. furiosus SfsA genes containing a higher percentage of codons considered rare for the E. coli expression system and the proteins therefore experiencing lower translation efficiencies.
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Figure 4.2: An overexpression gel of E. coli R18A, F19A SfsA showing the increase in protein expression over time.  Lane 1: Mark12® protein standard, 2: pre-IPTG induction insoluble cell fraction, 3: pre-IPTG soluble cell fraction, 4: addition of IPTG, soluble cell fraction, 5: two hour post-induction insoluble cell fraction, 6: two hour post-induction soluble cell fraction, 7: four hour post-induction insoluble cell fraction, 8: four hour post-induction soluble cell fraction, 9: eight hour post-induction insoluble cell fraction, 10: eight hour post-induction insoluble cell fraction.  Incubation was conducted at 200 RPM, 25°C.

[bookmark: _Toc288052148]Rare codons and Rosetta™ cell over-expression for P. furiosus mutant SfsAs

Codons that are rare in E. coli comprise 23.8% of the P. furiosus SfsA gene sequence, with nine instances of consecutive codons (Rare Codon Caltor, UCLA).  To rectify this, over-expression in Rosetta™ competent cells were trialled for each P. Furiosus mutant.  These cells contain a pRARE plasmid that allows a higher level of rare tRNA expression in the host cell.  As a consequence, the soluble expression of P. furiosus SfsAs was greatly improved for all mutants when compared to BL21 and TUNER cells.

However, the standard purification procedure as described in the materials and methods chapter was unable to be utilised for any P. furiosus mutant SfsAs overexpressed in Rosetta™ cells.  Upon loading onto a heparin column, a significant loss of protein was observed during the elution step.  A loss of protein on this scale was observed with all mutants following growth in Rosetta™ cells.  This suggests the active sites of the proteins are occupied, with a substrate demonstrating a significantly high binding affinity.  When enough protein was recovered and run through the second column, spectroscopic analysis revealed the continued presence of nucleotides attached to the protein, which can be assumed to be occupying the active site (Figure 4.3).

The purification procedure was repeated with a higher concentration of fresh Benzonase® nuclease but returned the same result.  A high binding affinity is therefore surmised due to the inability of Benzonase® to remove nucleic acids from the active site, consequently removing the availability for the active site and/or OB-fold to bind heparin through steric blockage or charge repulsion from the nucleotide backbone.  Despite the low yield, use of the BL21 and TUNER cells provided enough protein for crystallography following successive rounds of over-expression.  Significantly lower concentrations of protein were required for the activity assays and binding assays, and so the lower yield of the P. furiosus proteins from these systems had no impact upon these applications.

The constitutively bound nucleotides in P. furiosus SfsA, specifically when overexpressed in Rosetta™, cells forms an interesting link to the results of early activity assays carried out by collaborators at Wageningen University (Akerboom, 2007).  When expressed in E. coli cells, P. furiosus SfsA co-purified with E. coli native RNA, as described in Chapter 1.  The purified protein was nonetheless used in activity assays during which it successfully digested plasmid DNA.  Conversely, E. coli Sfsa co-purified with DNA bound in its active site and when used in activity assays, was unsuccessful in cleaving the desired DNA substrate.  This is likely due to the occupation of the binding and/or active sites of the protein, so leading to the suggestion that P. furiosus SfsA has a comparatively weaker affinity to E. coli RNAs than E. coli SfsA to its own DNA.  The inclusion of non-native E. coli RNAs through use of the pRARE plasmid in the Rosetta™ strain may better replicate the RNA composition of P. furiosus, so allowing interactions between P. furiosus SfsA and rare RNAs that may prove more favourable than their more common counterparts.
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Figure 4.3: The spectroscopic analysis of purified R20A, F21A SfsA when expressed in Rosetta™ cells compared to R20A, F21A SfsA expressed in TUNER cells. A) A wavescan of R20A, F21A SfsA showing the absorbance peak of the protein at 280 nm and no significant peak at 260 nm when purified from TUNER cells. B) A wavescan of R20A, F21A SfsA showing the absorbance peak of the protein at 280 nm is obscured by the 260 nm peak signifying the presence of nucleotides in the column elute when purified from Rosetta™ cells.

[bookmark: _Toc288052149]Purification of mutant SfsAs

Purification of E. coli and P. furiosus SfsAs were largely based on established purification procedures for the wild-type proteins (Akerboom, 2007; Allen, 2011).  Cells were lysed on ice to prevent protease activity, membrane components removed and Benzonase® added before overnight dialysis.  The use of the non-specific nuclease Benzonase® is required for the removal of constitutive E. coli nucleotides bound to the SfsA and is heat inactivated following dialysis.  Heparin and Resource-S columns were used to separate the SfsA from the Benzonase® and cell lysate to achieve around 90-95% purity (Figure 4.4).
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 4.4: SDS-PAGE gel analysis of E. coli E135A SfsA and P. furiosus E130A SfsA.  A) SDS-PAGE gel showing samples taken from purification of E135A SfsA.  Lanes are as follows; 1: Mark12™ standard (Invitrogen), 2: pre-IPTG induction soluble cell lysate 3: post-IPTG induction soluble cell lysate, 4: post-heparin column, 5: post-Resource-S column.  B) SDS-PAGE gel showing samples taken from purification of E130A SfsA.  Lanes are as follows; 1: Mark12 standard, 2: post-IPTG induction soluble cell lysate, 3: pre-IPTG induction cell lysate 4: Post-60°C heat of the induced cell lysate, 5: Post-heparin column, 6: post-Resource-S column.  


Interestingly, the species of SfsA can be identified by looking at the purification traces from the columns, which show certain characteristics that make them instantly recognizable.  The E. coli–derived mutants typically demonstrate a higher concentration in the eluted fractions and a correspondingly high absorbance on the traces, with peaks often rising above the spectrophotometer limit of 5.00 AU.  Yield from the heparin column can be anywhere between 2-5 times lower for P. furiosus mutants than E. coli mutants when the same volume of lysate is introduced into the column.

E. coli SfsA mutants elute off both the heparin column and the Resource–S column at lower salt concentrations (measured by conductance, typically between 0.40 and 0.80 mS/cm for the heparin and 15 mS/cm for the Resource-S) compared to the P. Furiosus proteins (between 1.10 and 1.40 mS/cm for the heparin and ~45 mS/cm for the Resource-S) (Figure 4.5).  This is likely due to the greater positive change of the P. furiosus mutants when compared to their E. coli counterparts, with lysine and arginine residues comprising 17.8% and 11.5% of the protein, respectively.

One final aspect to note is the earlier appearance of the protein peak on the heparin column for both OB-fold mutants compared to wild-type or active site mutants when the same gradient is applied.  For example, a salt content resulting in ~1.1 mS cm-1 and 0.4 mS cm-1 were observed for P. furiosus and E. coli RF mutants respectively compared to an average of 1.4 mS cm-1 and 0.7 mS cm-1 normally from a heparin column (Figure 4.6).  The DNA binding capabilities are unlikely to be affected by a double mutation in the OB-fold as these residues are likely to confer binding specificity rather than ability.  Wide regions of positive charge are credited with the DNA binding capabilities observed in this fold, and so the reduction in salt concentration required to elute the protein is likely to be due to the removal of the positively charged arginine, so reducing surface charge in the area.
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Figure 4.5:  The heparin and Resource-S column traces from the purification of E. coli E135A SfsA and P. furiosus E130A SfsA.  A) Shows the heparin trace of E135A SfsA, where the blue trace shows the UV absorbance of the column elute (measured in A.U.) whilst the red trace shows the measured conductance of the elute (measured in mS cm-1).  The protein eluted at 0.7 mS cm-1 and 1.6 A.U.  B) Shows the Resource-S trace for E135A SfsA, where the blue line represents A.U. and the brown line represents conductance.  The protein elutes at 0.45 mS cm-1.  C) The heparin trace for E103A SfsA, which elutes in the second peak seen at 1.4 mS cm-1 and 0.26 A.U.  D) The Resource-S trace for E130A SfsA, which elutes at 15 mS cm-1.
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Figure 4.6:  The heparin column traces from the purification of E. coli R18A, F19A SfsA (A) and P. furiosus R20A, F21A SfsA (B).  The blue trace shows the UV absorbance of the column elute (measured in A.U.) which is generally representative of protein concentration whilst the red trace shows the measured conductance of the elute (measured in mS cm-1).  A) The R18A, F19A SfsA peak occurs at 0.4 mS cm-1 and absorbance exceeds 5.0 A.U.  B) The R20A, F21A SfsA peak occurs at 1.1 mS cm-1 and absorbance is measured at 0.28 A.U.








All mutants could be successfully purified with one exception.  Repeated unsuccessful purifications of the E. coli mutant K137A have resulted in its exclusion from structural studies and activity assays.  A significant loss of the protein occurs on the heparin column, signifying an apparent inability of the protein to bind to the column.  There could be several reasons for this.  The protein may aggregate in the standard lysis buffer used for SfsA, potentially as a result of unbalanced charges at the active site (Davoodi, 1995).  In the restriction endonuclease EcoRI, K113 of the PD-(D/E)xK domain is required for whole protein stability and mutations at this position produce an enzyme with a strongly enhanced tendency to aggregate. (Grabowski, 1995).  Although K132A SfsA of P. furiosus was successfully purified, the thermostability adaptations employed by the protein may lend themselves to pH stability.  A greater degree of charge-to-neutral hydrogen bonding is seen in the P. furiosus enzyme, shown by other thermophilic proteins to lower the desolvation penalty upon folding (Tanner, 1996).  In addition, P. furiosus SfsA contains 0.05 ion pairs per residue while the E. coli homologue presents just 0.004, potentially resulting in a more stable composition of the former (Allen, 2011).  Another explanation could be that the exclusion of lysine from the active site has a significant effect on the binding of substrate, resulting in a strong interaction between SfsA and constitutive nucleotides.  In this way it would be protected from Benzonase degradation, leaving the active site unavailable for heparin occupation.  In either case, K132A of P. furiosus SfsA was successfully purified and may give an indication as to the function of the lysine in this protein.

[bookmark: _Toc288052150]From crystallisation to structures

Rather than just using the same conditions that were found to crystallise the wild-type forms of the protein, an initial crystallisation screen was used to identify hit conditions.  As structural variations from the wild-type proteins could not be predicted, and indeed variations between species may have been introduced, this approach was considered best to maximise the chances of crystallisation success.  Crystal trials did indeed yield initial hits in multiple conditions and in a variety of crystal forms for all E. coli and P. furiosus mutants.  For each, the Qiagen® NeXtal® screens JCSG, PACT and CLASSICS were tested as standard, with each protein concentrated to 10 mg/ml before use.  In some cases, additional screens were used if protein quantity was sufficient.

Where crystals were large enough to be recovered from the initial screening plates, these were mounted on the in-house detector for diffraction analysis.  These preliminary data were collected in-house at 100K using a Rigaku MM007 copper rotating anode generator with Varimax confocal optics and a MAR345 image plate.  Ordinarily, the crystal was centred in the beamline and beginning at 0°, three images were taken 45° apart with a 1° oscillation.  The crystals were exposed to X-rays for 2 minutes before transfer to synchrotron pucks and storage at 100 K.  This ensured that only viable protein crystals had full data sets collected at the Diamond Light Source and enabled some degree of planning as to the data collection strategy.  Advantages include the visualisation of the crystal within the loop and indications of potential resolution and spacegroup using the indexing programme MOSFLM.  

Following analysis on the in-house detector, crystals were then optimised or transported to Diamond light source for data collection.  Data collection has taken place over a number of years and the strategies presented in this thesis vary according to the capabilities of the equipment available at the time.  Nonetheless, all samples were stored in transport pucks and robotically mounted on a goniometer at 100K.  Here, the crystals were exposed to X-rays and data were collected.  Initial stages of data processing were carried out at Diamond, including the automatic merging and scaling of data by Xia2 (Winter, 2010).  All structures in this thesis were solved by molecular replacement using the CCP4 software suite (Bailey, 2004), which was also used for data refinement and analysis.  The programme COOT (Emsley, 2004) was used for structure building and validation, with further validation provided by the MolProbity web service (Chen, 2010).



[bookmark: _Toc288052151]Active site mutants: P. furiosus D117A SfsA

[bookmark: _Toc288052152]Crystallisation of D117A SfsA

All of the P. furiosus SfsA active site mutants were found to crystallise in both JCSG and PACT conditions.  D117A formed crystals in 19 conditions and of these, four were of sufficient size to loop and test for content and resolution using X-ray diffraction.  These were B3 and C5 of JCSG; A8 and H6 of PACT, with A8 forming plate morphology and the others forming rods or spikes that were sometimes clustered.  B3 and A8 produced good diffraction images of 1.5-1.7 Å and so each of these conditions was further optimised using the hanging drop technique to produce larger crystals.  The resulting quadrilateral plate crystals from the A8-derived condition were of reasonable size and morphology, the mother liquor being comprised of 0.2 M ammonium chloride, 0.1 M sodium acetate pH 5.0, 20 % PEG 6000 and crystallised with 8 mg/ml D117A SfsA.  This condition was replicated with 25% (v/v) ethylene glycol included for use as a cryoprotectant.  The crystal was looped, soaked in the cryoprotectant and cooled to 100K for transport and data collection at Diamond light source (Figure 4.7).


[image: ]

Figure 4.7: Images of the P. furiosus D117A SfsA crystals before (A) and after looping (B) for data collection. Crystals grew in the presence of D117A SfsA to final concentrations of 8 mg/ml (0.31 mM), 0.2 M ammonium chloride, 0.1 M sodium acetate pH 5.0, 20 % PEG 6000.



[bookmark: _Toc288052153]Data collection and processing

Of the active site mutants, D117A was the most straightforward to solve.  One data set was recorded for this crystal on beamline I24 using a Pilatus 6M detector.  A total of 500 images were taken, each of 0.2° to complete a total rotation of 100°.  Each image was exposed for 0.2 seconds at 20 % transmission, to result in a data set of 1.42 Å resolution.  This data was automatically indexed in Xia2 to the P31 spacegroup with the unit cell dimensions a= 45.96 Å, b= 45.96 Å, c= 195.3 Å, α=β= 90°, γ= 120°.  Xia2 processed, scaled and merged the data to produce a .mtz data file for use in data analysis.  The asymmetric unit contents were estimated using the method of Matthews (Matthews, 1968).  The Matthews coefficient (VM) was 2.29, corresponding to 46.3% solvent.  Data collection statistics are shown in Table 4.5.

Phaser (McCoy, 2007) was used to carry out the molecular replacement, with the P. furiosus apo wild type SfsA structure with all cofactors and waters removed used as the input model.  This programme provides a solution based on maximum likelihood methods for producing the best ensemble from rotation, translation and packing assessments.  For D117A, the best solution was found to have a rotation function Z-score of 41.8 and initial translation function Z-score of 21.4.   Z-scores are required to be greater than 10 to be considered as having a good signal-to-noise ratio and the higher the value, the greater the confidence in the solution (Read, 2011).  The log likelihood gain gives an indication as to how the predicted arrangement of atoms in the model produced by Phaser compares to a random placement of atoms, with a significant difference noted at values above 120 and higher scores indicating a better quality of fit.

The Phaser analysis indicated the spacegroup to be P31.  For this solution no packing clashes were found and the top log likelihood gain between solutions is 3272, which increased confidence in the solution.

[image: ]
Figure 4.8: The assessment and building of the D117A mutation into the structure and electron density.  In (A) the Fo-Fc negative difference map is shown in blue and is contoured at 1.5 σ (B) The 2m|Fobs|-D|Fcalc| electron density map is shown in grey and is contoured at 2.0 σ and shows the absence of electron density for an aspartate residue.  (C) and (D) show the final alanine mutation in subunits A and B, respectively. 

[bookmark: _Toc288052154]Structure refinement and validation of D117A SfsA

Following successive rounds of model building and refinement, the mutation of aspartate to alanine could be clearly identified though analysis of the Fo-Fc difference map.  Negative difference density was observed about the side chain of the aspartate, indicating that the structure is preset in the input model used for molecular replacement but there is no experimental evidence to place atoms in this region in the D117A structure.  This mutation was built into the structure with confidence (Figure 4.8).  Data refinement statistics are shown in Table 4.5. 


There are two monomeric subunits of D117A SfsA per asymmetric unit (Figure 4.9).  Similarly to the P. furiosus wild type SfsA, the concave faces of the subunits are opposite to one another.  One subunit is rotated ~90° with respect to the other and as a consequence, the majority of interactions between the two subunits are between the restriction endonuclease-like domains.  In this arrangement, the active site and DNA binding cleft of one monomer is partially occluded.  However, the binding cleft of the second is open to the solvent channels running through the crystal.  Due to the hydrogen bonding contacts between the two subunits (Table 4.1) these monomers share the largest interface area.  733 Å2 of subunit A and 698 Å2 of subunit B are each contacted by the other.  Additional hydrogen bonds and Van der Waals contacts are made with proteins in the surrounding asymmetric units, with three proteins occluding 373 Å2, 239 Å2 and 58 Å2 of subunit A and a further three molecules occluding 469 Å2, 299 Å2 and 213 Å2 of subunit B.  Two more molecules form minimal contacts (PDBePISA; Krissinel, 2007).

Apart from water molecules, the electron density did not indicate that metal ion cofactors or cryoprotectant molecules are bound to either of the subunits.  The high resolution of the structure is reflected in the 292 ordered waters resolved and the ability to determine alternate residue conformations (Figure 4.10). 

Some side chains in the structure are poorly resolved that perhaps indicates a degree of disorder.  The Lβ4-β5 loop region that comprises the residues G59-R63 is disordered in both A and B subunits, with the side chains of G59, G60, K61 and R63 all uniformly exhibiting poor electron density.  With a 31.0 Å2 average B-factor for residue side chains, some notable outliers include; the R41 (75.7 Å2), and R44 (53.0 Å2) residues of Lβ3-α1 in subunit A and E121 (72.1 Å2), S123 (71.7 Å2), K124 (76.6 Å2) residues of Lβ8-β9 in subunit B.  B-factors are shown in brackets.  However, both subunits of P. furiosus D117A SfsA are generally well resolved and a clear disulphide bond between C102 SG and C122 SG can be seen.  This has previously been observed in the wild type protein.  

[image: ]
Figure 4.9: The contents of the asymmetric unit in the crystal structure of D117A SfsA, which shows two protein monomers forming crystal contacts through the restriction endonuclease-like domains.

	Subunit A
	Subunit B

	Residue/ atom
	Secondary structure
	Domain
	Residue/ atom
	Secondary structure
	Domain

	E94 OE1
	α5 helix
	REase-like
	R151 NE
	α5 helix
	REase-like

	E94 O
	α5 helix
	REase-like
	R154 NH1
	α5 helix
	REase-like

	
	
	REase-like
	R154 NH2
	α5 helix
	REase-like

	E100 OE1
	Lα5-β14 loop
	REase-like
	R151 NE
	α5 helix
	REase-like

	C102 O
	Lα5-β14 loop
	REase-like
	R20 NH2
	Lβ1-β2 loop
	OB-fold



Table 4.1: The hydrogen bonds formed between D117A subunit A and D117A subunit B within the asymmetric unit.  Residues presented on the left are bonded with the residues adjacent on the right.  The protein domain and secondary structures on which these residues are found are given for assessment of the contacts between the subunits.  Calculated using CCP4 contact (Bailey, 1994).
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Figure 4.10: The alternate residue conformations seen in the structure of D117A SfsA.  The 2m|Fobs|-D|Fcalc| electron density map is shown in grey and is contoured at 2.0 σ. A) The two conformations of R110 in subunit A shows a 180° rotation about the β-carbon from one position to the second.  A movement in this residue is not seen in subunit B.  B) In subunit B the β-carbon of R154 is rotated 180° to take two conformations.  C) Also in subunit B, the ε-amino of residue K74 shows a 90° rotation between the two positions. 


The final structure had an R-factor of 0.18 and Rfree of 0.22, and the majority of residues form favourable ψ and φ torsion angles in the main chain.  95.9 % of residues were found to be within the Ramachandran favored region, with all other residues allowed (Figure 4.11).  This has resulted in a high MolProbity score where the P. furiosus D117A SfsA is placed within the 93rd percentile of all structures of the same resolution in the PDB.  Refinement statistics can be seen in table 4.6.

[image: ]

Figure 4.11: Ramachandran plots for the P. furiosus D117A SfsA structure.  Ramachandran plots from MolProbilty show 95.9% of residues are within the favoured region (outlined in light blue), with a further 4.1% of residues in the allowed region (outlined in dark blue). 



[bookmark: _Toc288052155]Active site mutants: E. coli D121A SfsA
[bookmark: _Toc288052156]Crystallisation of D121A SfsA

Although the P. furiosus D117A mutant crystallised in a large variety of conditions, the E. coli counterpart, D121A SfsA, crystallised in many fewer conditions during initial screening.  This is reflective of previous attempts to crystallise wild type SfsAs, where the P. furiosus species appeared to have an advantage in crystallisation.  Only two viable crystals were recovered, both with rod cluster morphology (Figure 4.12).  These were E1 from JCSG (1 M tri-sodium citrate, 0.1 M sodium cacodylate pH 6.5) and A11 from the Qiagen® NeXtal® ammonium sulphate screen (0.2 M di-ammonium tartrate, 2.2 M ammonium sulphate).  Both were tested for diffraction; a crystal obtained from the A11 well showed a lack of diffraction but E1 was successful in producing a protein diffraction pattern.  This condition was optimized using the hanging drop method with crystals of 10 mg/ml D121A SfsA found in the 0.8 M tri-sodium citrate, 0.1 M sodium cacodylate pH 6.5 condition proving the most optimal for data collection.  Even so, crystals remained in clusters and larger rods therefore had to be broken apart using an acupuncture needle for single crystal collection.  Interestingly, the mother liquor composition is remarkably similar to the conditions required for the crystallisation of the wild type E. coli SfsA (0.8 M tri-sodium citrate, 0.1 M sodium cacodylate pH 6.5, 1 % PEG 6000 and 10% Opti-salt 42) and perhaps displays a trend for E. coli SfsA crystallisation.  The crystal was cooled in a 30% ethylene glycol cryoprotectant and a full data set collected at Diamond light source.
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Figure 4.12: Images of the E. coli D121A SfsA crystals before (A) and after looping (B) for data collection. Crystals grew in the presence of D121 SfsA to final concentrations of 10 mg/ml (0.38 mM), 1 M tri-sodium citrate, 0.1 M sodium cacodylate pH 6.5.
[bookmark: _Toc288052157]Data collection and processing of D121A SfsA

Solution of the E. coli D121A structure was less simple, likely due to its comparatively low resolution.  Data collection took place at beamline I03 on a Pilatus 6M detector, where 500 images were taken at 0.2° intervals to produce a total rotation of 100°.  The best resolution that could be attained was 2.68 Å, even after exposure at 45 % beam transmission for 0.4 seconds (increased from 0.2 seconds). This data was indexed in fast_dp to the P41212 spacegroup with the unit cell dimensions a= 117.45 Å, b= 117.45 Å, c= 78.13 Å, α=β=γ= 90°.  The data were processed and merged in Xia2.  The Matthews coefficient (VM) for two molecules in the asymmetric unit was 2.68 and a solvent content of 57.1 %.

When the scaled and merged data were run through Phaser searching for two molecules, no solution could be found.  The search was repeated using one molecule per asymmetric unit and for all classes of P422 space groups.  A solution was found that had a rotation function Z-score of 4.7 and initial translation function Z-score of 9.8 with the best solution in the spacegroup P41212.  For this solution no packing clashes were found and the top log likelihood gain between solutions found is 2905.

[bookmark: _Toc288052158]Structure refinement and validation for D121A SfsA

On solving of the structure, reason for the high solvent content became clear.  The packing of the crystal is arranged in a way that produces large solvent channels running through the crystal and leaves large areas of the protein exposed to water.  In the Matthews calculation, the solvent content of the asymmetric unit had to reach 75% to allow one molecule of D121A SfsA to be present.  The unusual crystal packing explains this occurrence.  There are many fewer crystal contacts than seen with other SfsAs, with only four molecules in the connecting asymmetric units contacting one SfsA.  These interactions occur over an interface area of 424 Å2, 73 Å2, 56 Å2 and 14 Å2.  


	Cell 3
	Cell 443

	Residue/ atom
	Secondary structure
	Domain
	Residue/ atom
	Secondary structure
	Domain

	S56 OG
	Lβ4-β5 loop
	OB-fold
	E30 OE1
	β3 strand
	OB-fold

	T59 OG1
	Lβ4-β5 loop
	OB-fold
	Y16 0H
	β1 strand
	OB-fold

	
	Lβ4-β5 loop
	OB-fold
	D22 OD2
	β1 strand
	OB-fold

	R61 NH2
	Lβ4-β5 loop
	OB-fold
	E30 OE1
	β3 strand
	OB-fold

	R61 NH1
	Lβ4-β5 loop
	OB-fold
	E30 OE1
	β3 strand
	OB-fold

	
	Lβ4-β5 loop
	OB-fold
	D22 OD
	β1 strand
	OB-fold

	R61 NH2
	Lβ4-β5 loop
	OB-fold
	E30 OE2
	β3 strand
	OB-fold

	K62 N
	Lβ4-β5 loop
	OB-fold
	Q14 OE1
	β1 strand
	OB-fold

	R87 NE
	α2 helix
	REase-like
	D27 O
	Lβ2-β3 loop
	OB-fold

	R87 NH2
	α2 helix
	REase-like
	D27 O
	Lβ2-β3 loop
	OB-fold

	
	α2 helix
	REase-like
	R29 NE
	β3 strand
	OB-fold

	E110 OE1
	Lβ7-β8 loop
	REase-like
	R9 NH1
	β1 strand
	OB-fold

	E110 OE2
	Lβ7-β8 loop
	REase-like
	R9 NH1
	β1 strand
	OB-fold




Table 4.2: This table presents the potential hydrogen bonds formed between two molecules of E. coli D121A SfsA in adjacent asymmetric units (cells 3 and 443).  Although the data in the table presents as belonging to two cells, every interaction is reciprocal and so present in all asymmetric units.  Calculated using CCP4 contact (Bailey, 1994).

However, it can be seen that the molecule packs in a highly similar way to the wild type apo E. coli SfsA.  This involves the insertion of the OB-fold from a symmetry related molecule into the putative DNA binding cleft of another.  This arrangement is different to that seen in P. furiosus D117A, where the concave faces of the SfsA are facing and the majority of interactions are between the restriction endonuclease-like domains.  Table 4.2 shows the hydrogen bonds formed between the OB-fold and the cleft region of the E. coli D121A SfsA.

Although no hydrogen bonding is present to connect other regions of the protein, additional close range Van der Waals contacts (3.5-4.0 Å) can be seen between the restriction endonuclease-like folds of two SfsAs.  These interactions are made between the Lβ8-β9 of one molecule and the β14 strand of another, and Lα2-β7 of the first to Lα2-β7 of the second.
The resolution of this structure was at 2.68 Å.  There were few areas of positive or negative density in the difference map and so only a few of ordered waters could be built around the protein.  No ions could be determined in the active site, perhaps because of the poor quality of the density and alternate residue conformations were not observed.

The mutation of aspartate to alanine could be seen through the presence of negative difference density around the acidic side chain (Figure 4.13).  Five ethylene glycol residues were also identified about the concave face of the protein and regions of disorder could be recognised.  These include the Lβ4-β5 loop residues D57 (87.8 Å2), N58 (95.7 Å2) and K60 (70.7 Å2) and the Lβ7-β8 loop residues Y113 (119.7 Å2), G114 (141.1 Å2), A115 (143.6 Å2), E116 (128.0 Å2) and R117 (130.7 Å2) with the average B-factors of the residues shown in brackets.  These are noted areas of disorder in the wild type protein that, along with a lack of secondary structure in these regions, suggests an inherent flexibility in the structure.  Several individual residues demonstrate motion in their side chains, including R18 (78.1 Å2), R29 (75.1 Å2) and Q73 (80.8 Å2).  Each of these residues is surface exposed and motion in these likely results from a lack of crystal contacts in the area.  However, the flexibility of these residues may reflect natural areas of movement in the native protein and thus could relate to function.  This is particularly true for R18, as this residue is the E. coli equivalent of the highly conserved arginine seen to insert into the DNA substrate in the P. furiosus SfsA-DNA complex.
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Figure 4.13: The assessment and building of the D121A mutation into the structure.  In (A) the Fo-Fc negative difference map is shown in blue and is contoured at 1.5 σ (B) The 2m|Fobs|-D|Fcalc| electron density map is shown in grey and is contoured at 2.0 σ.  This shows the absence of electron density for an aspartate side chain. 

Although it may be possible to produce a data set of higher resolution or alternate crystal form for E. coli D121A SfsA, a lack of growth conditions identified in the initial screening makes finding a different crystal form unlikely.  Due to the low resolution of the structure, refinement was performed using weighted B-factors.  However, the average B-factor remains high for the protein at 54.9 Å2, despite good final R-factor and Rfree scores of 0.16 and 0.20.  In addition, two Ramachandran outliers are seen at residues A115 and E116.  These residues form the disordered Lβ7-β8 loop and electron density was poor in this region, so resulting in slight rotational distortions in the backbone dihedral angles.  Nonetheless, 94.4% of residues fell within the favoured region (Figure 4.14) and the MolProbity analysis of the structure placed the structure in the 84th percentile of structures with the same resolution.  Refinement statistics can be seen in Table 4.6.
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Figure 4.14: Ramachandran plots for the wild type E. coli D121A SfsA structure.  Ramachandran plots from MolProbilty show 94.4% of residues are within the favoured region (outlined in light blue), with a further 4.7% of residues in the allowed region (outlined in dark blue).  Two residues, alanine 115 and glutamate 116, are classified as a Ramachandran outlier.


[bookmark: _Toc288052159]Active site mutants: E. coli E135A SfsA

[bookmark: _Toc288052160]Crystallisation of E. coli E135A SfsA

The lack of hit conditions for E. coli wild type and E. coli D121A SfsAs were reflected in the attempted crystallisation of E. coli mutant E135A.  Despite multiple attempts at crystallisation with the apo enzyme and with metal ions or substrate in co-crystallisation experiments, a successful data collection was never achieved.  Multiple crystals were grown, tested all were found to be salt. Therefore the structure of E135A has yet to be solved.

[bookmark: _Toc288052161]Active site mutants: P. furiosus E130A SfsA
[bookmark: _Toc288052162]Crystallisation of E130A SfsA

The lack of structures for the E. coli SfsA active site glutamate and lysine mutants increased the importance of obtaining structures of P. furiosus equivalents. This has resulted in multiple attempts to obtain the structure of these proteins.  E130A SfsA was found to crystallise in six JCSG conditions (A3, C2, C6, D5, D6, G4) and five PACT conditions (A5, E4, F11, G6, H11) to a size that enables looping and testing for diffraction.  All of these crystals were found to be protein crystals and although many of these crystals diffracted to a reasonable resolution, the data could not be processed. As all of these crystals were indexed to the space group P3221, it was hypothesized that obtaining data in an alternative spacegroup may improve the chance of obtaining a solution.  So, the initial screening was repeated with newly prepared protein at various concentrations, incubation temperatures and metal ions to maximize the chances of alternative crystallisation formations.  Any crystals produced were taken to Diamond Light Source for data collection.  Of these, two conditions were found to produce crystals in the space group P1 (JCSG B2 and D6), two in the space group P212121 (JCSG B3 and PACT G4), and one each for P2221 and C2 (JCSG A5 and C2).  Unfortunately, many of these data setswere of a low resolution but G4 of PACT (0.2 M potassium thiocyanate, 0.1 M Bis-TRIS propane, pH 7.5, 20% PEG 3350) produced a higher resolution data set of 2.12 Å that was retained for structural analysis (Figure 4.15).
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Figure 4.15: Images of the P. furiosus E135A SfsA crystals before (A) and after looping (B) for data collection. Crystals grew in the presence of E135A SfsA to final concentrations of 10 mg/ml (0.38 mM), 0.2 M potassium thiocyanate, 0.1 M Bis-TRIS propane, pH 7.5, 20% PEG 3350.

[bookmark: _Toc288052163]Data collection and processing of E135A SfsA

One data set was recorded for this crystal on the fixed-wavelength beamline I04-1 using a Pilatus 2M detector.  A total of 920 images were taken of 0.2° to complete a total sweep of 184°.  Each image was exposed for 0.2 seconds at 100 % beam transmission, to result in a data set of 2.1 Å resolution.  This data was automatically indexed in Xia2 to the P212121 spacegroup with the unit cell dimensions a= 42.39 Å, b=59.68 Å, c=100.72 Å, α=β=γ= 90°.  The data were integrated using the 3da mode of Xia2.  For one molecule in the asymmetric unit the VM was 2.45, corresponding to a solvent content of 49.8 %.  Data collection statistics are shown in Table 4.5. 

The data were used in Phaser to find a molecular replacement solution, using the P. furiosus D117A structure as the search model.  A solution was found in space group P212121 with no packing clashes and a top log likelihood gain of 1440.  Although all initial data looked promising and a rotation function Z-score of 19.46 returned, the initial translation function Z-score was low at 4.3.  A structure was produced from this molecular replacement which showed a lower quality of electron density than might be expected at a 2.1 Å  resolution, which was also reflected in the low numbers of water molecules that could be identified.  The R-factor and Rfree were also high, at 0.39 and 0.4 respectively.   

One possibility for the low quality of the electron density was that the identification of all three cell axes as 21 screw axes was wrong.  Phaser was therefore run in all different possibilities of the P222 point group, but no better solution than for P212121 was found.  Similarly the data were reordered into the lower symmetry monoclinic space groups P2 and P21 and Phaser rerun, searching for two copies of SfsA in each case.  Again, no solution was obtained.  It seemed likely that P212121 was the correct space group and so the data were cut back to 2.5 Å resolution and refinement continued.
[bookmark: _Toc288052164]Structure refinement and validation of E130A SfsA

Due to the poorer quality of electron density than seen in previous P. furiosus SfsA structures, the average B-factors of the protein chain are considerably higher at 53.5 Å2. However, during successive rounds of protein building and refinement the electron density map was seen to improve and the final model had an R-factor of 0.20 and Rfree of 0.27.  The mutation of glutamate to alanine could be clearly identified through the presence of negative difference density around the E130 side chain (Figure 4.16).
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Figure 4.16: The assessment and building of the E130A mutation into the structure.  In (A) the Fo-Fc negative difference map is shown in blue and is contoured at 1.5 σ (B) The 2m|Fobs|-D|Fcalc| electron density map is shown in grey and is contoured at 2.0 σ.  This shows the absence of electron density for a glutamate side chain. 
No cryoprotectant molecules or metal ions could be identified from the electron density and there were fewer ordered waters than seen in other structures.  This may be symptomatic of the data quality.  However, the protein structure of the mutant could be built in with some certainty and unbiased features could be seen in the electron density.  For example, the C102 to C122 disulphide bond is seen in this mutant that is typical of the P. furiosus SfsAs.  One alternate residue conformation is formed and can be seen in the structure, the side chain of R33 demonstrating an approximate 180° rotation about the β-carbon to form two rotamers.  Neither of these rotamers appear to be stabilized by contacts to the protein, but Van der Waals interactions with the SfsA in the next asymmetric unit are likely to help position this side chain.  

	Cell 3
	Cell 223


	Residue/ atom

	Secondary structure
	Domain
	Residue/ atom
	Secondary structure
	Domain

	R26 NH2
	β2 strand
	OB-fold
	S7 O
	Lβ0-β1 loop
	OB-fold

	
	
	
	S7 OG1
	Lβ0-β1 loop
	OB-fold

	R26 NH2
	β2 strand
	OB-fold
	P56 O
	Lβ4-β5 loop
	OB-fold

	K28 NZ
	Lβ2-β3 loop
	OB-fold
	A58 N
	Lβ4-β5 loop
	OB-fold

	K188 NZ
	α4 helix
	REase-like
	E126 OE1
	Β9 strand
	REase-like

	
	
	
	R26 NH1
	β2 strand
	OB-fold

	Cell 3
	Cell 323


	T55 OG1
	β4 strand
	OB-fold
	R26 NH1
	β2 strand
	OB-fold

	P56 O
	Lβ4-β5 loop
	OB-fold
	R26 NH2
	β2 strand
	OB-fold

	A58 N
	Lβ4-β5 loop
	OB-fold
	K28 NZ
	Lβ2-β3 loop
	OB-fold

	N19 ND2
	Lβ1-β2 loop
	OB-fold
	G204 O
	Lα5-β14 loop
	REase-like

	R20 N
	Lβ1-β2 loop
	OB-fold
	E206 OE1
	Lα5-β14 loop
	REase-like

	
	
	
	E206 OE2
	
	

	R20 NH2
	Lβ1-β2 loop
	OB-fold
	E98 N
	Lα2-β7 loop
	REase-like

	R33 NH1
	β3 strand
	OB-fold
	E202 O
	α5 helix
	REase-like

	R110 NH1
	Lβ7-β8 loop
	REase-like
	E140 OE1
	β13 strand
	REase-like

	
	
	
	E140 OE2
	
	

	R151 NE1
	α3 helix
	REase-like
	E225 O
	Lβ15-β16 loop
	REase-like

	
	
	
	S181 O
	Lβ12-β13 loop
	REase-like

	R154 NH2
	α3 helix
	REase-like
	R223 O
	β15 strand
	REase-like

	E126 OE1
	β9 strand
	REase-like
	K188 NZ
	α4 helix
	REase-like




Table 4.3: This table presents the potential hydrogen bonds formed between P. furiosus E130A SfsA molecules in adjacent asymmetric units (cells 3, 223 and 323).  Although the data in the table presents as belonging to three cells, every interaction is reciprocal and so present in all asymmetric units.
 
There are seven P. furiosus E130A molecules surrounding each one seen in the asymmetric unit.  Although no insertions of one molecule into the other have been seen as results from the E. coli SfsA crystal packing, the binding cleft is made inaccessible though close contact with the restriction endonuclease-like domain from the next asymmetric unit. 

Clear electron density could be seen for the majority of the protein but a number of disordered regions remained.  The residues R110 (128.9 Å2), E113 (119.4 Å2) and R115 (90 Å2) have high average B-factors but the Lβ7-β8 loop they comprise is more ordered than in other P. furiosus structures of higher resolution.  This is due to extensive crystal contacts in the region of the OB-fold (Table 4.3).  If not for these interactions the same flexibility would be expected to be seen for Lβ7-β8 as both species of SfsA generally exhibit poor density in this region.  The single disulphide bond observed in P. furiosus SfsAs is positioned to connect the β7and β8 strands either side of the loop, ensuring proper folding of this region. The flexibility of the loops may have a functional importance.  Five conserved and charge-conserved residues are positioned on this loop (E110, K112, S118, R119, I120, for E. coli and E108, R110, S114, R115, L116 for P. furiosus SfsAs).  This loop contains the active site E110 and E108, so is in close proximity to the PD-(D/E)xK motif. 

91.7% of the residues are in the favored Ramachandran limits, with one outlier (Figure 4.17).  This residue, K61, is present on the Lβ4-β5 loop, in which outliers have been seen in other structures e.g. the lysine equivilant in the E. coli D121A SfsA structure.  Despite generally good geometry of the molecule the R-factor of 0.2 and Rfree of 0.27 are higher than preferred and so too are the average B-factors at 48.9 Å2.  As a result, the structure of P. furiosus E130A SfsA was in the 65th percentile of all PDB-deposited structures of the same resolution as determined by MolProbity.  Refinement statistics can be seen in table 4.6.
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Figure 4.17: Ramachandran plots for the P. furiosus E130A SfsA structure.  Ramachandran plots from MolProbilty show 91.7% of residues are within the favoured region (outlined in light blue), with a further 7.3% of residues in the allowed region (outlined in dark blue).  One residue, lysine 61, is classified as a Ramachandran outlier.


[bookmark: _Toc288052165] Active site mutants: P. furiosus K132A SfsA
[bookmark: _Toc288052166]Crystallisation of K132A SfsA

As with P. furiosus E130A SfsA, solving the structure of the P. furiosus K132A SfsA was problematic.  This suggests that this issue is not the result of the specific mutation but rather due to an aspect of the SfsA structure as a whole and the potential crystal contacts that it forms.  The issue has likely come to light during this investigation due to the increased number of SfsA crystallisations and may well be seen in future experiments.  The initial trials using K132A SfsA yielded crystals from numerous conditions, including eight from JCSG (A1, A6, B4, C2, C3, C4, E1, H7) and a further three from PACT (E4, G6, H11).  All of these were found to form the space group P3121, and no alternatives were ever produced.  As a consequence, further optimisation was not performed as several data sets were already of considerably high resolution.  The crystal that produced the data used for this investigation originated from well C3 of the JCSG screen that is comprised of 0.2 M ammonium nitrate and 20% PEG 3350 (Figure 4.18).
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Figure 4.18: Images of the P. furiosus K132A SfsA crystals before (A) and after looping (B) for data collection. Crystals grew in the presence of E135A SfsA to final concentrations of 7 mg/ml (0.27 mM) and 0.2 M ammonium nitrate, 20% PEG 3350.

[bookmark: _Toc288052167]Data collection and processing in K132A SfsA

One data set was recorded for this crystal on the fixed-wavelength beamline I04-1 using a Pilatus 2M detector.  A total of 900 images were taken of 0.2° to complete a total rotation of 180°.  Each images were exposed for 0.2 seconds at 15 % beam transmission, to result in a data set of 1.9 Å resolution.  This data was automatically indexed in Xia2 to the P3121 space group (with the possibility of an assignment in P3221 instead) with the unit cell dimensions a=b= 46.19 Å, c=183.78 Å, α=β= 90°, γ= 120°.  The data were integrated, scaled and merged using the 3da mode of Xia2.  One subunit per asymmetric unit gave a VM of 2.18, which corresponds to 43.5 % solvent.

As systematic absences of L=3n for the ϕϕL reflections suggest that the space group could be either P3121 or P3221 and so Phaser was run in both space groups.  A solution was found in space group P3221 with no packing clashes and a top log likelihood gain of 1778.  A rotation function Z-score of 18.32 and an initial translation function Z-score of 11.5 were returned.

Although these statistics seem reasonable, the data was not as optimal as it first appeared.  Once molecular replacement had been completed with Phaser using P. furiosus D117A SfsA as a model, the structure of K132A was built into the density and rounds of refinement begun.  The first refinement indicated a high R-factor of 0.37 and Rfree of 0.38 and although residue side chains could be resolved and some waters placed, the electron density appeared to be that of a lower resolution dataset.  This issue is similar to that seen for the P. furiosus E130A mutant although the spacegroup allocation was different.  

One possibility is that the data could be from a twinned crystal, however the twinning score of 2.13 from SF check which calculates

(Eqn. 4.1), 
suggests that the data are not twinned (where the theoretical score for twinned data is 1.5 and untwined data is 2.0).  An alternative solution is that the correct space group was of a lower symmetry.  The scaled but unmerged data were reprocessed to higher and lower symmetry P3 spacegroups using the CCP4 programme Aimless and the unmerged data.  No molecular replacement solutions could be found in P3, but solutions could be found with P31 and P32.  The translation function Z-score was significantly better for P32 than P31, with a P32 TFZ score of 7.5 and 16.6 for the two molecules and P31 TFZ score of 2.6 and 6.4.  The log likelihood gain is also improved with the P32 allocation, at 2723 compared to 131 for P31.  This reduces the possible space groups to P32 or P3221 with one molecule in the asymmetric unit.  Refinement into these space groups was very similar and as the electron density was of equivalent quality, refinement was completed in the P3221.
[bookmark: _Toc288052168]Structure refinement and validation in K132A SfsA

Although intensity distributions did not indicate the data were twinned, poor quality of the electron and the assignment of a space group able to form merohedral twins were suggestive of such a problem.  The twining function was used in Refmac5 for the refinement of the structure in spacegroup P3221.  This resulted in the identification of two twin domains defined as 0.52 and 0.48 twin fractions using the operator k, h, -l.  It thus seems likely that the structure is almost a perfect merohedral twin, which goes some way to explaining the poor electron density quality, high R-factors and low initial MolProbity score (18th percentile).  As the electron density appears to be that of a lower resolution map, the data were cut back to 2.5 Å without any loss of map quality and re-refined.  This has placed the K132A structure in the 52nd percentile.

While the electron density is not optimal, the protein could be accurately placed within the electron density with a degree of confidence (Figure 4.19).  The K132A mutation could be clearly seen when observing the negative density from the Fo-Fc difference map.  The mutation was built into the protein, along with the waters that could be resolved.  More waters are observed than in the E130A structure, despite the difficulties with data processing, although no cryoprotectant or metal ions were present.  The C102 to C122 disulphide bond can be identified.  


[image: ]

Figure 4.19: The assessment and building of the K132A mutation into the structure.  In (A) the Fo-Fc negative difference map is shown in blue and is contoured at 1.5 σ (B) The 2m|Fobs|-D|Fcalc| electron density map is shown in grey and is contoured at 2.0 σ.  This shows the absence of electron density for the lysine side chain. 

No alternate residue conformations were seen.  Residues such as K74 and R110 that have been identified to take multiple rotamer positions in other P. furiosus SfsA structures show poor electron density along the side chains, indicating disorder.  The electron density was fairly good in the regions where disorder has been seen in other structures.  As can be seen in Table 4.4, the majority of strong interactions in this crystal form are between secondary structural elements.  Contacts are made from OB-fold to OB-fold, OB-fold to restriction endonuclease-like domain and between endonuclease-like domains and it may be for this reason that less disorder is seen in loops previously identified as flexible.  Disorder is therefore restricted to individual residues usually found in short loop regions, such as K28 (71.7 Å2) and E29 (117.2 Å2) from loop Lβ3-β4, and K93 (111.3 Å2) and D94 (79.3 Å2) from loop Lα2-β7.  The position of the side chain for R20, part of the conserved RF motif in the OB-fold, can be determined through density but has a high B-factor of 100.9 Å2, indicating thermal motion.
As with the structure of P. furiosus E130A, P. furiosus K132A shows much poorer refinement statistics than would be expected for a structure of its resolution.  The Ramachandran statistics for the structure are good, with only one residue, E94, in the disallowed region (4.20).  As with all other outliers seen for SfsA structures, this residue is positioned on a flexible loop region Lα2-β7.  The B-factors are similar to that of the E130A structure at 47.5 Å2 and the waters are placed well with an average B-factor of 30.0 Å2.  

However, the final R-factor of 0.27 and Rfree of 0.34 demonstrate that there is something fundamentally wrong with the data and as such, the structure was given a MolProbity placement of 52nd percentile among structures of comparable resolution.  Nevertheless, the inclusion of the structure in this thesis is due to the fact that the mutation is clearly seen and for the most part the protein structure, including side chains, can be fit into the density with a reasonable degree of certainty.  No major conclusions will be drawn from the structure and any points of structural interest should be treated with caution, particularly if these do not correspond to other P. furiosus structures.
























	Cell 3

	Cell 323

	Residue/ atom

	Secondary structure
	Domain
	Residue/ atom
	Secondary structure
	Domain

	R168 NH1
	β9 strand
	REase-like
	R63 NE
	Lβ4-β5 loop
	OB-fold

	
	
	
	R63 NH2
	Lβ4-β5 loop
	OB-fold

	E202 OE1
	α5 helix
	REase-like
	R33 NH1
	β3 strand
	OB-fold

	E206 OE1
	β14 strand
	REase-like
	E32 OE1
	β3 strand
	OB-fold

	
	
	
	E32OE2
	β3 strand
	OB-fold

	E206 OE2
	β14 strand
	REase-like
	E32 OE1
	β3 strand
	OB-fold

	R208 NH1
	β14 strand
	REase-like
	E32 OE2
	β3 strand
	OB-fold

	R208 NH2
	β14 strand
	REase-like
	E32 OE2
	β3 strand
	OB-fold

	A209 N
	
	REase-like
	R30 NH1
	β3 strand
	OB-fold

	
	
	
	R30 NH2
	β3 strand
	OB-fold

	A209 O
	β12 strand
	REase-like
	R30 NH1
	β3 strand
	OB-fold

	E225 OE1
	β16 strand
	REase-like
	R30 NE
	β3 strand
	OB-fold

	
	
	
	R30 NH2
	β3 strand
	OB-fold

	E225 OE2
	β16 strand
	REase-like
	R30 NH2
	β3 strand
	OB-fold

	L226 O
	β16 strand
	REase-like
	R30 NH1
	β3 strand
	OB-fold

	V228 N
	β16 strand
	REase-like
	E29 O
	Lβ2-β3 loop
	OB-fold

	V228 O
	β16 strand
	REase-like
	R26 NH1
	β2 strand
	OB-fold

	
	
	
	R26 NH2
	β2 strand
	OB-fold

	
	
	
	E29 O
	Lβ2-β3 loop
	OB-fold

	D165 O
	β9 strand
	REase-like
	R103 H1
	β7 strand
	REase-like

	Cell 3
	Cell 343


	R16 NH2
	β1 strand
	OB-fold
	E202 OE1
	α5 helix
	REase-like

	R26 NH1
	β2 strand
	OB-fold
	V228 N
	β16 strand
	REase-like

	R26 H2
	β2 strand
	OB-fold
	V228 N
	β16 strand
	REase-like

	E29 0
	Lβ2-β3 loop
	OB-fold
	V228 O
	β16 strand
	REase-like

	
	
	
	V228 N
	β16 strand
	REase-like

	R30 NE
	β3 strand
	OB-fold
	D225 OE2
	β16 strand
	REase-like

	R30 NH1
	β3 strand
	OB-fold
	L226 O
	β16 strand
	REase-like

	
	
	
	A209 N
	β12 strand
	REase-like

	R30 NH2
	β3 strand
	OB-fold
	A209 O
	β12 strand
	REase-like

	
	
	
	E225 OE1
	β16 strand
	REase-like

	
	
	
	E225 OE2
	β16 strand
	REase-like

	E32 OE1
	β3 strand
	OB-fold
	E206 OE1
	β14 strand
	REase-like

	
	
	
	E206 OE2
	β14 strand
	REase-like

	E32 OE2
	β3 strand
	OB-fold
	E206 OE1
	β14 strand
	REase-like

	
	
	
	R208 NH1
	β14 strand
	REase-like

	
	
	
	R208 NH2
	β14 strand
	REase-like

	R33 NH1
	β3 strand
	OB-fold
	E202 O
	α5 helix
	REase-like

	R63 NE
	Lβ4-β5 loop
	OB-fold
	R168 H1
	β9 strand
	REase-like 

	R63 NH2
	Lβ4-β5 loop
	OB-fold
	R168 NH1
	β9 strand
	REase-like

	Cell 3
	Cell 433


	
R103 NH1
	
β7 strand
	
REase-like
	
D165 O
	
α3 helix
	
REase-like




Table 4.4: This table presents the potential hydrogen bonds formed between two molecules of P. furiosus E13A SfsA in adjacent asymmetric units (cells 3, 343 and 433).  Although the data in the table presents as belonging to three cells, every interaction is reciprocal and so present in all asymmetric units.
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Figure 4.20: Ramachandran plots for the P. furiosus K132A SfsA structure.  Ramachandran plots from MolProbilty show 96.5% of residues are within the favoured region (outlined in light blue), with a further 3.1% of residues in the allowed region (outlined in dark blue).  One residue, glutamate 94, is classified as a Ramachandran outlier.


[bookmark: _Toc288052169] OB-fold mutants: P. furiosus R20A, F21A SfsA

[bookmark: _Toc288052170]Crystallisation of R20A, F21A SfsA

P. furiosus R20A, F21A crystallised in a total of 31 conditions; three of these were found in the PACT screen and the remaining crystals were found in the JCSG screen.  A wide array of crystal forms was found including needles, rods, hexagons and pentagons.  Many of the crystals observed were microcrystals or needle clusters that required optimisation in order to produce single crystals large enough for testing.  Nonetheless, five of these conditions produce crystals of reasonable size and were representative of the wide range of crystal morphologies seen for the OB-fold mutants (Figure 4.21).  These were JCSG A11, C2, C10, D5 and PACT A1, and a crystal from each was removed for data collection.  Of these, C10 gave the best data.  The mixture contains 0.1 M bicine pH 9.0, 2 % (v/v) 1,4-Dioxane, 10 % PEG 20,000 and these conditions were optimised using hanging drop trials.  Crystals were produced in similar conditions of 0.1 M bicine pH 9.0, 4 % (v/v) 1,4-Dioxane, 12 % PEG 20,000.  For data collection the crystals were cooled in a cryo-protectant containing 25 % ethylene glycol (Figure 4.22).

[bookmark: _Toc288052171]Data collection and processing of R20A, F21A SfsA

One data set was recorded on beamline I02 using a Pilatus 6M detector.  A total of 1200 images were taken over 0.15° to complete a total rotation of 180°.  Each image was exposed for 0.2 seconds at 25 % beam transmission, to result in a data set of 1.35 Å resolution.  This data was automatically indexed in Xia2 to the P1 spacegroup with the unit cell dimensions a= 38.28 Å, b= 40.62 Å, c=46.25 Å, α=69.29°, β= 65.93°, γ= 84.85°.  Xia2 scaled and merged the data in the 3daii mode of Xia2.  A single protein molecule in the asymmetric unit gave a Matthews VM of 2.4, which corresponds to 47.9 % solvent. Data processing statistics can be seen in table 4.7.


[image: ]
Figure 4.21: Examples of the crystal morphologies produced for the E. coli and P. furiosus OB-fold mutants. 
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Figure 4.22: Images of the P. furiosus R20A, F21A SfsA crystals before (A) and after looping (B) for data collection. Crystals grew in the presence of R20A, F21A SfsA to final concentrations of 10 mg/ml (0.38 mM), 0.1 M bicine pH 9.0, 4 % (v/v) 1,4-Dioxane and 12 % PEG 20,000.


[bookmark: _Toc288052172]Structure refinement and validation of R20A, F21A SfsA

Phaser was used to complete the molecular replacement, with the P. furiosus D117A SfsA structure with all cofactors and waters removed used as the search model. For the R20A, F21A structure, the best solution was found to have a rotation function Z-score of 41.0.  As the space group is P1, no translation function was required.  These indicate that the spacegroup output P1 is the best final solution, with no packing clashes found and the top log likelihood gain of 2115.

At 1.35 Å, the structure of R20A, F21A shows the highest resolution obtained for P. furiosus SfsA.  This structure was processed at 1.35 Å, and the protein fitted to the electron density to give an initial R-factor of 0.32 and Rfree of 0.33.  Over successive rounds of refinement the protein model improved, as did the density.  Once the protein model was completed, the Fo-Fc difference map was observed for peaks in the difference density.  The mutation of the RF motif to double alanine was seen to be successful (Figure 4.23).  At a 1.35 Å resolution many ordered water molecules could be placed and ions could be seen in the active site.  

Accordingly, the difference map revealed an area of positive density in the active site that took the position of the site 1 metal ion observed in other P. furiosus and E. coli structures (Figure 4.24).  It was considered that an ion may also be bound in the R20A, F21A structure and based on bond length analysis, electron density radius and crystallisation conditions, a sodium ion was built into the structure.  However, the density for the metal ion was unusually elliptical rather than spherical.  This is likely due to averaging of the ion position over the structure, with the metal positioned differently in some molecules compared to others.  To reduce the spread of the density to more accurately place the metal, refinement using anisotropic B-factors was used.  More is discussed about the shape of the density and the identification of the metal in Chapter 6.  Model building, refinement and addition of the metal ion reduced the R-factor to 0.18 and the Rfree to 0.2.
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Figure 4.23: The assessment and building of the R20A, F21A mutation into the structure.  In (A) the Fo-Fc negative difference map is shown in blue and is contoured at 1.5 σ, showing negative difference about the arginine and phenylalanine residues (B) The 2m|Fobs|-D|Fcalc| electron density map is shown in grey and is contoured at 2.0 σ, which shows the absence of electron density for the RF residues.  (C) Shows the final alanine mutations.


[image: ]


Figure 4.24:  The building of metal ions and coordinated waters into the structure of R20A, F21A SfsA.  In these diagrams, the 2m|Fobs|-D|Fcalc| electron density map is shown in grey, whist the positive difference density F0-FC map is shown in red.  In (A) the difference map of the metal ions can be seen in the active site with the density contoured at 2.0 σ.  B) Demonstrates the electron density maps contoured at 2.0 σ for the ion and water molecules with respect to the active site. C) shows the metal ion and waters built into the density, contoured at 2.0 σ.



An ethylene glycol molecule forms three hydrogen bonds to the protein from the O1 position, which may serve to stabilize the side chains to which it is bound.  For example, residue R223 is hydrogen bonded to the ethylene glycol and has a low average B-factor of 12.0 Å despite its position on the surface of the protein.  This structure also contains the disulphide bond between C102 and C122 as seen in all P. furiosus SfsA structures, indicating that it is a required element for the correct folding of the protein.  The difference density map indicates one alternate residue conformation.  The side chain of R168 form two conformation by rotating 90° about the β-carbon, and both positions are stabilized by hydrogen bonds.
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Figure 4.25: The areas of disorder in R20A, F21A, as shown by the reduction in electron density.  The 2m|Fobs|-D|Fcalc| electron density map is contoured at 2.0 σ and shown in grey. The stick representation of the Lβ4-β5 loop in the structure.

There were some regions of disorder to note, including the ever-flexible Lβ4-β5 loop in which the residues K57, A58, G59, G60 and K61 comprise an average B-factor 75.7 Å2 between them (Figure 4.25).  Some individual residues also exhibited poor density around the side chains, including E5 (68.5 Å2), R103 (80.4 Å2) and K124 (61.4 Å2), with average B-factors shown in brackets.  However, these regions of disorder are few and although P. furiosus SfsA may be somewhat less flexible, the extensive crystal contacts may promote stability.  Each single R20A, R21A SfsA molecule, of which there is one per asymmetric unit, contacts eight symmetry related molecules.  Surprisingly with the close packing of the protein, the active site and binding cleft are left free from interference and so this space group may be a viable marker for use in co-crystallisations of the enzyme with its substrate.
Once the cryoprotectant molecules, waters and alternate residue conformations had been added, the final model has an R-factor of 0.16 and the Rfree of 0.19.  The Ramachandran profile of the protein shows that there are no outliers and residues with favored φ and ψ angles encompass 96.1% of the protein (Figure 4.26).  These factors place the P. furiosus R20A F21A SfsA structure in the 99th percentile of all PDB structures of comparable resolution.  Refinement statistics can be seen in table 4.8.
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Figure 4.26: Ramachandran plots for the P. furiosus R20A, F21A SfsA structure.  Ramachandran plots from MolProbilty show 96.1 % of residues are within the favoured region (outlined in light blue), with a further 4.7 % of residues in the allowed region (outlined in dark blue). 
[bookmark: _Toc288052173]OB-fold mutants: E. coli R18A, F19A SfsA
[bookmark: _Toc288052174]Crystallisation of R18A, F19A SfsA

In a similar manner to the RF motif mutants in P. furiosus SfsA, JCSG and PACT screening plates were successful in producing crystals for the OB-fold mutants of E. coli SfsA, though a greater number of hit conditions were observed for the P. furiosus species.  As previously noted, this pattern corresponds to that of the initial hits for the wild-type proteins, with the P. furiosus protein more readily forming crystals.  R18, F19 E. coli SfsA crystallised in only seven conditions; A8, B4, E11 from JCSG, H2 from PACT and D12, E1, H9 from CLASSICS.  Some of these crystals were poorly formed but all of the JCSG derived crystals were of a suitable size for testing.  Of those listed above, E11 (0.16 M calcium acetate, 0.08 M sodium cacodylate pH 6.5, 14.4% PEG 8000, 20% (v/v) glycerol) produced the best diffracting crystal and was optimised in hanging drop trials.  Crystals that were produced from the condition 0.16 M calcium acetate, 0.08 M sodium cacodylate pH 6.5, 14.4% PEG 8000, 10% (v/v) glycerol resulted in a high resolution data set. These were cryocooled in 10% glycerol (Figure 4.27).
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Figure 4.27: Images of the E. coli R18A, F91A SfsA crystals before (A) and after looping (B) for data collection. Crystals grew in the presence of R18A, F19A SfsA to final concentrations of 10 mg/ml (0.38 mM), 0.16 M calcium acetate, 0.08 M sodium cacodylate pH 6.5, 14.4% PEG 8000 and 10% (v/v) glycerol.
[bookmark: _Toc288052175]Data collection and processing of R18A, F19A SfsA

One data set was recorded for this crystal on beamline I02 using a Pilatus 6M detector.  A total of 1200 images were taken over 0.15° to complete a total rotation of 180°.  Each image was exposed for 0.15 seconds at 30 % beam transmission, to result in a data set of 1.6 Å resolution.  This data was automatically indexed in Xia2 to the P61 spacegroup with the unit cell dimensions a=b= 83.87 Å, c= 71.27 Å, α=β= 90°, γ= 120°.  Xia2 scaled and merged the data to produce a .mtz data file, which was first required to identify the protein and solvent contents of the unit cell.  One molecule in the asymmetric unit gives a VM of 2.78, corresponding to 55% solvent.  Data statistics can be seen in Table 4.7.

The data had a 6n condition for the ϕϕL reflections, indicating that the space group was either P61 or P65.  Phaser was run in both spacegroups using the P. furiosus D117A SfsA structure with all cofactors and waters removed used as the search model.  The best solution that has a rotation function Z-score of 16.4 and initial translation function Z-score of 34.6 was found in the space group P61.  No packing clashes were found and the solution had a top log likelihood gain of 2269.

[bookmark: _Toc288052176]Structure refinement and validation of R18A, F19A SfsA

The 1.6 Å structure of the R18A, F19A mutant is the highest resolution structure of E. coli SfsA attained to date.  This meant that there was initially some disagreement between the lower resolution input model and the experimental diffraction data, producing an initial R-factor of 0.35 and Rfree of 0.36.  Due to the high quality of the electron density, structural ambiguity was minimal and after the first round of structure building into the density and refinement using Refmac5 the R-factor rapidly fell to 0.24 and the Rfree to 0.27.  

Using this improved model the difference density of the FO-FC map was searched for evidence of successful mutation at the expected site.  Negative density was indeed observed around the R18 and F19 residues, indicating a lack of equivalent side chains in the structure compared to the structure of the wild type enzyme.  Consequently, this mutation was added to the R18A, F19A model (Figure 4.28).  Several rounds of refinement were completed to improve the structure and quality of the electron density map.  During refinement, no other areas of negative difference density were observed, indicating that there had been no unintentional mutations or alterations to the SfsA structure.  Small regions of positive difference density were seen, indicating alterations to the position of some residues.  Almost all side chain rotamers in the structure were clearly defined and as a consequence, several alternate residue conformations are seen.  These are in C44, which demonstrates a slight rotation about the β-carbon to result in an alternate 90° angle of the thiol.  Another residue, R87, shows rotation about the γ-carbon.
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Figure 4.28: The assessment and building of the R18A, F19A mutation into the structure.  A) The first 2m|Fobs|-D|Fcalc| electron density map output from Phaser contoured at 2.0 σ. B) The Fo-Fc negative difference map is shown in blue and is contoured at 1.5 σ, showing negative difference about the arginine and phenylalanine residues (C) The 2m|Fobs|-D|Fcalc| electron density map of the refined structure with the original molecular replacement structure in stick representation.  (D) Shows the final alanine mutations.


With better placement of the protein into the electron density, other structural features could be noted.  Firstly, large areas of positive electron density were seen in the active site (Figure 4.29).  Although some corresponded to water molecules, two large regions of spherical density were observed to remain when the electron density map was contoured to 5σ.  No density for water molecules remains at this level and so the two regions were assigned metal ion placements.  The positions of these metals corresponded to metal binding sites observed in wild type E. coli and P. furiosus SfsAs and have been designated site 1 and site 2.  In the E. coli R18A, F19A structure, a sodium ion is placed at metal site 1 and a calcium ion is placed at metal site 2.  More is discussed on the identification of these metals in Chapter 6.  Spheres of densities for coordinating waters were also observed surrounding the ions, and were built into the structure along with the rest of the waters surrounding the protein.  Due to the higher resolution of the structure a greater number of waters can be resolved compared to the lower resolution structures presented in this thesis.

In addition to the metal ions, two glycerol molecules can be seen.  10% glycerol was present in the crystallisation mixture whilst a further 10% glycerol was added as a cryoprotectant.  Both molecules are present on the surface of the protein that is accessible from the solvent channels running through the crystal and each form multiple hydrogen bonds.  O1 of the first glycerol molecule forms a 2.9 Å hydrogen bond with the main chain amine N of residue T43, whilst O3 forms 3.2 Å and 2.9 Å hydrogen bonds with the main chain amines of A45 and T46 respectively.  In addition, the glycerol O2 forms a 3.4 Å hydrogen bond with the side chain hydroxyl of T46.  The second glycerol forms a 2.8 Å hydrogen bond between O1 and the OG carbonyl of S4 and another 3.0 Å bond between O2 and the main chain carbonyl of F3.  O3 of the glycerol also contacts the SfsA molecule in the next asymmetric unit through 2.9 Å and 2.8 Å hydrogen bonds with the NE2 and OE1 of the Q206 side chain.  Due to extensive bonding, both glycerol molecules are stably placed with B-factors of 34.4 Å2 and 26.0 Å2.
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Figure 4.29: The assessment and building of the water ions and coordinated water molecules into the active site of the R18A, F19A SfsA structure.  In (A) the Fo-Fc positive difference map at the active site is shown in red and is contoured at 2 σ along with the 2m|Fobs|-D|Fcalc| electron density map about the protein, shown in grey (B) The 2m|Fobs|-D|Fcalc| electron density map contoured at 2.0 σ around the ions and waters, showing their positions in relation to the protein, shown in stick representation. C) Shows the assignment of water coordinated by the metal ions. 





With waters, ions and glycerol molecules included, the final R-factor of the model is 0.16 with an Rfree of 0.19.  98.3 % of residues have been classified as having favored main chain rotamers with the remaining 1.7% in the allowed region.  This places the structure in the 98th percentile of all PDB-recorded structures of the same resolution (MolProbity, Chen 2010).  Though the glycerol molecules may have conferred some structural stability to the side chains of residues described above, several regions of disorder remain.  These include poorly resolved side chains in the D57 (85.9), T59 (122.6), K60 (75.4) residues in the Lβ4-β5 and E116 (105.9) in the Lβ7-β8 loop regions.  As in all E. coli SfsA structures obtained to date, these regions are stabilized to some extent by interactions with the SfsA molecule in the next asymmetric unit.  

Like wild type E. coli SfsA and E. coli D121A SfsA, the asymmetric unit of R18A, F19A SfsA contains a single subunit of the protein. When the neighboring asymmetric units are observed, four molecules can be seen to contact each one SfsA.  Of these, three are unlikely to have an effect on the structure of the protein as interactions are made over a small surface area (99 Å2, 167 Å2 and 275 Å2).  However one meeting of these subunits is more extensive, with the OB-fold of one monomer entering into the putative DNA binding cleft of another over 696 Å2 (PISAePISA; Krissinel, 2007).

Similar contacts have been seen in the E. coli wild type and D121A SfsA, although this has had no known effects on the structure of the protein (Figure 4.30).  This is inferred from the high structural similarity between the two, as discussed in Chapter 5.  The same cannot be said for R18A, F21A, which shows a greater deviation in main chain α-carbon positioning compared to the former two structures.  This results in a widened binding cleft that may have been caused by the crystal contacts.  Alternatively, the contacts seen in this crystal form may be permissible due to the altered enzyme structure.  Twelve residues from the SfsA in cell 3 are involved IN these contacts, including five from the α3 helix to sheet β6, two from Lβ1-β2 and Lα3-β1 loops to sheet β4 and a further five from Lβ4-β5 to sheet β3.  
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Figure 4.30: The crystal packing of wild type E. coli SfsA and E. coli R18A, F21A SfsA, showing the insertion of the OB-fold of one molecule into the putative DNA binding cleft of a symmetry-related molecule.  Despite placement into different space groups, contact between the OB-fold and the cleft between the OB-fold and restriction endonuclease-like domain is a feature common to all E. coli SfsA crystals.  A) Shows the packing of two molecules of wild type apo SfsA in cartoon and surface representation so that the secondary structure can be seen to identify the domains.  B) Shows the same arrangement for R18A, F19A SfsA.

Many of these loops contain highly conserved residues that are seen to contact the substrate in the structure of wild type P. furiosus bound to DNA.  Because of the inter-molecular interactions of the protein in this spacegroup, DNA is unlikely to be seen bound to the active site.  Despite the close interactions of the R18A, F19A SfsA molecules and a possible alteration of the enzyme structure because of these interactions, no unusual α-carbon torsion angles have been produced.  The Ramachandran plot for this structure shows that 98.3 % of residues are in the favored region, with the rest allowed (Figure 4.31).  Refinement statistics can be seen in Table 4.8.
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Figure 4.31: Ramachandran plots for the E. coli R18A, F19A SfsA structure.  Ramachandran plots from MolProbilty show 98.3% of residues are within the favoured region (outlined in light blue), with a further 1.7% of residues in the allowed region (outlined in dark blue). 
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Table 4.5:  Data collection statistics for the P. furiosus and E. coli SfsA active site mutant crystals, from Xia2 or Aimless.  Data for the highest resolution shell is shown in parentheses.
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Table 4.6:  Refinement statistics for the P. furiosus and E. coli SfsA active site mutant crystals, as determined by MolProbity (Chen, 2010).
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Table 4.7:  Data collection statistics for the P. furiosus and E. coli SfsA active site mutant crystals from Xia2 and Aimless.
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Table 4.8:  Refinement statistics for the P. furiosus and E. coli SfsA OB-fold mutant crystals, as determined by MolProbity (Chen, 2010).






[bookmark: _Toc288052177] Chapter Summary

For all of the SfsA active site mutants, a broad range of initial crystallisation trials was found to be advantageous.  A much greater range of conditions were found to produce crystals when compared to the wild-type proteins, where a total of three conditions were found to crystallise wild type E. coli SfsA and P. furiosus SfsA collectively.  Whilst some crystallisation conditions were seen to be repeatedly successful between different mutants, such as JCSG B3, C2, D6 and PACT E4, many conditions were disparate and no two mutants were found to share the same optimal condition.  Few similarities can be determined between the crystal conditions, although a propensity toward group 1 metal salts and ammonium compounds may be inferred.  Even so, that same morphology and symmetry composition of crystals cannot be guaranteed.  For example, of the RF mutant trials only two JCSG conditions (A8 and B4) produced crystals for both E. coli and P. furiosus species.  Even so, these conditions were more favourable for the E. coli R18A, F19A mutant in these cases; the E. coli RF mutant forms larger rod crystals whilst the P. furiosus mutant forms tiny needle clusters in the same conditions.  On processing each were assigned different space groups.  One trend that is observed is the increased difficulty of crystallising E. coli SfsA compared to P. furiosus SfsA.  This may be chance, or some feature of the protein that dissuades packing in an ordered fashion.

There were also a significantly higher number of crystal forms found for the mutants than for the wild–type proteins and therefore an increased likelihood for obtaining good quality data.  This might suggest the possibility of altered crystal contacts or changed precipitation activity due to the presence of the alanine substitutions, or else the greater number of trials performed simply increased the chances of multiple forms occurring.  The crystal contacts formed between all E. coli SfsAs and the molecules in the joining asymmetric units are of interest as these show a correlation in crystal packing.  For the apo E. coli wild type, E. coli active site mutant D121A and E. coli OB-fold mutant R18A, F19A SfsA, the OB-fold of one subunit was seen to enter the putative DNA binding cleft of another.  Ten conserved residues of the binding cleft are involved in contacting the OB-fold, in which three residues make contacts at the interface.  This crystal form may be due to the concentration of charged residues in the cleft between the two domains, or it may allude to a biological role for the enzyme.  If a similar arrangement of SfsA was seen in the cell, the protein may have a self-regulatory function.  Through insertion into the cleft, the OB-fold blocks access to the active site and the putative DNA binding surface.  A similar method of autoregulation has been seen in the restriction endonuclease EcoRII, which binds its novel mixed β-barrel N-terminal domain into its active site (Zhou, 2004).

























[bookmark: _Toc288052178]Structural and functional characterisation of the restriction endonuclease-like fold of E. coli and P. furiosus SfsA

This chapter describes an investigation into the putative active sites of E. coli and P. furiosus SfsA.  The requirement of residues highlighted by multiple sequence alignments as absolutely conserved in all species of SfsA has been probed through mutagenesis, with the aim of describing the specific catalytic role of each residue.  In doing so, the mechanisms of the E. coli and P. furiosus SfsA active site can start to be derived, allowing comparisons to one another and to other proteins containing the PD(D/E)-xK motif.  The structural studies and activity assays that have been used to explore the workings of the active site of SfsA are presented here.

	SfsA species
	Mutation
	Mutagenesis
	Over-
expression
	Purification
	Structure
	Function

	E. coli
	D121A
	✓
	✓
	✓
	✓
	✓

	
	E135A
	✓
	✓
	✓
	✗
	✓

	
	K137A
	✓
	✓
	✗
	✗
	✗

	P. furiosus
	D117A
	✓
	✓
	✓
	✓
	✓

	
	E130A
	✓
	✓
	✓
	✓
	✓

	
	K132A
	✓
	✓
	✓
	✓
	✓



Table 5.1: A summary of processes to achieve the structural analyses and functional characterisations presented in this chapter.  Four structures of SfsA active site mutants were obtained in total; the E. coli D121A SfsA mutant and the P. furiosus D117A, E130A and K132A SfsA mutants.  These, along with the E. coli E135A SfsA were used in qualitative and quantitative activity assays.  E. coli K137A SfsA could not be purified and so there are no data presented for this mutant.

[bookmark: _Toc288052179]The active site structure of SfsA

Multiple sequence alignments give a good indication as to the residues comprising the catalytic site in SfsA (Figure 5.1).  SfsA proteins in all species contain a number of conserved residues which are comparable to the PD-(D/E)xK residues of many well characterised nucleases.  The PD-(D/E)xK motif is somewhat difficult to determine from sequence alone due to evolutionary variations and dispersed positioning throughout the primary structure.  The first structures of E. coli and P. furiosus SfsA have allowed an assured identification of this site, showing that the conserved residues of the sequence alignments are also structurally conserved (Figure 5.1).  The residues Asp 121, Glu 135, Val 136 and Lys 137 of E. coli SfsA and Asp 117, Glu 130, Thr 131 and Lys 132 of P. furiosus SfsA comprise the PD-(D/E)xK motif positioned on the restriction endonuclease-like domain.

Not uncommonly for enzymes containing this motif, the initial proline is absent and is replaced by Ile 120 or Leu 116 (in E. coli and P. furiosus SfsAs).  The first aspartate is positioned at the N-terminal end of the β8 strand in E. coli SfsA and on loop Lβ7-β8 in P. furiosus SfsA, whilst the ‘ExK’ component can be found at the C-terminal end of the β9 strand.  The variable hydrophobic ‘x’ has been identified as Val 136 and Thr 131 in E. coli and P. furiosus SfsAs.  The PD-(D/E)xK motif is proposed to coordinate divalent metal ions which retain and position a nuclophilic water to orchestrate hydrolysis of the substrate.  19% of restriction endonuclease structures submitted to the PDB include metal ions in the active site, although the numbers of ions in the site vary between one, two and three.  The role of the metals in catalysis has been widely debated and many potential mechanisms proposed but an agreement is yet to be reached.  A consensus of magnesium being the naively bound metal has been formed, although other divalent ions such as manganese, calcium and even the monovalent sodium have been seen in restriction endonuclease crystal structures.  The apo wild type structures of SfsA have demonstrated metal occupation of the active sites; the E. coli SfsA structure contains a sodium ion and the P. furiosus structure includes two calcium ions (Figure 5.2).  In this respect SfsA maintains the trend in cofactor variability seen in the restriction endonucleases.  The metals were sequestered from the solutions in which the crystals were grown and so are not native to the protein, but their presence nevertheless indicates the function of the PD-(D/E)xK motif in SfsA is analogous to that of restriction endonucleases and is the catalytic site in the protein.
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Figure 5.1: Multiple sequence alignments of protein sequences for a variety of species encoding SfsA, in order to show the sequence conservation of the active site.  A representative range of species is shown, including SfsA from the bacteria Escherichia coli and Haemophilus influenzae; the extremophile archaea Haloferax volcanii and Pyrococcus furiosus; and the eukaryotes Methanobrevibacter smithii and Sulfolobus solfataricus.  Residues hypothesized to be involved in the active site and which were confirmed on analysis of wild type E. coli and P. furiosus SfsA structures are highlighted in red.  Blue denotes the percentage identity of sequence conservation among all species.
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Figure 5.2: The active sites of wild-type E. coli (A) and P. furiosus (B) SfsAs, obtained from the first crystallographically-derived structures (PDB 4DAP and 4DA2, Allen, 2011).  The residues that have been proposed to form the active site are highlighted as sticks, with oxygen and nitrogen atoms represented universally as red and blue.  These residues are positioned on the restriction endonuclease-like domain, which is depicted in cartoon format.  Metal ions bound in the active site of the wild type apo structures are represented as grey spheres and have been identified as a single sodium ion in E. coli SfsA and two calcium ions in P. furiosus SfsA.  Water ions are represented as red spheres and dashed lines show the coordination bonds formed.

Several other conserved residues are involved in metal ion coordination that are not part of the canonical PD-(D/E)xK motif in SfsA.  To the N-terminal side of the motif, the side-chain of Glu 110 and Glu 108 (E. coli and P. furiosus) appears within close proximity of the putative active site.  These two residues are positioned 4.0 Å and 3.1 Å away from Asp 121 and Asp 117 carboxyl groups respectively and although not part of the PD-(D/E)xK motif, this glutamate is highly conserved among SfsAs (Figure 5.1).  In the apo P. furiosus SfsA structure, the side chain of E108 coordinates the second metal ion attributed to the active site.  The function of this residue is therefore intrinsically linked with the debate on metal ion requirement and so will be explored in this chapter.  

In addition to this extra glutamate, a conserved H160 in E. coli and H155 in P. furiosus SfsAs resides above the motif on the α3 helix.  This residue is present in other PD-(D/E)xK nucleases such as T7 endonuclease I and the nicking endonuclease Nt.BspD6I.  The histidine imidazole side chain is positioned adjacent to the active site, 4.6 Å and 2.8 Å from the conserved lysine of the PD-(D/E)xK motif for E. coli and P. furiosus SfsA.  This histidine links the active site with a conserved cavity into the protein that is positioned at the join of the OB-fold and the restriction endonuclease-like domain.  Being apart from the canonical sequence, neither the glutamate or histidine has been investigated using mutagenesis during this investigation, but their potential roles in catalysis are discussed in this thesis.

The residues that have been mutated in this study are the aspartate, glutamate and lysine components of the PD-(D/E)xK motif for E. coli and P. furiosus SfsAs.  All residues have been point mutated to alanine in separate proteins, to remove the charge and length of the side chains.  As the acidic residues have been observed to coordinate metal ions in the wild type apo SfsA structures, it is predicted that a mutation to alanine may disrupt this cofactor binding.  The role of the lysine is unknown but it may position or activate the nucleophillic water required for the hydrolysis reaction at the substrate.  The effects of these mutations are investigated using structural studies and activity assays and if any SfsAs are found to be inactive as a result of their mutation, these will be co-crystallised with oligonucleotides to improve the chances of obtaining substrate-bound structures.
[bookmark: _Toc288052180]The DNA binding cleft: conservation of structure and charge at the DNA binding surface 

Whilst single point mutations may not be expected to have a significant effect on the structure as a whole, alterations to the catalytic residues of hydrolytic enzymes have been noted to affect protein stability and conformation (Hibler, 1987; Meiering, 1992; Shoichet, 1995).  The PD-(D/E)xK motif of the restriction endonuclease PvuII has been investigated using mutagenesis and the relationship between protein folding and motif integrity was found to be more complex than previously thought (Dupureur, 2001).  The concentration of acidic residues in the active site was proposed to result in a slight destabilization of the PvuII enzyme, particularly for mutants in which lysine has been changed to a residue that did not carry a positive charge.  With SfsA containing a similarly acidic cluster and basic lysine, it should be noted that any changes to a functionally significant site may have untold effects on the enzyme as a whole.  Figure 5.3 demonstrates the effects of mutation on the balance of charge in the P. furiosus active site region.
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Figure 5.3:  The electrostatic surface of the P. furiosus D117A SfsA (A), E130A SfsA (B) and K132A SfsA (C) active sites, showing the effects of alanine point mutations to the D-ExK motif.  Residues with a negatively charged side chain are shown in red and residues with a positively charged side chain are shown in blue.  Mutation of the acidic residues D117 and E130 to alanine reduces the cumulative negative charge in the region, whilst the K132A mutation shows a noticeable increase in negative charge.  
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[bookmark: _Toc288052181]Figure 5.4: An overlay comparison of mutant and wild type SfsA structures. A) The superposition of D117A (red), E130A (purple) and K132A SfsA (teal) structures with apo wild-type P. furiosus SfsA (olive).  B) The superposition of D121A SfsA (orange) onto the wild-type E. coli SfsA structure (magenta).  The pairwise alignments of SfsA structures presented here were performed using DaliLite.


Comparing the structures of the SfsA mutants from each species, it is immediately obvious that there are no significant changes to tertiary structure folding when compared to the wild-type proteins (Figure 5.4).  Secondary structural elements for all proteins exhibit close to 100% spatial equivalence, with α-carbon RMS deviation of 0.3 Å (D117A), 0.4 Å (D121A), 0.7 Å (E130A) and 0.4 Å (K132A) when compared to the main chain atoms of the wild-type proteins (DaliLite; Holm, 2000).  The high degree of structural similarity between each of the models allows the assumption that any functional differences in enzyme activity are the direct result of active site-specific alterations.  Although a small degree of secondary structure divergence can be seen from the RMS deviation scores, particularly in E130A SfsA, lower quality of the electron density map may account for this.  The most significant variance is found in the flexible loops conjoining the secondary structure features.  Variability in regions such as the Lβ4-β5 and Lβ12-β13 loops (P. furiosus) and the Lβ4-β5, L β7-β8 and L β8-β9 loops (E. coli) result from the lack of ordered structure.  Electron density in these regions is correspondingly poorer and the β β7-β8 loop of wild-type E. coli SfsA has not been modeled for this reason. 

Changes to the DNA binding surface can be assessed through viewing the surface electrostatics of the protein.  A structure of wild type P. furiosus SfsA bound in complex with DNA shows binding of the substrate to the concave face of the enzyme and along the cleft between the OB-fold and restriction endonuclease-like domains (Allen, 2011).  E. coli SfsA too demonstrates a similar cleft that is likely to perform the same function in substrate binding.  Several positively charged residues are highly conserved among archaeal and bacterial SfsAs, including R15, R18, K62, R119 and R156 of E. coli SfsA and R17, R20, K61, R115 and R151 of P. furiosus SfsA.  These residues are positioned about the concave binding face of the protein and all make discreet or water-mediated hydrogen bonds with the substrate in the DNA-bound P. furiosus structure.  They also provide a positively charged surface to interact with the DNA phosphate backbone.  As the tertiary structures of the mutants are highly similar to that of the wild types, the binding surfaces of the mutant enzymes appear unchanged (Figures 5.5 and 5.6).

No significant changes are seen in the residues lining the binding cleft, which maintains its charged lining and therefore continued ability to interact with the substrate may be assumed.  However, some small changes are seen in the arrangement of side chains belonging to conserved residues at the top of the cleft, which may indicate some functional significance.
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Figure 5.5:  ‘Front’ views of the electrostatic surface of P. furiosus wild type and mutant SfsAs, displaying the DNA binding cleft of the proteins.  This includes the apo wild-type P. furiosus SfsA (A) for comparison against the D117A (B), E130A (C) and K132A (D) SfsA structures.  The conserved RF and D-ExK motifs and structurally conserved cavity bridging the OB-fold and restriction endonuclease-like domains are labeled on the wild type protein.  Blue indicates a partially positive charge, red indicates a partially negative charge and white comprises neutral amino acids.  Positively charged resides can be seen lining the sides of the binding cleft, with negatively charged resides comprising the active site and in regions separate from the observed binding surface in the structure of P. furiosus SfsA bound to DNA.
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Figure 5.6:  ‘Front’ views of the electrostatic surface of E. coli wild type SfsA (A) and the E. coli D121A mutant (B), displaying the putative DNA binding cleft of the proteins.  The conserved RF and D-ExK motifs and structurally conserved cavity bridging the OB-fold and restriction endonuclease-like domains are labeled on the wild type protein.  Blue indicates a partially positive charge, red indicates a partially negative charge and white comprises neutral amino acids.  Positively charged conserved resides can be seen lining the sides of the binding cleft, which shares similarity with the P. furiosus SfsA binding surface observed in the structure of P. furiosus SfsA bound to DNA.  This gives a good indication that DNA may bind to E. coli SfsA in the same manner.



[bookmark: _Toc288052182]Changes to the protein surface: conformational changes to a conserved cavity region in P. furiosus SfsA


On observation of the SfsA surface in each of the mutant structures, a distinctive hollow cavity can be seen positioned above the active site.  This feature is situated in the adjoining region of the two major domains, being formed from the OB-fold α1 helix and loop Lβ3-α1 and the restriction endonuclease-like fold Lβ9-β10 and Lβ11-α3 loops.  The conserved residues N37, T38, G39, T154 and R156 of the E. coli SfsA and N38, T39, G40, S149 and R151 of P. furiosus SfsA comprise the entrance of the cavity.  Structural rigidity is provided by the highly conserved residues G39 and G40 (E. coli and P. furiosus), which form hydrogen bonds with equally conserved R15 and R41 (E. coli), and R17 (P. furiosus) positioned on the inflexible OB-fold β1-strand.  Composing the body of the cavity is the conserved motif (Y/F)PDxx(S/T), which forms the right wall with the equally conserved S138/S133 and L141/L136 (E. coli/P. furiosus) forming the base and back of the opening.

Based on the structure of P. furiosus SfsA bound to DNA, the cavity has been designated the putative function of binding the 3’ terminal nucleotide of a DNA substrate, close to the site of cleavage.  The presence of F149 and Y144 (E. coli and P. furiosus) in the cavity motif suggests that the cavity may act as a binding pocket with π-stacking interactions formed between the nucleotide base and the conjugated rings of the aromatic site chains.  Allowing for the unknown mechanism of substrate specificity and oligonucleotide processing, both a single cleaved base and a longer strand can be comfortably modeled onto the terminus of the substrate observed in P. furiosus SfsA structure.  In this way the cavity enables the substrate a route of exit from the protein (Figure 5.7).
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Figure 5.7: Model simulations of the potential purpose of the cavity, based on the DNA-bound structure of wild type P. furiosus SfsA.  The electrostatic surface depicting positively and negatively charged residues (blue and red), and substrate bound at the active site (shown in black cartoon representation) are taken from the DNA-bound wild type P. furiosus SfsA structure.  As the true substrate of SfsA is unknown, two models have been produced to indicate how the cavity may function in the protein.  A) Demonstrates a model of exonuclease cleavage, where a single cleaved nucleotide enters the cavity to diffuse away from the protein, whilst B) shows a model of endonuclease cleavage on an overhanging end (represented here as poly-adenosine in the absence of a known signal sequence).
Analysis of the P. furiosus mutant structures have revealed the importance of several conserved residues that comprise the cavity.  A conserved arginine, R151, is positioned on the right side of the cavity entrance.  Here, it is exposed on the protein surface where it is held in place by dipole-dipole Van der Waals interactions.  The guanidinium group NE of R151 is placed between the OG1 hydroxyl of A conserved T39 at a distance of 4.6 Å and H155 NE2 at 4.3 Å.  H155 marks the top of the active site; as a result R151 is positioned 7.5 Å away from the active site D117 and 6.7 Å away from E130.  Nonetheless it is the interaction with T39 that is immediately significant, as the association of R151 with T39 forms a closed structure at the enzyme’s surface, resulting in a fully circular cavity entrance.

The DNA-bound model shows a similar overall structure with one significant conformational change.  The side chain of R151 has effected a 4.4 Å movement due to a steric clash with the DNA base 5’ to the scissile phosphate.  The entrance of the DNA places the R151 guanidinium group between the two closest backbone phosphates, with the NH2 4.0 Å away from the putative scissile phosphate and 2.8 Å away from the second phosphate in the sequence at which it forms two hydrogen bonds at O2 and O5.  This flexibility leads to the possibility of the cavity appearing as ‘open’ or ‘closed’ according to the position of a R151 gate, with T39 remaining motionless (Figure 5.8).  Accordingly, this ‘open’ position at the cavity entrance may have consequences for substrate binding or subsequent interactions with the cleaved nucleotide.

[image: ]

Figure 5.8: A comparison of the closed and open states of the cavity entrance in the apo structure of wild type P. furiosus SfsA (A) and the DNA-bound structure of P. furiosus SfsA (B).  As both apo and DNA-bound P. furiosus SfsA structures contain two SfsA molecules in the asymmetric unit, subunit A only is shown in this diagram.  The surface is representative of the solvent-accessible area of the protein, in which movement of R151 can be observed to create an opening in the cavity entrance.  The positions of conserved residues R151 and T39 have been shown in stick representation to demonstrate the gating of the cavity entrance.

Further conformational changes are seen in each of the P. furiosus active site mutant structures, in which the conformation of R151 is more closely comparable to the position of the side chain in the DNA-bound P. furiosus structure than in the apo wild-type structure.  When comparing each of the P. furiosus mutant structures it becomes apparent that the side chain of R151 is able to form multiple alternate conformations.  The plasticity of R151 and associated residues is best highlighted in the P. furiosus mutant structure D117A, where there are two monomers in the asymmetric unit.  

In one of these subunits, the majority of the R151 side chain can be resolved and its position ascertained with little doubt.  This is due to stabilization by crystal contacts, as discussed in Chapter 4.  In the second subunit, the electron density is excellent around the main chain carbons but reduces in quality around the side chain.  This is a good indicator for movement as the lack of density is indicative of multiple positions of the side chain throughout the crystal.
The guanidinium groups of R151 in both P. furiosus D117A subunits can be seen to have moved away from the cavity edge, so the terminal amine is now 6.1 Å and 6.8 Å away from the T39 hydroxyl in subunits A and B respectively (Figure 5.9).  This breaks the closed circle of the cavity surface, signifying an ‘open’ structure at the entrance.  To stabilize this open cavity state, a triad of 3.9-4.5 Å Van der Waals bonding can be seen between the moving R151, the flexible neighboring residue R154 and the stationary H155.  The closest of these is R154, which is able to form a weak 3.5 Å hydrogen bond with R151A (Figure 5.10).  
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Figure 5.9: Comparison of electron density for the residues forming the cavity gate from subunits A and B  in the P. furiosus D117A SfsA crystal, which contains two monomers in the asymmetric unit.  When the 2m|Fobs|-D|Fcalc| electron density is contoured at 1.5 σ, subunit A shows a reduced level of electron density around the side chain of R151 when compared to the electron density for R151 of subunit B.  The measurements between T39 and R151 have been included, to demonstrate the open position of the cavity in each subunit.
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Figure 5.10: Hydrogen bonding and Van der Waals stabilization of the closed and open cavity entrance in P. furiosus SfsA.  A) Residues comprising the cavity entrance in the apo wild type P. furiosus SfsA (olive) and P. furiosus D117A SfsA (red).  As both structures have two SfsA subunits in the asymmetric unit, subunit A of the wild type structure is shown, whilst substrate B of D117A SfsA is used due to the improved electron density of R151.  The dashed red line shows the non-covalent interaction that closes the cavity entrance in the wild type protein.  B) An overlay comparison of R151, R154 and H155 in P. furiosus D117A (red), E130A (purple) and K132A (teal) SfsAs and the associations made within each structure.  R151, R154 and H155 are the three residues identified to be instrumental in stabilizing the open state of the cavity entrance and these are represented as sticks with nitrogen atoms coloured blue.  Measurements of distances between residues are given in angstroms for both diagrams.  Also shown is the dual conformation of R154.


Comparable effects can be seen in the P. furiosus E130A and K132A mutant structures, which also demonstrate a break in the closed circle of the cavity entrance.  The guanidinium group of R151 faces away from T39 in the K132A SfsA structure, widening the cavity entrance to a gap of 6.8 Å.  The side chain of R151 is angled towards R154 to form a 3.3 Å hydrogen bond.  At the same time, R151 packs against the H155 imidazole, whilst R154 forms a 4.1 Å bond with the same H155 amine.  E130A SfsA has an increased rotation of the R151 side chain to produce a 9.0 Å opening between R151 and T139.  The position of R154 also shares similarities in rotamer position with the other mutant proteins, allowing two hydrogen bonds of 3.5 Å and 3.2 Å length to be formed between R151 and R154.  Each of these residues contacts H155 over 3.9 Å and 3.5 Å respectively.  The network of bonding in this region stabilizes the open form of the cavity entrance, although the longer lengths of the hydrogen bonds presented above may indicate that the interaction is easily broken and transient to allow opening and closing of the cavity entrance.  Though the signal for such an event is unknown, the open cavity entrance in the substrate-bound P. furiosus SfsA structure indicates that the entrance of the substrate is a significant factor.

Although movement of the cavity residues can be linked to substrate binding, none of the mutant structures presented in this chapter have substrate or metal ions bound, and yet differences in the R151 side chain position are still observed.  This movement may therefore be charge-driven as alterations to the charged residues of the active site may mirror the effect of DNA or metal binding.  The D117A and E130A mutations reduce the overall negative charge at the active site, which may be reflective of divalent cation binding.  The removal of positive charge in K132A may emulate the entry of the negatively charged phosphate of the DNA backbone.

Although it too contains a cavity region, the same effects cannot be seen in the E. coli D121A mutant of E. coli SfsA.  Despite the cavity demonstrating particularly high residue conservation with P. furiosus SfsA compared to the rest of the protein, the cavity entrance remains in an ‘open’ state in the absence of DNA (if the same notation of conformation can be made for both species).  Consequently the changes that occur at this site on DNA binding cannot be predicted without the availability of a structure but it could be inferred that the differences in cavity formation suggest a different mechanism for substrate binding or release for each protein.  This may coincide with the differing substrate preferences ascertained from previous co-purification experiments, where E. coli SfsA was found to bind DNA and P. furiosus demonstrated preference for various RNAs when each protein was expressed in an E. coli host.

Other than the changes discussed, there are no significant movements in residues comprising the cavity.  As a note of caution, it must be remembered that all mutant structures are being compared to a single wild-type structure for each of the apo and DNA-bound forms.  Therefore the highlighted changes in R151 and R154 may not be the result of mutation but instead observed by virtue of repeat.  The long side chains of R151 and R154 in P. furiosus SfsA may be demonstrating non-specific thermal motion, as the poorly resolved R151 in the first D117A monomer would suggest.  In the P. furiosus D117A SfsA the average B-factors of the side chain of R151 are high at 116.8 Å2 for subunit A and at 48.6 Å2 for subunit B, compared to whole-molecule side chain averages of 31.4 Å2 and 29.9 Å2 for each subunit respectively (BAVERAGE, CCP4 suite).

Nonetheless the cavity remains a region of interest, being positioned not only above the active site but immediately adjacent to the conserved RF residues of the OB-fold.  Although the RF residues are situated around 23.0 Å and 16.0 Å away from the active sites in E. coli and P. furiosus SfsA, the unforeseen changes featured in the cavity region imply that unexpected changes could be observed for these residues too.

[bookmark: _Toc288052183]Changes to the OB-fold: Flexibility in conserved RF residues may indicate substrate specificity  

In addition to the differences in structure described above, the active site mutant structures also show some differences in side chain conformation for the conserved arginine and phenylalanine motif that is involved in DNA binding, which are positioned in the Lβ1-β2 region.  When reviewing the full structural superposition of E. coli D121A SfsA and the E. coli wild type, the Lβ1-β2 loop demonstrates only slight variations in α-carbon position and therefore limited flexibility is seen.  The same is true for the Lβ1-β2 loop in each of the P. furiosus mutant structures when compared to the P. furiosus wild-type protein.  The side chains of residues K17, F19 and L20 residues that surround R18 in E. coli SfsA superpose exactly in the two structures.  Likewise, the P. furiosus SfsA N19, F21 and V22 residues surrounding the RF motif are equally stable, with torsion angles matching well between the structures.   

R18 in E. coli SfsA and R20 in P. furiosus SfsA demonstrate much greater flexibility than other Lβ1-β2 residues, as evidenced through multiple side chain positions.  Two different rotamers are observed in the two E. coli structures and four can be seen in the five P. furiosus SfsAs.  The side chain of E. coli R18 forms no polar contacts with the protein and is exposed on the surface.  Similarly, no contacts are made between the secondary structures of P. furiosus SfsA and the R20 side chain.  This flexibility may be required to accommodate DNA binding as free movement of this residue allows an optimal bonding network to be formed between the protein and substrate through adaptation to the specific structure of the substrate.

Although more stable than the long aliphatic side chain of the arginine, some subtle differences in position are observed in the phenylalanine of the DNA-binding motif for the P. furiosus SfsA mutants.  This is limited to the plane tilt of the aromatic ring which is rotated by approximately 30° about the β-carbon between the P. furiosus wild type and the P. furiosus E130A and K132A structures.  The rotation of R21 likely adapts to form π-stacking interactions with DNA bases as shown in the substrate-bound P. furiosus SfsA structure.  Overall, the general position of the phenylalanine in both species is nonetheless well maintained despite the absence of polar contacts with the rest of the protein.  In contrast to R18 and R20, the position of this phenylalanine in SfsA is evidently carefully orchestrated in each species, being required to form π-stacking interactions with nucleotide bases of the substrate.  The inflexibility of this residue may therefore confer some substrate specificity in terms of helical twist and groove width to correctly position the substrate for cleavage at the active site.

When the Lβ1-β2 loops of the E. coli and P. furiosus SfsA species are compared from equivalent mutants, a significant difference is noticabled (Figure 5.11).  Although differences in R18 and R20 are to be expected due to the flexibility of the side chain, the aromatic side chains of E. coli F19 and P. furiosus F21 are separated by a 90° rotation despite the conservation of position within each species.  There can be two reasons for this disparity; each species of SfsA operate by distinct mechanisms or else they exhibit very different substrate specificities.  With its inward facing position, the conserved F19 of E. coli SfsA may operate as a ratchet, swinging out to interject the substrate to resemble the side chain position of F21 in P. furiosus SfsA.  This mechanism has been seen in other DNA-binding enzymes, such as the E. coli Rep helicase and the Hepatitis C virus helicase (Korolev, 1997; Gu, 2010). 
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Figure 5.11: Structural alignments of the Lβ1-β2 loop, which compare the positions of RF residues in the P. furiosus and E. coli mutants with the wild type structures for each species.  Residues comprising the loop are shown in stick formation, with oxygen and nitrogen atoms coloured red and blue.  A) Superposition of the E. coli D121A Lβ1-β2 loop (orange) with the Lβ1-β2 loop of E. coli wild type SfsA (magenta).  B) Superposition of the Lβ1-β2 loop in P. furiosus D117A (red), E130A (purple) and K132A (teal) SfsAs compared to the DNA-bound P. furiosus wild type SfsA (green).  C) A superposition of P. furiosus D117A SfsA and E. coli D121A SfsA to highlight the differing positions of the conserved arginine and phenylalanine side chains in each species.  Structure alignments were performed in Pymol.
Another possibility is that E. coli SfsA demonstrates unusual substrate specificity, with F19 stabilizing a flipped out base on the non-scissile strand directly opposite the leaving group through π-stacking interactions.  Only a small rotation of the base would be required to disrupt the hydrogen bond interactions with the substrate.  This would destabilize the DNA so that the opposite strand to that containing the rotated base would be positioned for cleavage.  Base excision in positions other than the scissile base has been noted in HinP1I endonuclease, although this does appear to be an extraordinary case (Horton, 2006).  It should be noted that the conservation of F21 position in the apo and DNA bound structures of wild type P. furiosus SfsA show that both of the proposed mechanisms for E. coli SfsA are unlikely to translate to P. furiosus SfsA.

[bookmark: _Toc288052184]Changes to the active sites: the effects of point mutations on the structure and function of SfsA

On reviewing the active sites of all structures, each contains the desired mutation.  As discussed above, there have been no major alterations in the DNA binding residues situated outside of the active site or OB-fold residues and the changes observed at the cavity entrance are almost certainly permissive to substrate binding.  Differences in the binding and catalytic capabilities of the mutant SfsAs compared to the wild type enzymes can therefore be attributed to the active site mutations.

[bookmark: _Toc288052185]D121A and D117A mutations at the PD-(D/E)xK motif have species-dependent effects on the cleavage ability of E. coli and P. furiosus SfsA 

Among all recognised PD-(D/E)xK proteins, the first aspartate in the sequence is the only absolutely conserved residue in both primary and tertiary structure.  In all proteins the residue remains an aspartate and is situated at the N-terminus of the second β-strand in the restriction endonuclease-like fold.  The second acidic residue of the motif (glutamate in SfsA) can be absent in rare cases such as the Mrr-related Cog4127 family (Kosinski, ‎2005) or replaced by glutamine in the restriction enzymes Mrr and LlaGI (Smith, 2009).  More commonly absent or exchanged is the terminal lysine of the motif.  There is no lysine in the expected position in Enterobacteria phage T7 Endonuclease I (Kosinski, ‎2005), the residue is replaced with glutamate in BamHI (Newman, 1995), arginine in Ngo0050 (Kosinski, ‎2005) and glutamine in BglII and NotI. (Lukacs, 2000; Lambert, 2008).  The latter (D/E)xK section of the motif is also able migrate away from its usual position on the third β-strand, as in the restriction enzymes Cfr10I, NgoMIV, and Bse634I (Smith, 2009) where glutamate is positioned on the second α-helix.  In EcoO109I and BamHI, glutamate and lysine precedes the aspartate respectively (Kosinski, ‎2005).

The fully conserved nature of the aspartate results from its requirement for metal ion coordination at two metal binding sites and it is for this reason the substitution of aspartic acid for alanine is most likely to result in the knockout of activity in both SfsA species.  Both E. coli and P. furiosus SfsA are predicated to bind Mg2+ as the native cofactor and although the Ca2+ metals seen in the wild type P. furiosus SfsA structure and Na+ seen in the wild type E. coli SfsA structure, these are representative of the positions and binding patterns of the native metal.  

In the E. coli SfsA it can be seen that D121 is one of only two metal ion coordinating residues.  The structure of wild type E. coli SfsA contains one sodium ion held in place by an octahedral coordination network comprising the acidic D121, the main chain carbonyl of V136 and four water molecules.  This position is designated as metal site 1.

Metal site 1 of P. furiosus SfsA is also occupied, although in this instance the identity of the ion was calculated to be calcium.  This metal forms a comparable coordination sphere to the sodium ion of E. coli SfsA, being octahedrally coordinated to the acidic side chains of D117 and E130, the main chain carbonyl of T131, and three water molecules.  One of these water molecules is shared with a second calcium ion, denoting a second ion binding site in the motif (metal site 2).  The second calcium demonstrates a pentagonal bipyrimid coordination involving the carboxyl of D117 and E108, and an additional three waters.  In P. furiosus SfsA, D117 is the bridging residue between both ions and is the only residue of the motif to do so.

An agarose gel-based assay was used to show the relative rate of reaction of the mutant SfsAs compared to the wild type enzymes.  Following incubation of the enzyme with a pUC19 plasmid, the binding of SfsA to this potential substrate is determined by the increased steric hindrance of the DNA during migration through the gel and the resulting gel shift of the plasmid band.  SfsA is used in excess of the substrate to provide a noticeable gel shift.  The catalytic activity of SfsA is measured by the reduction in DNA size.  

Figure 5.12 shows the activity of wild type P. furiosus SfsA compared to D117A SfsA.  Lanes 2-4 are control incubations without SfsA present to demonstrate the stability of DNA 60°C.  The multiple bands seen are reflective of different plasmid topologies found naturally within the cell.  Two major populations of plasmid structure can be seen here; a supercoiled plasmid corresponding to around 2, 000 base pairs in length and an open circular population around 6,000 base pairs when compared to the ladder standard in lane 1.  Lanes 5 and 9 contain wild type SfsA and D117A SfsA but are kept on ice, to demonstrate the gel shift of the plasmid with a minimum of cleavage.  It can be seen that both enzymes bind all topoisomers of pUC19.

Lanes 6-8 show the non-specific cleavage activity of wild type P. furiosus SfsA, as seen through many multiple indistinct bands streaked through the gel that reduce in size with increased incubation time.  In lane 6, plasmids are divided into open circular and linear forms before further degradation.  The emerging pattern is therefore one of numerous lesions produced in the supercoiled DNA by SfsA and perhaps processive cleavage beginning at these cuts once the plasmid has been relaxed, in the manner of an exonuclease.  Alternatively, relaxation of the supercoil may provide many more points of attachment and resulting endonuclease activity for the protein.
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Figure 5.12: Incubation of P. furiosus D117A SfsA with pUC19 plasmid in the presence of 10 mM magnesium chloride.  To provide a qualitative comparison between the activity of the mutant protein and the wild-type E. coli SfsA, both proteins were incubated in a reaction mix containing 20 mM TRIS. HCL pH 8, 10 mM MgCl2, 0.2 μg pUC19 and 2 μg protein to a final volume of 10 μL.  The resulting DNA lengths were visualised on a 0.7 % agarose gel with lanes as follows; 1: HyperLadder™ Ikb (Bioline), 2: reaction mix minus SfsA and incubated on ice, 3: reaction mix minus SfsA and incubated at 60°C for 30 minutes and 4: 120 minutes, 5: reaction mix including wild-type SfsA incubated on ice, 6: reaction mix including wild-type SfsA incubated at 60°C for 30 minutes, 7: 60 minutes and 8: 120 minutes, 9: reaction mix including D117A SfsA incubated on ice, 10: reaction mix including D117A SfsA incubated at 60°C for 30 minutes, 11: 60 minutes and 12: 120 minutes.





The lack of cleavage activity in D117A SfsA is evident from lanes 10-12, with the bands maintaining their position on the gel despite the gel shift that indicates binding.  It can therefore be concluded that D117 is absolutely required for function, with P. furiosus SfsA unable to cleave in the absence of this residue.  This correlates well with other aspartate mutations in PD-(D/E)xK enzymes; the mutant enzymes D91A EcoRI, D74A EcoRV, D94A BamHI and D58A PvuII have each been rendered inactive, with enzyme activity undetectable (Nastri, 1997; Grabowski, 1995; Selent, 1992).  In each of these proteins all conservative mutations to residues such as glycine and asparagine knock out cleavage activity (Grabowski, 1995).  The reason for this is hypothesised to be disruption of metal binding, which results in the inability to position a nucleophile for attack on the scissile phosphate.  Therefore, the enzyme is inactivated.

Altered metal binding is likely to be the reason for the inactivity of the P. furiosus D117A SfsA and no major changes in structure have been seen in the active site as a result of the mutation.  The active site of P. furiosus D117A SfsA is similar to that of the apo and DNA-bound wild type structures (Figure 5.13).  Differences include a 1.0 Å retraction of the E130 side chain backwards from the first metal ion binding site, more closely resembling the metal-free DNA-bound structure than the metal-containing apo structure.  Accordingly the D117A structure does not contain any ions at the active site and a reasonable conjecture would be that the protein is unable to bind metal, leading to a complete loss of activity.  One reason for this may be the requirement for a minimum of three coordination bonds between the metal and the protein.  With the lack of the D117 carboxylic group, only two coordination bonds can be made at metal site 1.  D117 also comprises the second metal ion binding site and accordingly, no ion can be seen in the structure despite the availability of the coordinating side chain of E108.
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Figure 5.13:  The active site structure of P. furiosus D117A SfsA compared to the active site structure of apo and DNA-bound P. furiosus wild type SfsAs.  A) Shows the D117A active site residues (red) complete with a  2m|Fobs|-D|Fcalc| electron density map contoured at 2.0 σ.  No metals are present.  B) A superposition of the D117A active site (red) with that of the two wild type structures.  The apo P. furiosus wild type structure (olive) contains two calcium ions bound in the active site (shown as grey spheres), whilst the DNA-bound P. furiosus wild type SfsA (green) has no metals bound at the active site.

The assay was repeated with E. coli D121A SfsA, at a 37°C incubation temperature (Figure 5.14).  Similar pUC19 plasmid topologies were observed in the control reaction, with a greater amount of supercoiled plasmid and a reduced amount of open circular DNA than seen previously.  Wild type E. coli SfsA binds all plasmid species and efficiently degrades each over the course of the experiment.  However, the D121A mutant behaves very differently to the P. furiosus D117A SfsA.

Unlike the lack of activity seen for the D117A mutant of P. furiosus SfsA and equivalent mutations in other nucleases, the D121A mutant of E. coli SfsA results in an enzyme that still retains cleavage capabilities.  The level of activity observed for D121A SfsA is nonetheless lesser than the wild-type protein, as can be seen through the reduced gradient of the DNA degradation in lanes 9-11 compared to lanes 5-7.  This is a surprising result considering the apparent requirement of P. furiosus SfsA and other nucleases for the conserved aspartate of the PD-(D/E)xK motif.  

The possibility that the residual activity of D121A SfsA is the result of contamination by other nucleases was investigated by using an alternative purification procedure.  An ammonium sulphate cut was used to remove proteins of a different hydrophilicity to that of E. coli D121A SfsA.  This technique should also remove any DNA that is natively bound to the protein, eliminating the use of the non-specific nuclease Benzonase®.  The assay was repeated under the same conditions as used previously and it can be see that the cleavage rates of D121A are approximately equal regardless of the purification method employed (Figure 5.15).  This implies that there is no contamination of other nucleases that may result in the residual cleavage activity seen.  In light of the disparity in activity between the E. coli and P. furiosus mutants, the structure of E. coli D121A SfsA has been assessed for notable features that may explain the continued functionality of the enzyme.




[image: ]



Figure 5.14: Incubation of E. coli D121A SfsA with pUC19 plasmid in the presence of 10 mM magnesium chloride.  To provide a qualitative comparison between the activity of the mutant protein and the wild-type E. coli SfsA, both proteins were incubated in a reaction mix containing 20 mM TRIS. HCL pH 8, 10 mM MgCl2, 0.2 μg pUC19 and 2 μg protein to a final volume of 10 μL.  The resulting DNA lengths were visualised on a 0.7 % agarose gel with lanes as follows; 1: HyperLadder™ Ikb (Bioline), 2: reaction mix minus SfsA and incubated on ice, 3: reaction mix minus SfsA and incubated at 37°C for 120 minutes, 4: reaction mix including wild-type SfsA incubated on ice, 5: reaction mix including wild-type SfsA incubated at 37°C for 30 minutes, 6: 60 minutes and 7: 120 minutes, 8: reaction mix including D121A SfsA incubated on ice, 9: reaction mix including D121A SfsA incubated at 37°C for 30 minutes, 10: 60 minutes and 11: 120 minutes.
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Figure 5.15: Incubation of E. coli D121A SfsA purified using two separate methods with pUC19 plasmid in the presence of 10 mM magnesium chloride.  All mutant and wild-type proteins were incubated in a reaction mix containing 20 mM TRIS. HCL pH 8, 10 mM MgCl2, 0.2 μg pUC19 and 2 μg protein to a final volume of 10 μL.  The resulting DNA lengths were visualised on a 0.7 % agarose gel with lanes as follows; 1: HyperLadder™ Ikb (Bioline), 2: reaction mix minus SfsA and incubated on ice, 3: reaction mix minus SfsA and incubated at 37°C for 120 minutes, 4: reaction mix including wild-type SfsA incubated on ice, 5: reaction mix including wild-type SfsA incubated at 37°C for 30 minutes, 6: 60 minutes and 7: 120 minutes, 8: reaction mix including D121A SfsA purified following the standard SfsA purification protocol with the inclusion of Benzonase incubated on ice, 9: reaction mix including D121A SfsA incubated at 37°C for 30 minutes, 10: 60 minutes and 11: 120 minutes.  12: reaction mix including D121A SfsA purified using an ammonium sulphate cut incubated on ice, 13: reaction mix including D121A SfsA incubated at 37°C for 30 minutes, 14: 60 minutes and 15: 120 minutes.


The cleavage abilities of E. coli D121A SfsA may be the result of a continued ability to bind metals at the first binding site.  Vital to metal binding in D121A SfsA is the movement of E135 to the more usual position seen for the PD-(D/E)xK domain compared to the unusual conformation seen in the apo structure of wild type E. coli SfsA.  The new position of the carboxylic terminus is facing metal site 1, extending to a position comparable to E130 of the P. furiosus protein.  To further facilitate metal coordination, the side chain terminus is rotated to place the carbonyl as close to the binding site as possible.  

If the arrangement of glutamate 135 in the E. coli D121A active site resembles the side chain rotamer of the P. furiosus glutamate 130, why can E. coli D121A SfsA bind metal and P. furiosus D117A SfsA cannot?  The requirements of the metal ion coordination shells for each protein may be the answer.  Whilst P. furiosus SfsA appears to require three coordination contacts with the active site for stable metal ion binding as demonstrated in the apo P. furiosus wild type structure, this may not be the case with E. coli SfsA.  In the E. coli wild type SfsA structure, the active site forms only two coordination bonds with the metal through the main chain V134 carbonyl and the side chain of D121A (Figure 5.16).  

Through replacing the carboxylic group of E. coli D121 with that of E135, octahedral coordination geometry can still be formed with two contacts to the protein.  The side chain of K137 remains positioned to support the scissile water with the ε-amino group facing toward the metal site.  To increase the viability of this arrangement the metal ion binding site is predicted to have moved further back into the protein.  This position would not be possible in the presence of the D121 side chain, as the metal would take a position close to the space normally occupied by the residue and cause a steric clash.  The small alanine side chain would allow the movement of the metal ion binding site towards the carboxylic group of E135.  
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Figure 5.16:  Superposition of the active sites of E. coli D121A SfsA and wild type E. coli.  When comparing the wild type (magenta) and D121A mutant (orange) the similarity of the active site structures can be seen, with the Na+ of the wild type structure shown as a grey sphere and its associated waters shown in red.  The top axial position of water 4 completes the coordination sphere of the metal, a role that is likely to be performed by the carboxylic group of E135 when in a different conformation.  This expected conformation is likely to be similar to that of the D121A E135 side chain, which has moved back into the protein, perhaps to compensate for a lack of charge.

In support of this theory, D58 of PvuII is theorized to maintain the proper positioning of the site 1 metal, with the second acidic residue of the PD-(D/E)xK motif playing the primary binding role (Dupureur, 2000).  However, an altered metal position would be less favourable for directing a nucleophillic attack on the phosphate backbone.  Figure 5.17 shows a theoretical model of altered metal positioning, in which the putative attacking water is likely to be removed ~3.0 Å from its usual position in the active site.  This may result in the slower rate seen for D121A SfsA.
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Figure 5.17: A model of metal binding in E. coli D121A SfsA, based on the observed structure of the active site and of the active site in the E. coli wild type SfsA structure that contains a sodium ion bound at the active site.  A) A magnesium ion (grey sphere) has been modeled into the active site of D121A (represented as orange sticks) using average bond lengths for a Mg-O interaction (Harding, 2001).  The four waters shown as orange spheres are similarly coordinated (red dashes) than those observed in the coordination shell of sodium in the E. coli wild type structure.  Their positions are stabilized by hydrogen bonding with main chain atoms of the protein and the putative nucleophillic water (W1) is hydrogen bonded with the conserved lysine 137.  B) shows a superposition of E. coli D121A sfsA (orange) and E. coli wild type SfsA (magenta) to demonstrates the difference in metal ion and water positioning that may be a feature of D121A SfsA.  The sodium ion is shown as a dark grey sphere and the associated waters are coloured magenta.  The magnesium ion is 2.4 Å further back and the position of the putative nucleophillic water (W1) has altered by 3.2 Å.

However, no metal ions are bound in the E. coli D121A SfsA structure despite the presence of calcium in the mother liquor during crystallisation and further attempts to crystallise D121A SfsA with additional metals were unsuccessful.  This is not an unusual case; other restriction endonuclease structures such as HincII and EcoRV have no ions bound at the active site despite the fact that divalent metal ions were present in the crystallization solution (Horton, 2002; Pingoud, 2009).  Whilst the metal may not be visible due to the low resolution of the electron density for the structure, an absence of metal could indicate a reduced binding affinity in D121A.  

Reduced affinity for metal at the D121A active site could result from the altered coordination pattern of the ion and proposed repositioning of the specific binding site or the loss of the negative charge.  In these cases, a higher concentration of metal would be needed in order for this site to be filled than for the native protein.  While the metal ion concentration is sufficient in the qualitative activity assays to see some level of catalysis, it could be the case that not all active sites are occupied and it may be for this reason that a lower amount of cleavage occurs within the time course of the assay, rather than a sub-optimal alignment of the nucleophillic water.

[bookmark: _Toc288052186]E135A and E130A mutations at the PD-(D/E)xK motif have knockout effects on the function of E. coli and P. furiosus SfsA 

Unlike aspartate 121 and 117 of E. coli and P. furiosus SfsA that forms both binding sites of the protein and is therefore required for a two-metal mechanism, glutamate 135 and 130 appears to comprise only the first binding site.  This intrinsically links the residue with the functioning of metal site 1 and perhaps a one-metal mechanism.  The precise function of glutamate in the PD-(D/E)xK motif of restriction endonucleases is debated and it may fulfil multiple roles.  The requirement for the acidic side chain in metal ion coordination is supported by structural studies in SfsA and other restriction endonucleases (Galburt, 2002) but alternative proposed functions include deprotonation of the nucleophillic water (Stanford, 1999) or balancing the electrostatic potential of the active site to influence the precise positioning of enzyme and substrate groups in the pre-attack conformation (Horton, 2002).  The importance of the second acidic residue has been highlighted in previous mutagenesis studies on restriction endonucleases.  The point mutations D90A in EcoRV and E111A in BamHI cause a knockout of function (Horton, 2002) and E68 of PvuII was found to be more critical to ion binding during direct Mg2+ binding studies than the first acidic residue of the motif (Dupureur, 2000).  In some enzymes, a detectable level of activity remains when the glutamate side chain is removed; the rate constants have been reduced by 60,000-fold in E111G of EcoRI (King, 1989) and 4-fold for E111A in a separate study (Grabowski, 1995).  Although variation in these activity estimates does not enable consensus, it is clear that changes to this glutamate have an adverse effect on catalysis.

The results of the E130A mutation in P. furiosus SfsA are shown in Figure 5.18.  The control lanes 2-4 are as described for the aspartate mutant assays, with a strong supercoiled plasmid band and an additional higher band.  Cleavage assays with restriction endonucleases have demonstrated this band is likely to be composed of a multimeric plasmid form of pUC19.  This is likely to take the form of a linear or open circular dimer rather than a supercoiled species, as the open circular and linear populations travel slowest through the gel due to larger size and cumbersome relaxed structure (Vologodskii, 1992; Munson, 1989).  Wild type SfsA in lanes 5-8 is seen to be fully functional, with all DNA bound and digested over the course of the assay.  In comparison, P. furiosus E130A SfsA binds all topoisomers of the plasmid but does not cleave any of the DNA.  These results show that glutamate is an essential component of the active site in P. furiosus SfsA and is equal to D117 in requirement.  Whilst the D117A mutation affects both binding sites, to which the knockout in function can be attributed, the E130A mutation may only affect metal site 1.  This would indicate that the first binding site only is required for catalytic competence.  Correspondingly, the M1 site has been termed the catalytic site in other PD-(D/E)xK motif proteins, as the binding of one Mg2+ alone is required for cleavage in other restriction enzymes including SepMI and EcoRV (Belkabir, 2013; Jeltsch, 1993).
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Figure 5.18: Incubation of P. furiosus E130A SfsA with pUC19 plasmid in the presence of 10 mM magnesium chloride.  To provide a qualitative comparison between the activity of the mutant protein and the wild-type E. coli SfsA, both proteins were incubated in a reaction mix containing 20 mM TRIS. HCL pH 8, 10 mM MgCl2, 0.2 μg pUC19 and 2 μg protein to a final volume of 10 μL.  The resulting DNA lengths were visualised on a 0.7 % agarose gel with lanes as follows; 1: HyperLadder™ Ikb (Bioline), 2: reaction mix minus SfsA and incubated on ice, 3: reaction mix minus SfsA and incubated at 60°C for 30 minutes and 4: 120 minutes, 5: reaction mix including wild-type SfsA incubated on ice, 6: reaction mix including wild-type SfsA incubated at 60°C for 30 minutes, 7: 60 minutes and 8: 120 minutes, 9: reaction mix including E13A SfsA incubated on ice, 10: reaction mix including E13A SfsA incubated at 60°C for 30 minutes, 11: 60 minutes and 12: 120 minutes.
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Figure 5.19:  The active site structure of P. furiosus E130A SfsA compared to the active site structure of apo and DNA-bound P. furiosus wild type SfsAs.  A) Shows the E130A active site residues (light blue) complete with a 2m|Fobs|-D|Fcalc| electron density map contoured at 2.0 σ.  No metals are present.  B) A superposition of the E130A active site with that of the two wild type structures.  The apo P. furiosus wild type structure (olive) contains two calcium ions bound in the active site (shown as grey spheres), whilst the DNA-bound P. furiosus wild type SfsA (green) has no metals bound at the active site.


On viewing the structure of P. furiosus E130A the active site is relatively unchanged other than the expected mutation (Figure 5.19).  One exception is the side chain carboxyl of the D117, which is rotated by ~45° with respect to the apo and DNA-bound wild type structures, with the D117 carbonyl angled toward the lysine ε-amino group over 4.5 Å.  This rotation is indicative of site destabilisation and is perhaps an attempt to balance the loss of charge, being comparable to the rotation of glutamate observed in D117A and D121A.  At metal site 2 the side chain of E108 is rotated away from the binding site in a position highly similar to that seen in the DNA-bound structure in which no metals are present.  This reduces the possibility of metal binding and E108 may only take a permissive conformation after the first site has been filled.  Metal binding analysis of other PD-(D/E)xK nucleases show there is a high correlation between the binding of the first ion and the subsequent binding of the second (Pingoud, 2009).

Unfortunately, a structure of E. coli E135A SfsA is yet to be produced and so structures of the two SfsA species cannot be compared.  Nevertheless, the importance of glutamate in the function of E. coli SfsA can be measured (Figure 5.20).  In the agarose gel-based assay E. coli E135A SfsA is able to bind all plasmid but there is little evidence of cleavage.  Assay assessment is less straightforward in this case, as it could be argued that the lessened band strength of lane 12 suggests that cleavage may be occurring but at a reduced rate.  Though a quantitative assessment may enable elucidation of enzyme activity, this assay shows the activity of E. coli E135 is closely comparable to P. furiosus E130 SfsA. 
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Figure 5.20: Incubation of E. coli E135A SfsA with pUC19 plasmid in the presence of 10 mM magnesium chloride.  To provide a qualitative comparison between the activity of the mutant protein and the wild-type E. coli SfsA, both proteins were incubated in a reaction mix containing 20 mM TRIS. HCL pH 8, 10 mM MgCl2, 0.2 μg pUC19 and 2 μg protein to a final volume of 10 μL.  The resulting DNA lengths were visualised on a 0.7 % agarose gel with lanes as follows; 1: HyperLadder™ Ikb (Bioline), 2: reaction mix minus SfsA and incubated on ice, 3: reaction mix minus SfsA and incubated at 37°C for 30 minutes and 4: 120 minutes, 5: reaction mix including wild-type SfsA incubated on ice, 6: reaction mix including wild-type SfsA incubated at 37°C for 30 minutes, 7: 60 minutes and 8: 120 minutes, 9: reaction mix including E135A SfsA incubated on ice, 10: reaction mix including E135A SfsA incubated at 37°C for 30 minutes, 11: 60 minutes and 12: 120 minutes.
 One feature of E. coli SfsA that is not reflected in P. furiosus SfsA is the greater requirement for E135 over D121.  With residual activity in D121A SfsA and undetectable activity in E135A SfsA, mutations to the former produce a less sizable effect on the enzyme’s activity.  The reason for this may lie in the importance of metal site 1 compared to the potentially non-essential metal site 2.  All conserved residues of the PD-(D/E)xK motif are primarily involved in the arrangement of metal site 1, which does suggest that the site contains the essential components for hydrolysis.  Models for both a one and two ion mechanism have been proposed (Pingoud, 2009).  The dramatic effect of the glutamate mutation in E. coli SfsA is perhaps unexpected, as the structures of wild type and D121A SfsA demonstrate flexibility in the E135 residue, which is able to form a conformation that does not involve it directly in metal site 1.  The altered conformation of E135 within the wild type protein means that it does not contribute to the coordination shell of the bound metal, although here it is required to position the axial water of the coordination shell.  Although it is somewhat unclear as to the conditions under which this conformation is formed, in the absence of E135 the usual coordination shell of the metal cannot be completed.  This could result in the metal being unable to bind, or an unstable and transient binding event that allows very limited catalysis.

The alternative proposed functions of glutamate in the active site other than (or in addition to) metal binding are also considered.  The suggestion that glutamate is required to balance electrostatic potential to stabilise the pre-reaction complex is reasonable, but this function is unlikely to be distinct from that of the aspartate and so would not result in the disparity between D121A and E135A SfsA activity.  The difference in activity between D121A and E135A SfsAs therefore implies that theoretical destabilisation of the pre-reactive state is not a major factor in the alteration of function.  The role of glutamate as a general base for deprotonation of the nucleophillic water is more likely to have an observable effect.  At physiological and experimental pH, carboxylic acid is predominantly deprotonated and the hydroxide primed to accept hydrogen.  In the P. furiosus wild type apo structure the E130 carbonyl forms a coordination bond with the bound metal, leaving the hydroxyl free to accept a proton.  This proton is unlikely to come directly from the putative nucleophillic water, as it is positioned 5.2 Å away.  However, the residue could accept a proton from the lysine ε-amino group so that this residue can form the hydroxide through accepting a proton from the nucleophillic water.  Mutation of glutamate to alanine may form a less favourable arrangement through removal of the general base but the formation of hydroxide ions are unlikely to be wholly dependant on this function, making this an unlikely reason for knockout of function. 

The terminal lysine of the PD-(D/E)xK motif has also been implicated in both altering site electrostatic potential and as mentioned above, may act as a general base to enable catalysis.   Without the obvious structural features that indicate the function of the acidic residues, the importance of lysine in the active site is not fully understood and may be investigated further through mutagenesis.

[bookmark: _Toc288052187]The K132A mutant of P. furiosus SfsA disables cleavage activity despite previously having no contact with the catalytic metals 

Of all of the SfsA mutants, the requirement for lysine was the least certain due to its variation between different endonucleases, both in residue identity and positioning on the tertiary structure.  This has led many to speculate as to whether an overall conserved mechanism at the PD-(D/E)xK motif is even possible.  The requirement for lysine has been investigated using mutagenesis in several restriction endonucleases and despite the evolutionary substitution for glutamate, glutamine and arginine in several proteins, experimentally replacing K70 of PvuII with glutamine or the K92 of EcoRV with arginine causes a decrease in activity of these proteins by several orders of magnitude (Nastri, 1997).  The substitution of alanine or glycine causes a knockout of function in PvuII and EcoRV despite continued substrate binding ability, revealing that this residue is absolutely required for full functionality (Xie, 2010; Selent, 1992).  Lysine must therefore comprise a vital element of the active site.
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Figure 5.21: Incubation of P. furiosus K132A SfsA with pUC19 plasmid in the presence of 10 mM magnesium chloride.  To provide a qualitative comparison between the activity of the mutant protein and the wild-type E. coli SfsA, both proteins were incubated in a reaction mix containing 20 mM TRIS. HCL pH 8, 10 mM MgCl2, 0.2 μg pUC19 and 2 μg protein to a final volume of 10 μL.  The resulting DNA lengths were visualised on a 0.7 % agarose gel with lanes as follows; 1: HyperLadder™ Ikb (Bioline), 2: reaction mix minus SfsA and incubated on ice, 3: reaction mix minus SfsA and incubated at 60°C for 30 minutes and 4: 120 minutes, 5: reaction mix including wild-type SfsA incubated on ice, 6: reaction mix including wild-type SfsA incubated at 60°C for 30 minutes, 7: 60 minutes and 8: 120 minutes, 9: reaction mix including K132A SfsA incubated on ice, 10: reaction mix including K132A SfsA incubated at 60°C for 30 minutes, 11: 60 minutes and 12: 120 minutes.




Figure 5.21 demonstrates the results of K132A incubation with pUC19, compared to the wild type P. furiosus SfsA.  Three bands can be seen in the control lanes 2-4, denoting the dominant supercoiled, lesser open circular and dimeric pUC19.  Both wild type and K132A SfsAs bind all species of plasmid but K132A does not cleave.  

With this mutant equally inactive as other P. furiosus mutants D117A and E130A, lysine has an equal importance to the cleavage mechanism of SfsA despite having no direct effects on metal binding.  In the wild type structures of E. coli and P. furiosus SfsA the proximity of lysine to the putative nucleophillic water indicates the residue is almost certainly involved in the positioning of the nucleophile and its activation as a hydroxide through altering the balance of electrostatic potential at the active site.  In a metal-bound active protein, the nucleophile is coordinated at the first metal binding site.  

The site 1 structure of K132A is remarkably similar to both wild type SfsA structures, with a greater resemblance to the DNA bound form correlating with the fact that no metals are bound in either structure (Figure 5.22).  In the second metal binding site E108 is facing inwards to accept an additional metal.  Although metal is not seen in this structure, there is every expectation that the protein is able to bind ions in the active site, as all metal-contacting residues are intact and correctly positioned.  As there is no residual activity with K132A SfsA it must be considered that without the positive charge of the lysine the active site is no longer able to accept a metal at site 1.  This may come about through the octahedral coordination shell being unfulfilled, with the inability to maintain the position of the nucleophillic water.  It has been suggested that the primary function of lysine is to position this water molecule through hydrogen bonding and therefore the absence of this water may have a substantial effect (Horton, 1998).  However, it has not before been reported that a mutation at this site decreases the metal binding ability of the protein in other PD-(D/E)xK nucleases.  Instead, it may be chance that metal is not present in the active site.
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Figure 5.22:  The superposition of the P. furiosus K132A SfsA active site with the apo and DNA-bound P. furiosus wild type SfsA active sites.  A) Shows the K132A active site residues (teal) complete with a 2m|Fobs|-D|Fcalc| electron density map contoured at 2.0 σ.  No metals are present.  B) Shows the similarity between all three P. furiosus SfsA active sites, with K132A (teal) aligning more closely with the metal-free structure of the DNA-bound wild type protein (green) than the apo wild-type structure (olive).  An exception is the E108 side chain that, like the P. furiosus mutant D117A, aligns better with the apo structure.  The apo structure contains two calcium ions, shown as grey spheres and the coordinating waters are shown in red.  W1 is the putative nucleophillic water and its hydrogen bond with K132A is shown.


The lack of activity in lysine mutant PD-(D/E)xK proteins is more commonly attributed to the loss of the electrostatic influence of the charged amine group on activation of the nucleophile.  The activation of the nucleophillic water positioned at metal site 1 has been much debated, with an emerging consensus that lysine lowers the pKa of the water molecule.  In this instance, pKa can be used as a measure of likelihood for the dissociation of a proton from water to create a hydroxide ion, which has an increased nucleophillic potential over water alone.  In flap endonucleases, it has been shown that the pKa of a metal-ligated water differs significantly based on the metal ion bound.  This is particularly relevant for PD-(D/E)xK nucleases that are thought to bind magnesium as their native ion species, as this metal raises the pKa of the water to 11.4 or greater and thus reducing the possibility of hydroxide formation at physiological pH.  The lysine has a lower pKa of 10 and so potentially enables hydroxide formation (Xie, 2010).  The 2.7 Å proximity of the putative water in P. furiosus SfsA to the NZ ε-amino group of K132 suggests this proposed function is applicable to SfsA.

Alternative theories for lysine requirement that do not include the nucleophile have been proposed, such as the contribution of the positive charge in attracting the phosphate backbone of the substrate or the stabilisation of the transition state of the reaction (Grabowski, 1995).  However, it has been noted that the side chain amine group is positioned too far away for any significant contact with the extra negative charge produced at the phosphate during the reaction intermediate and so this is an unlikely cause for the loss of function in K132A SfsA (Xie, 2010).  Nonetheless, the mutation of lysine to alanine increases the overall negative charge of the active site provided by the acidic residues, which may have the effect of repulsion of the scissile phosphate group before the reaction occurs.  The charge balance of the region is particularly important in the two-ion mechanism alluded to by wild type P. furiosus SfsA (Figure 5.22), as the phosphate OP1 oxygen is hypothesised to displace the water bridging the metal ions (W2) to complete their coordination spheres.  To do so, the substrate must come in to close proximity with the active site carboxylates.


[bookmark: _Toc288052188]Quantitative activity assays 

The assays and structures presented in this study have contributed to our understanding of the requirements of the PD-(D/E)xK motif in SfsA and mechanistic differences between the E. coli and P. furiosus species have already been suggested.  A recurring theme of these investigations and the extensive research into restriction endonucleases is that there is no single catalytic mechanism to unite all enzymes containing the motif.  As such, the conclusions drawn from the qualitative assays for SfsA require additional support and quantification.  To further elucidate the functional capabilities of the mutants, a more quantitative assay has been devised based on the method described by Sayers et al. (Sayers, 1993).  This technique uses pUC19 bacterial plasmid or eukaryotic DNA recovered from Herring testes to probe the cleavage capacity of the mutant enzymes through measuring the rate of release of acid soluble nucleotides.  Use of this method assumes the production of very small fragment lengths of DNA and single nucleotides through digestion.  For SfsA this is a reasonable assumption, as the previous assays suggest rapid formation of nucleotides as shown through streaked DNA populations on agarose gels following incubation with the wild-type protein.  It has been previously noted that SfsA has the potential for processive exonuclease-like cleavage, which releases single nucleotides as the protein progresses along the substrate.  This putative function can be utilised by quantifying the nucleotides produced by precipitating and removing large DNA fragments from the incubation mixture and measuring the small nucleotides remaining using A260 absorbance.  All data have been normalised to allow for comparison between SfsA species and DNA origin.

As can be seen from Figures 5.23 and 5.24, incubation of DNA with wild type P. furiosus SfsA does indeed produce small nucleotides and could be considered evidence that goes some way towards suggesting processive cleavage activity.  There appears to be no large differences in the processing of pUC19 and herring testes DNA by the wild type P. furiosus protein, with the assays performed using each substrate showing closely comparable initial rate gradients (Tables 5.2 and 5.3).  Herring DNA appears slightly more suited for the enzyme, perhaps because its linear form favours the exonuclease function of SfsA with a greater availability of stand termini.  A more complex explanation could involve DNA topology; the herring DNA may offer greater accessibility for P. furiosus SfsA due to a lower level of supercoiling, methylation or damage.  A difference in cleavage gradients between pUC19 and herring DNA substrates for wild type P. furiosus SfsA could be the result of greater inaccuracies when using prokaryotic DNA, as shown through the larger error bars resulting from the triplicate repeats.  A difficulty with this experiment is obtaining the amount and concentration of DNA required for the procedure and while the data has been normalised, the purity and homogeneity of DNA is likely much lower than the industrially produced eukaryotic counterpart.

When their activity gradients are compared, it can also be seen that all P. Furiosus SfsA mutants are equally inactive during incubation with both DNA species.  The amount of DNA degradation seen with eukaryotic DNA barely rises above the baseline measurement of environmental DNA damage (Table 5.2).  This horizontal trend is sufficient to conclude a lack of cleavage activity for the sensitivity of this experiment.  Due to the greater error inherent in the assay using prokaryotic plasmid, this lack of activity has manifested as a negative gradient that falls below the baseline (Table 5.3).  This is the result of 73-75% of the raw data measurements for these mutants registering below the instrument accuracy limit; such was the low level of nucleotides produced.
[bookmark: _Toc288052189]A significant advantage of activity quantification is the ability to verify the assessments made on remaining activity in the mutant enzymes.  Of the E. coli SfsA variants, the cleavage abilities of D121A and E135A mutants were questionable in the agarose gel-based assays presented previously.  A decreased rate of reaction was suggested for D121A SfsA but a more ambiguous result was seen for E135A SfsA, which generally appears to be inactive but for one indication of activity at the last incubation time point.  The strength of the DNA band observed on the agarose gel after two hours incubation with the E135A enzyme appeared slightly fainter than the other bands.  This could be indicative of a reduced DNA concentration or a chance occurrence as result of the qualitative nature of the assay.
A)
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[bookmark: _Toc288052190]Figure 5.23 Graphs showing the production of acid-soluble nucleotides produced through incubation of D117A, E130A, K132A or wild-type SfsA with eukaryotic DNA, in the presence of 100 mM magnesium chloride. A) All experiments were performed in triplicate, with the mean of the normalised data used to form an averaged plot.  The gradients demonstrated in B are summarised in Table 5.2, with the initial rate identified between the 0 and 4.5 hour time point for the wild-type protein.  The full data sets were used to calculate the gradients of the mutants.


A)
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B)
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[bookmark: _Toc288052191]Figure 5.24: Graphs showing the production of acid-soluble nucleotides produced through incubation of D117A, E130A, K132A or wild-type SfsA with circular pUC19 DNA recovered from DH5α cells, in the presence of 100 mM magnesium chloride. A) All experiments were performed in triplicate at 60°C, with the mean of the normalised data used to form an averaged plot.  The gradients demonstrated in B are summarised in Table 5.3, with the full data sets for each protein used to calculate the gradients.







	[bookmark: _Toc288052192]Protein
	[bookmark: _Toc288052193]Initial rate gradient

	[bookmark: _Toc288052194]Wild-type SfsA
	[bookmark: _Toc288052195]0.12

	[bookmark: _Toc288052196]D117A
	[bookmark: _Toc288052197]0.0014

	[bookmark: _Toc288052198]E130A
	[bookmark: _Toc288052199]0.0012

	[bookmark: _Toc288052200]K132A
	[bookmark: _Toc288052201]0.0012



[bookmark: _Toc288052202]Table 5.2: Table comparing the line graph gradients shown in Figure 5.23, which demonstrate the rate of acid soluble nucleotide production from eukaryotic DNA when incubated with wild-type and mutant P. furiosus SfsAs. 


	[bookmark: _Toc288052203]Protein
	[bookmark: _Toc288052204]Initial rate gradient

	[bookmark: _Toc288052205]Wild-type SfsA
	[bookmark: _Toc288052206]0.098

	[bookmark: _Toc288052207]D117A
	[bookmark: _Toc288052208]-0.007

	[bookmark: _Toc288052209]E130A
	[bookmark: _Toc288052210]-0.009

	[bookmark: _Toc288052211]K132A
	[bookmark: _Toc288052212]-0.007



[bookmark: _Toc288052213]Table 5.3: Table comparing the line graph gradients shown in Figure 5.24, which demonstrate the rate of acid soluble nucleotide production from pUC19 DNA recovered from DH5α cell when incubated with wild-type and mutant P. furiosus SfsAs. 





[bookmark: _Toc288052214]Wild type E. coli SfsA is fully active with both pUC19 plasmid and herring DNA and, like wild type P. furiosus SfsA, also demonstrates an increased rate with the eukaryotic DNA.  Although the difference is also small enough to be considered chance variation, this does imply that wild type E. coli SfsA has a preferential substrate (despite prokaryotic nuclear material being the native substrate of the protein).  Nonetheless, the wild type E. coli and P. furiosus SfsA species demonstrate very similar rates of reaction.  This does not hold true for the mutants of the species, as the partial activity of D121A SfsA is confirmed in these assays (Figures 5.25 and 5.26).
[bookmark: _Toc288052215]The initial rate gradients from these assays show that the D121A mutant cleaves herring DNA at a rate around five times less than E. coli wild type SfsA and cleaves pUC19 DNA at a rate three times less than the E. coli wild type.  When the D121A activity gradients for prokaryotic and eukaryotic DNAs are compared, they are remarkably similar to one another, so lending some degree of confidence in the remaining activity of the mutant (Tables 5.4 and 5.5).  Although this assay may not be sensitive enough to detect very low levels of residual activity, E135A appears to be inactive in this assay.  The gradients of nucleotide production observed are 0.002 and 0.001 for the herring and pUC19 DNA respectively, which are barely higher than the gradients observed for P. furiosus D117A, E130A and K132A SfsA mutants that have been designated as inactive.  A final reading was taken for this E135A SfsA following overnight incubation (not shown in Figure 5.25).  This indicated that the reaction had not progressed and would have the effect of further reducing the gradient.  A more sensitive assay is required to conclusively determine whether this enzyme remains active, but it until then E. coli E135A SfsA shall be classified as inactive.











A)
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[bookmark: _Toc288052216]Figure 5.25: Graphs showing the production of acid-soluble nucleotides produced through incubation of D121A, E135A or wild-type SfsA with eukaryotic DNA, in the presence of 100 mM magnesium chloride. A) All experiments were performed in triplicate, with the mean of the normalised data used to form an averaged plot.  The gradients demonstrated in B are summarised in Table 5.4, with the initial rate identified between the 0 and 8 hour time point for all mutant proteins.



A)
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Figure 5.26: Graphs showing the production of acid-soluble nucleotides produced through incubation of D121A, E135A or wild-type SfsA with circular pUC19 DNA recovered from DH5α cells, in the presence of 100 mM magnesium chloride. A) All experiments were performed in triplicate at 37°C, with the mean of the normalised data used to form an averaged plot.  The gradients demonstrated in B are summarised in Table 5.5, with the full data sets for each protein used to calculate the gradients.


	[bookmark: _Toc288052217]Protein
	[bookmark: _Toc288052218]Gradient

	[bookmark: _Toc288052219]Wild-type SfsA
	[bookmark: _Toc288052220]0.14

	[bookmark: _Toc288052221]D121A
	[bookmark: _Toc288052222]0.024

	[bookmark: _Toc288052223]E135A
	[bookmark: _Toc288052224]0.002



[bookmark: _Toc288052225]Table 5.4: Table comparing the line graph gradients shown in Figure 5.25, which demonstrate the rate of acid soluble nucleotide production from eukaryotic DNA when incubated with wild-type and mutant P. furiosus SfsAs. 

	[bookmark: _Toc288052226]Protein
	[bookmark: _Toc288052227]Gradient

	[bookmark: _Toc288052228]Wild-type SfsA
	[bookmark: _Toc288052229]0.086

	[bookmark: _Toc288052230]D121A
	[bookmark: _Toc288052231]0.029

	[bookmark: _Toc288052232]E135A
	[bookmark: _Toc288052233]0.001



[bookmark: _Toc288052234]Table 5.5: Table comparing the line graph gradients shown in Figure 5.26 which demonstrate the rate of acid soluble nucleotide production from pUC19 DNA recovered from DH5α cell when incubated with wild-type and mutant P. furiosus SfsAs. 

[bookmark: _Toc288052235]Summary of chapter

The PD-(D/E)xK motif is an unusual feature among proteins; found in all kingdoms of life and essential to the function of multiple enzyme families and yet demonstrates no consensus in cleavage mechanism.  As Type II restriction endonucleases are noted for their diversity in structure and cleavage activities, the highly conserved tertiary structure of SfsA presents a unique opportunity to study the variability of the PD-(D/E)xK active site between species.
[bookmark: _Toc288052236]To summarise the results of this chapter, all mutations have been successfully implemented and assayed for enzyme activity.  The D117A, E130A and K132A mutations of P. furiosus SfsA all result in an inactive protein.  The D121A mutation of E. coli SfsA demonstrates reduced activity, whilst the E135A mutation produces an enzyme that is effectively inactive.  These findings demonstrate the importance of charge at the active site, with remaining acidic residues in each of the structures often seen to attempt to compensate for the lost charge by slightly altering their positions.  This response was successful for D121A SfsA.  The requirement for the binding of metal ions was discussed, with the first metal ion site theorized to play the primary catalytic role and the second perhaps fulfilling a modulatory role, based o the activity variation between E. coli D121A and E135A mutants.  The results also demonstrate the importance of octahedral coordination of the catalytic metal to ensure SfsA remains functional.
[bookmark: _Toc288052237]It can be seen that P. furiosus SfsA is significantly less tolerant of mutations to the active site than the E. coli species.  This could be the result of the extensive specialization of the proteins comprising the P. furiosus organism.  Due to the challenging conditions of its environmental niche, evolutionary variation is limited by the serious consequences for the cell if temperature resilience is compromised.  It could be for this reason that significant changes in a conserved motif have full knockout consequences for the protein.
[bookmark: _Toc288052238]Another possibility is that the SfsA of P. furiosus or archaea in general performs a different cellular function to the SfsA of E. coli and bacteria.  The native substrate remains uncertain; previous co-purification experiments reveal RNA bound to the P. furiosus SfsA and DNA bound to E. coli SfsA.  Certainly the DNA base composition will vary between E. coli and P. furiosus species, with a greater proportion of G/C bases seen in the latter organism to confir heat stability.  Differences between the rates of reaction using different DNA species as substrates have been noted in this study.  Therefore it is reasonable to conclude that the requirements for cleavage may be different for each species, such as the adaptability of the metal ion coordination shell and the position of the nucleophillic water.








[bookmark: _Toc288052239]Structural and functional characterisation of the oligonucleotide-binding fold of E. coli and P. furiosus SfsA

This chapter describes the structures of the R18A, F19A E. coli SfsA and R20A, F21A P. furiosus SfsA, coupled with functional characterisation of the mutant proteins.  The experiments described in this chapter aim to identify the role of these residues in the functioning of SfsA, which are unusual to other proteins containing an oligonucleotide-binding fold (OB-fold) but are conserved among the majority of SfsAs found in bacteria, archaea and eukaryotes.

[bookmark: _Toc288052240]Conserved residues in the oligonucleotide binding-fold

The oligonucleotide binding-fold is a common architectural feature that is placed as the 28th most prevalent tertiary fold among proteins as determined from the sequenced genomes of 20 different organisms (Qian, 2001).  The ubiquity of the OB-fold reflects its wide range of functions that include provision of nucleic acid and oligosaccharide binding sites, the establishment of protein-protein interfaces and the site of metal-mediated catalysis (Murzin, 1995).  There are 16 protein families in the SCOP database that contain OB-folds, which have been observed in over 300 protein structures (Berman, 2000).

The structure of the OB-fold is consequently well characterised; a β-barrel structure is formed from two three-stranded antiparallel β-sheets with one strand shared between them.  The SfsA β-barrel is comprised of a Greek key motif (β1-β2-β3-β5-β4-β1) with the β1 strand mutual to both sheets, forming a hydrogen bonding network with β2 of the first sheet and β4 of the second.  A short α1-helix tops the fold and connects two of the three long flexible loops of the region, Lα1-β4 and Lβ3-α1 (in addition to Lβ4-β5).  A shorter loop region Lβ1-β2 contains a highly conserved arginine-phenylalanine motif, which are R18, F19 in E. coli SfsA and R20, F21 in P. furiosus SfsA.  The side chains of these residues point into the concave surface of the protein, towards the active site situated opposite to the OB-fold.  A potential role for these residues was revealed upon 
[image: ]

Figure 6.1: The stabilisation of a gap in the DNA structure by wild type P. furiosus SfsA and the conserved OB-fold residues R20 and F21.  In A) the full P. furiosus SfsA (green cartoon representation) is shown to be binding to an unpaired cytosine base dC3 (shown in grey).  B) Shows the hydrogen bond interactions formed at the gap, with two hydrogen bonds being formed between the guanidinium of R20 and dC3, and the π-stacking interactions of F21 and cT4.
obtaining a structure of wild-type P. furiosus SfsA bound to DNA, with a 12 base oligonucleotide duplex positioned in the positively charged cleft between the OB-fold and restriction endonuclease-like domain (Figure 6.1). In this crystal structure the oligonucleotide self-anneals, to form an atypical DNA duplex with a number of non-canonical base pairings (PDB: 4DAV, Allen, 2011).  The most prominent feature of the duplex is a gap in the structure to leave an unpaired cytosine base, where the conserved R20 and F21 residues have interposed into the gap.  Arginine 20 takes the place of the missing base by forming two hydrogen bonds between the guanidinium group of the side chain and the cytosine base.  Preceding the cytosine in sequence is a thymine-thymine homo-pyrimidine pair onto which the benzyl ring of phenylalanine 21 forms π-stacking interactions to stabilize the gap.  In this way, the DNA is positioned so that the putative dT12 scissile phosphate is within 5.3 Å of the active site lysine 132 NZ ε-amino group.

Although this structure points towards the natural substrate containing a gap in the duplex, many questions remain about the requirement for the RF residues in SfsA.  These questions are linked intrinsically to our lack of knowledge as to the identity of the native substrate and accordingly the cellular function of SfsA.  Mutagenesis studies on the conserved RF residues to remove both the charge and length of the side chain may give indications as to the structural and functional behaviours of both SfsA species.

[bookmark: _Toc288052241]The RF mutant structures show improved resolution

Including the active site SfsA mutants presented in the last chapter, the RF SfsA mutants of this chapter and the wild type structures previously obtained by Allen et al., three apo E. coli SfsA and five P. furiosus SfsA models have been attained to date.  By taking all of these structures into account, a consensus in structural features greatly improves the confidence of conclusions drawn from analysis of the structure whereas differences observed can lead to a greater understanding of structural requirements.  The P. furiosus active site mutant D117A demonstrates an improved resolution of 1.4 Å over that of the P. furiosus wild-type structure of 1.8 Å, which has enabled closer scrutiny of residues of interest.  Unfortunately, the resolution of E. coli SfsA has not been as high, with the structure of wild type E. coli SfsA at 2.2 Å and the active site mutant D121A SfsA at 2.7 Å.  A higher resolution for both species may confer a greater confidence in fine structural features, such as side chain rotamers in functionally important residues.  Fortunately, the OB-fold mutant structures for E. coli and P. furiosus SfsA presented in this chapter offer a higher resolution for both species, with E. coli R18A, F19A at 1.6 Å and P. furiosus R20A, F21A at 1.35 Å. 

In addition to the greater resolution of these structures, the P. furiosus R20A, F21A SfsA does not contain the in-frame methionine and alanine residues that were residual components of the cloning tag at the N-terminus of the wild-type protein.  This produces a construct closer in structure to the native enzyme.  The exchange of the native leucine 120 for isoleucine remains in place for the mutant as well as the wild type, due to the substitution of C for A in the CTT codon of the gene.  Although highly conserved between species, this residue is positioned at the C-terminus of the strand β8 that comprises the restriction endonuclease-like domain and not within proximity of functionally important sites.

Similarly, the E. coli R18A, F19A SfsA mutant shows an improvement over the previous E. coli structures.  Not only is the resolution improved, the electron density around the loops in the restriction endonuclease-like domain is clear.  As a consequence, the positions of residues in the previously ambiguous Lβ7-β8 loop can be built with some certainty.  Both wild type and D121A structures of E. coli SfsA have exhibited poorer electron density in the loop regions Lβ4-β5 and Lβ7-β8 that is perhaps due to inherent flexibility.  In the E. coli R18A, F19A SfsA these loops are stabilised by crystal contacts.  Loop Lβ7-β8 is held in place by hydrogen bonds between the side chains of R117 and the symmetry-related E222, along with van der Waals interactions to R187 and G114.  Polar contacts between S118 and T113 also help to maintain order.  Loop Lβ4-β5 is stabilized by hydrogen bonding between the side chains of K62 and the symmetry-related E30, with additional associations between D57 and E211 of a third subunit from another asymmetric unit.  It is also internally stabilised within the loop, by hydrogen bonding between R61 and S56 side chains (Figure 6.2).
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Figure 6.2: Some of the stabilising hydrogen bond interactions observed in the R18A, F19A SfsA structure that may have enabled a higher resolution structure of E. coli SfsA to be attained.  A) The usually flexible and poorly resolved Lβ7-β8 loop is held in place at the interface between three protein molecules, with E222 of one subunit and R187 of another contributing to a network of interactions with the Lβ7-β8 residue R117.  The Lβ4-β5 loop has even greater range of contacts, as is shown in B, C and D.  B) A hydrogen bond formed between the K62 side chain and the symmetry-related E30 stabilises the Lβ4-β5 loop.  C) A further contact is formed between D57 and the E211 side chain from a third symmetry-related molecule.  D) Internal contacts are also formed within the Lβ4-β5 loop in a single molecule, typically between the R61 and S56 side chains and main chain carboxyls.






[bookmark: _Toc288052242]The binding cleft: previously unseen flexibility in the putative DNA binding surface of E. coli SfsA

Perhaps because of the inter-crystal interactions discussed above, the R18A, F19A SfsA structure shows a difference between the main chain α–carbon positions of loops Lβ4-β5 and Lβ7-β8 compared to the wild-type structure.  These loops have moved by 4.4 Å and 3.0 Å as measured at the widest point of difference.  These regions of E. coli SfsA could be considered more flexible than the P. furiosus protein, which is reflected in the α–carbon RMS deviation that describes similarity of the OB-fold mutants to their wild-type equivalents.  E. coli R18A, F19A SfsA has an RMS deviation of 0.9 Å for when compared to wild type E. coli SfsA.  The a-carbon structure of P. furiosus R20A, F21A SfsA deviates less from the wild type P. furiosus SfsA, with a difference of 0.6 Å.  

Although there are no substantial differences in secondary structures in either of the mutant structures compared to the wild-type proteins, a greater difference is seen in the E. coli variant.  The additional flexibility seen in E. coli SfsA may be indicative of function, as the main areas of deviation coincide with clusters of positively charged residues such as K60, R61, K62 on the Lβ4-β5 loop and K112, R117, R119 on the Lβ7-β8 loop lining the concave face of the protein.  These residues have been hypothesised to hydrogen bond and provide attractive interactions with the phosphate backbone of the substrate.  This is based on the conservation between E. coli and P. furiosus SfsA, where the equivalent residues were observed to bind DNA in the substrate-bound structure of wild type P. furiosus SfsA.  This may mean that E. coli SfsA can alter the structure of the binding cleft to form a favourable conformation for substrate binding.  However, no large changes in rotamer positions are observed in the positively charged residues of E. coli R18A, F19A or P. furiosus R20A, F21A SfsA, indicating that there has been no alteration to the binding ability of these mutant proteins.  Other than the slight widening of the E. coli binding cleft, the only changes in the binding surfaces of either protein can be seen around the putative nucleotide binding pocket (Figure 6.3).  
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Figure 6.3: The surface electrostatics representations and putative DNA binding cleft of the E. coli R18A, F19A SfsA.  A) Shows the electrostatics in the wild type E. coli SfsA, where the positively charged putative DNA binding surface can be seen in blue and negative charge is coloured red.  Similarly, (B) demonstrates the width of the gap between the conserved domains of wild type E. coli SfsA as measured between the α-carbons of T38-R156 and R61-R119. C) Shows the electrostatic surface of R18A, F19A SfsA.  This shows the widening of the cleft at the ‘top’ of the protein and movement of positively charged residues as measured in (D), also measured between T38-R156 and R61-R119.

[bookmark: _Toc288052243]Changes to the protein surface: altered conformations in the conserved cavity region in E. coli SfsA

In the previous chapter, changes to residues constructing a cavity designated the function of putative nucleotide binding pocket in the P. furiosus SfsA structures were discussed.  Residues R151 and R154 of P. furiosus SfsA were revealed to be instrumental in the suppositious ‘open’ and ‘closed’ state of the cavity, although the mechanism for this movement could not be determined.  Although tentatively linked to the charge alteration of the active sites due to mutagenesis in this region, the same movement was not seen in the equivalent E. coli aspartate mutant.  However, the availability of a high resolution E. coli SfsA structure provided by the R18A, F19A mutant enables a more thorough analysis of the cavity region of E. coli SfsA.

R18A, F19A SfsA offers an insight into the flexibility of the cavity region through an alternate position of the conserved R156 residue (Figure 6.4).  Arginine 156 is the E. coli equivalent of the P. furiosus R151, which is able to form a closed conformation at the cavity by acting as a gate that can move back and fourth to interact with T39.  Although the E. coli R18A, F19A SfsA structure continues to show an open state at the cavity, just as in the previous E. coli structures, the mutant enzyme does show a widened entrance to the cavity.  The distance between the guanidinium group of R156 and the side chain hydroxyl of T38 has increased by 6.9 Å when compared to the E. coli wild type and E. coli D121A SfsA structures.  The electron density in the cavity region is excellent, indicating that the position is standard to all molecules in the crystal.
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Figure 6.4:  Superposition of wild type E. coli SfsA (magenta) and R18A, F19A SfsA (purple).  The widened cavity region of E. coli R18A, F19A SfsA can be seen in movement of residues that are equivalent to the ‘gatekeeper’ residues of P. furiosus SfsA (T39 and R151).

The reason for this expanded opening is again due to the intervention of the SfsA molecule in the adjoining asymmetric unit (Figure 6.5).  The guanidinium group of R156 lies within 2.8 Å of the symmetry-related I219 residue positioned on strand β14 of the adjacent subunit, forming hydrogen bonds at this site.  R156 is also able to form T-stacking bonds with the symmetry-related F77 positioned 3.6 Å away on strand β6.  These interactions result from the proximity of the C-terminus of the OB-fold β5 strand and the N-terminus of the OB-fold β6 strand in the symmetry-related SfsA.  These secondary structures are wedged into the cavity of E. coli R18A, F19A SfsA.  This could have resulted from a widening of the putative DNA-binding cleft to a conformation that can accommodate the second molecule, or the entrance of the OB-fold into the cleft has forced alterations in this region.  In either case this structure reveals that the R156 residue and the associated Lβ11-α3 loop is far more flexible than previously thought and can move to form the most favourable contacts.  Although the E. coli R18A, F19A SfsA structure does not indicate that a closed cavity structure could be formed, the contrast between this structure and those seen previously suggests the possibility that additional conformations could be observed in the future.

The open state of the cavity in P. furiosus SfsA can be further explored by reviewing the R20A, F21A SfsA structure.  The P. furiosus R20A, F21A structure reveals an open cavity entrance.  Compared to the apo wild-type structure that demonstrated the closed conformation, the side chain of R151 is placed 1.8 Å further away from the T39 hydroxyl.  The conserved R154 has also effected a 2.4 Å movement compared to the apo wild-type structure, forming almost identical conformation to that seen in the DNA-bound wild-type P. furiosus SfsA.  As the closed position of R151 has been associated with the apo structure and the open form with the DNA-bound structure, the multiple positions of R151 in the active site mutant SfsAs of the previous chapter were previously suggested to result from charge alterations to the active site.  The R20A, F21A SfsA structure contains a metal ion bound at the PD-(D/E)xK motif, so may also demonstrate a change in the charge balance at the active site.
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Figure 6.5:  The interactions between one molecule of R18A, F19A SfsA and another in the adjoining unit cell, in which the OB-fold of one enters the putative DNA binding cleft of the other.  A) Shows R18A, F19A SfsA in purple, with its symmetry related partner in grey.  B) The main structural effect of this interaction occurs in the cavity region of the protein, where R156 hydrogen bonds with the main chain hydroxyl of I129.
[bookmark: _Toc288052244]Changes to the active sites: metal binding in E. coli R18A, F19A SfsA and P. furiosus R20A, F21A SfsA

Both structures of E. coli R18A, F19A SfsA and P. furiosus R20A, F21A SfsA contain metal ions bound at the active site.  However, each have an altered pattern of metal binding compared to their wild type counterparts.  E. coli R18A, F19A SfsA has two metals bound in the active site, whilst the E. coli wild type SfsA has only one.  P. furiosus R20A, F21A SfsA has a single metal ion bound at the active site and the P. furiosus wild type apo structure has two metals bound.  As evidenced by the restriction endonucleases, neither arrangement can be designated the definitive catalytic composition in SfsA.  Differing numbers of ions at the PD-(D/E)xK motif is not an unusual occurrence and it is for this reason that a common catalytic mechanism has not been agreed despite nearly 30 years of investigation (D’arcy 1985). 
[bookmark: _Toc288052245]	Structure validation of the metals bound at the active site

Just as for the wild type structures, the metals seen in both OB-fold mutant structures were also sequestered from the crystallisation buffers.  The identification of metal ions bound at the active sites of both E. coli and P. furiosus RF mutants therefore relied on a number of features observed during structure building and refinement.  As discussed in Chapter 4, the wild type E. coli structure and the P. furiosus D117A structure were used as the molecular replacement models for E. coli R18A, F21A and P. furiosus R20A, F21A respectively.  These were the highest resolution structures available at the time and any cofactors or waters present in the structure were removed from the model before use.  Following structure solution, the protein chain for each mutant was initially refined to improve the overall quality of the electron density maps.  Following several rounds of refinement, areas of difference between the model structures from which the phases were obtained and the experimental structure were addressed.  
In the E. coli R18A, F19A structure, assessment of the Fo-Fc difference map showed two positive regions of electron density in the active site of the protein that corresponded well with the positions of metals observed in previous structures.  The positive density signifies a structural feature that is present in the experimental data that are absent from the phasing model.  The electron density for these regions was stronger than the surrounding density for the protein α-carbon main chain, remaining when the map was contoured at 5.0 σ.  This reduces the possibility of the density being that of water molecules and increases confidence in the metal ion designation.  No additional metals were added to the crystallisation mixture, so potential metals had to be sequestered from the crystallisation mixture or purification buffer.  As the mother liquor contained 0.16 M calcium acetate and 0.08 M sodium cacodylate pH 6.5, and the purification buffer contained sodium chloride, both sodium and calcium were candidates for the identity of the metal.  To this end, metals were placed in the sites so that the coordination shells could be identified.  Both sodium and calcium ions were built into the density, with each equally favourable in reducing difference density at the site following refinement.

At the first metal site, three coordinating waters were identified and, along with contacts to the protein, the average bond lengths were measured at 2.6 Å, which is close to the 2.4 Å mean experimental distance recorded for a sodium ion in octahedral conformation.  Longer bond lengths are typical of Mn2+, Ca2+, Na+ and K+ (Müller, 2003).  With the three waters and three contacts to the protein, this metal forms an octahedral conformation geometry that is typical of many divalent and monovalent ions.  In an octahedral conformation, the calcium bond valence sum can be used to try to identify the metal.  The CBVS is used to calculate the identity of calcium using the sum of bond valences using the equation:


 
(Eqn. 6.1)

where d0Ca is a length of 1.693 Å that describes an optimal metal-X bond, dij is the experimentally measured bond length between the metal i and ligand j (Å), b is a constant (0.37 Å) and Pj are the occupancies of the ligands (Müller, 2003).  When this calculation is performed using the bond lengths for the site 1 metal, the sum is somewhat inconclusive, with a value of 1.1 not corresponding to any known metals.  The closest CBVS value is sodium, at 1.57.  Therefore, a sodium ion was built into the structure.  This corresponds with the smaller radius of electron density seen in the first metal binding site than the second (Figure 6.6).  
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Figure 6.6:  The building of metal ions and coordinated waters into the structure of R18A, F19A SfsA.  In these diagrams, the 2m|Fobs|-D|Fcalc| electron density map is shown in grey, whist the positive difference density F0-FC map is shown in red.  In (A) the difference map of the metal ions can be seen in the active site with the density contoured at 2.0 σ and (B) 5.0 σ.  C) Demonstrates the metal ions built into the structure with the map contoured at 2.0 σ and D) shows the difference maps for the coordinating water molecules at 2.0 σ.


At the second metal ion binding site, a larger radius of electron density is seen when the electron density map is contoured at 5 σ.  Once water molecules had been built, only one protein-contacting coordination bond was observed.  The other coordinating positions were filled with water.  Four of these waters were specific to the metal, with the additional water shared between the two ions at the site.  Cumulatively, seven coordination bonds are formed with a bond length average of 2.5 Å to comprise a pentagonal bipyrimid binding geometry.  This coordination number is often seen for calcium ions and with the larger size of electron density signifying the presence of a larger ion than at the first binding site, the decision was taken to build the second metal as a calcium.  Although the CBVS calculation is not directly applicable in this case as it is designed for use in octahedral conformations, it returns a value of 1.8.  For Ca2+ in an octahedral conformation, a value of 2.0 should be achieved (Müller, 2003).  After metal and water placement, these were systematically deleted to observe the return of difference density in subsequent rounds of refinement.  In addition, the B-factors of the metal ions and surrounding water were measured to demonstrate the stability of the region (Table 6.1).

	Molecule
	Bond length
to metal (Å)
	B-factor (Å2)

	Na+  (M1)
	
	23.1

	Water 10
	2.9
	17.6

	Water 125*
	2.6
	23.2

	Water 126
	2.4
	30.1

	Ca2+ (M2)
	
	24.8

	Water 64
	2.6
	27.7

	Water 99
	2.3
	23.9

	Water 101
	2.7
	30.5

	Water 102
	2.3
	25.4

	Water 118
	2.5
	31.0

	Water 125*
	2.2
	23.2



Table 6.1:  The coordination bond lengths and B-factors of the metal ions
and water molecules bound in the active site.

The same methods were used to identify the bound metal in P. furiosus R20A, F21A SfsA.  In this structure a region of difference density was observed in metal site 1 only.  Electron density in this region remained when the map was contoured to 5 σ.  As this crystallisation also did not have additional metals included in the preparation, the crystallisation mixture was investigated as the metal ion source.  However, the components were 0.1 M bicine pH 9.0, 2 % (v/v) 1,4-Dioxane, and PEG 20,000, none of which contain metal.  This leaves the purification buffer that contains sodium chloride or the native Mg2+ pulled through during purification as the potential source of ions.  As the sizes of both potential ions are alike, a sodium ion was fitted to the density and coordinating waters identified.  The ion coordinates the protein through two bonds and coordinates a further two water ions.  This forms a square planar geometry, which is a less common conformation for Na+ and unheard of for Mg2+ and so indicates that the ion is Na+ (Figure 6.7).

The coordination geometry for this ion is somewhat questionable, as the electron density is elliptical along the vertical axis.  Above the ion is the carboxylic side chain of E130 that usually forms coordination bonds with metals bound in site 1 in other metal-bound SfsA structures.  However, the measurements between the ion and the top axial side chain is too lengthy to form coordination bonds at 3.5 Å.  This may indicate that the metal forms the more common pentavalent coordination shell in some molecules in the crystal.  In the apo P. furiosus SfsA structure, the Ca+ metal ion is positioned 1.1 Å closer to E130 to enable an octahedral coordination complex.  

The reason that octahedral coordination is not observed in P. furiosus R20A, F21A SfsA may be the lesser charge of sodium compared to the native divalent ion, leading to an decreased attraction between the ion and the side chain of E130 and water 123.  As the structure is at high resolution, the density for the metal has been improved by refinement using anisotropic B-factors to impose restraints restricting the direction of movement to more accurately place the metal.  The B-factor of the metal is 30.8 Å2, whilst the two coordinated waters have B-factors of 25.5 Å2 (W96) and 28.9 Å2 (W122).
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Figure 6.7:  The building of metal ions and coordinated waters into the structure of R20A, F21A SfsA.  In these diagrams, the 2m|Fobs|-D|Fcalc| electron density map is shown in grey, whist the positive difference density F0-FC map is shown in red.  In (A) the difference map of the metal ions can be seen in the active site with the density contoured at 2.0 σ and (B) 5.0 σ.  C) Demonstrates the metal ions built into the structure with the map contoured at 2.0 σ, with the elliptical density of the Na+ ion evident and D) shows the difference maps for the coordinating water molecules at 2.0 σ.




[bookmark: _Toc288052246]Metal in the R18A, F19A SfsA structure

As described above, the E. coli R18A, F19A SfsA structure contains two metal ions.  At the first site the ion forms octahedral coordination geometry and has been modeled as a sodium.  The position of this ion is closely comparable with the single ion bound in the wild type E. coli structure.  Here, there is a 0.1 Å difference between the metal positions when the two structures are compared.  The side chains of residues D121 and E135, and the main chain carbonyl of V134 are contacted and three waters form the coordination shell.  E153 and water 10 take the top and bottom axial positions, and D121, V134 and waters 125 and 126 form the planar square (Figure 6.8).  Two of the bound waters, 10 and 126, are within 0.4 Å and 0.6 Å of equivalent water molecules in the E. coli wild type structure.  Water 126 takes the place of the putative nucleophillic water.

The metal bound at the second site has been identified as a calcium ion, which forms seven coordination bonds to result in pentagonal bipyrimid geometry.  The same conformation has been observed in the apo wild type P. furiosus SfsA structure at metal site 2, which also binds calcium.  Only one of these connections is formed directly with a conserved residue, a 2.4 Å bond to the side chain carbonyl of D121.  All other contacts are with ordered water molecules (numbered 64, 99, 101, 102, 118, 125).  Waters 64 and 101 are positioned by the side chain carbonyl and carboxyl of E110 respectively, each through a 2.5 Å hydrogen bond.  This demonstrates the necessity for the correct conformation of the E110 side chain, as these same bonds cannot be made in the E. coli wild type SfsA due to an increased distance between the water molecules and side chain.  
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Figure 6.8:  The active site of E. coli R18A, F19A SfsA, shown in stick representation.  The 2m|Fobs|-D|Fcalc| electron density map is shown in grey and contoured at 2σ.  A) Shows the position of the metal ions in the first and second binding sites (grey spheres) and (B) demonstrates the water positions and allocations, with coordination bonds and bridging hydrogen bonds to the protein shown in red.
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Figure 6.9: A superposition of the active sites from wild type E. coli SfsA and E. coli R18A, F19A SfsA.  Conserved residues are shown in stick form and the restriction endonuclease-like domain secondary structure in cartoon representation for the wild type (magenta) and R18A, F19A proteins (purple).  The positions of the metals can be compared, with the wild type Na+ shown in white coordinated with magenta waters and the R18A, F19A metals shown in dark grey with red waters.  The R18A, F19A metal at site 1 is highly equivalent in position to the wild type metal.  So too are the waters, were the bridging axial water of the wild type is replaced by E135 in the mutant structure. 

The role of E110 in this structure therefore differs from P. furiosus SfsA, where the metal ion is contacted directly by the residue rather than by a bridging water molecule.  Another water, water 125, is notable in that it comprises the coordination shells of both metals and is analogous to water 2 of the wild type P. furiosus structure (Figure 6.9).  This water is hypothesized to be required for positioning of the scissile phosphate through substitution of its position for the OP1 oxygen.  When compared to a two metal system of the same metal composition, such as the BamHI pre-cleavage complex, water 125 of R18A, F19A SfsA intersects the exact position of the scissile phosphate (Viadieu, 1998).  This suggests that E. coli SfsA may share the same mechanism.
[bookmark: _Toc288052247]Metal in the R20A, F21A SfsA structure

The metal ion of R20A, F21A has been identified as a monovalent sodium ion.  Although a divalent metal is required for catalysis, there is a precedent for endonucleases crystallized with one sodium ion bound in the active site.  These include BglII (1D2I) and EcoO109I (1WTE), the latter demonstrating multiple similarities with R20A, F21 SfsA (Lukacs, 2000; Hashimoto, 2005).  The cation of EcoO109I sits within metal site 1 and forms an octahedral complex with D110 and the main chain carbonyl of L125, three water molecules and the phosphate group of the DNA backbone.  D110 and L125 superimposes almost exactly with D117 and T131 of SfsA, forming coordination bonds of the same length.

The sodium ion of R20A, F21A is positioned at site 1, forming a 2.2 Å coordination bond with the main chain carbonyl of T131 and a 2.4 Å bond to D117.  Two water molecules are held in place, with a 2.6 Å bond to water 96 and 2.4 Å bond to water 122, forming a square planar complex (Figure 6.10).  When comparing R20A, F21A to the wild type structures of P. furiosus SfsA, there are minor alterations in tilt of the D117 side chain and the full T131 residue but there has been no change in coordination bond length between these residues and the ion (Figure 6.11).  Although unusual, a highly similar metal coordination pattern can be seen in the structure of mathionine aminopeptidase (PDB:1C24, Lowther, 1999).  An interesting feature of the R20A, F21A SfsA structure is the elliptical electron density seen around the metal ion that denotes different positions of the ion in each molecule of the crystal.  Whilst not contributing directly to ion binding on average, interactions with the terminal carbonyl of E130 3.5 Å to Na+ along the top axial plane and water 123 that is 3.3 Å from Na+ on the bottom axial plane are likely the cause.

Another alteration is seen in K132, the side chain of which has moved ~2.5 Å away from the active site with the primary amine angled away from the bound metal.  However, water 193 takes the place of K132 terminal amine of the apo structure to maintain the position of the putative nucleophillic water (W96 in R20A, F21A).  Therefore water 193 forms a 2.9 Å and 2.8 Å hydrogen bond bridge between the K132 amine and nucleophillic water 96 respectively.  The arrangement of ordered water molecules at the active site is entirely dependent on metal binding and most compare well to the wild type.  A 1.2 Å movement of water 122 is due to the absence of the second ion, for which there is no electron density evidence.  The rotamer conformation of E108 supports this with a 2.8 Å movement of the head group to face away from this site.
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Figure 6.10:  The active site of P. furiosus R20A, F21A SfsA, shown in stick representation.  The 2m|Fobs|-D|Fcalc| electron density map is shown in grey and contoured at 2σ.  A) Shows the position of the metal ions in the first binding site (grey sphere) and (B) demonstrates the water positions and allocations (red spheres), with coordination bonds and bridging hydrogen bonds to the protein shown in red.
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Figure 6.11: A superposition of the active sites from wild type P. furiosus SfsA and P. furiosus R20A, F21A SfsA.  Conserved residues are shown in stick form and the restriction endonuclease-like domain secondary structure in cartoon representation for the wild type (olive) and R20A, F19A proteins (cyan).  The positions of the metals can be compared, with the R20A, F21A Na+ shown in dark grey coordinated with red waters and the two wild type Ca2+ ions shown in white with olive waters.  The importance of an octahedral coordination complex at this site is demonstrated, with a small divergence in position of the R20A, F21A metal from the usual site 1 position. 

[bookmark: _Toc288052248]Proposed roles of the metal ions in the active site

It is perhaps surprising that SfsA of either species has yet to be crystallized with magnesium bound in the active site, despite widespread agreement that magnesium is likely the native cofactor for PD-(D/E)xK motif proteins (Zahran, 2011).  The addition of metal salts to the protein before crystallisation unfortunately alters the balance of the crystallisation solutions and greatly increases the chances of salt crystals being formed instead of protein crystals.  Therefore, most incidences of metal ion binding in structures have resulted from the metals already present in the mother liquor.  This demonstrates the plasticity of the site; a total of three coordination geometries have been observed with two different metals between the four metal-bound structures of SfsA.  

In every structure, the M1 site is always occupied, indicating that the binding of metal in this region is essential for the activity of the protein.  This was alluded to in the activity assay results for the E. coli SfsA Glutamate mutation E135A, where the alteration to metal site 1 had a greater impact on the catalytic ability of the protein than mutations to D121A that bridges the two binding sites.  The importance of this site is such that it is likely to have a greater affinity and will be filled first.  

This complies with the findings of Pingoud et al. that show 9 restriction endonucleases display a ~10-fold higher affinity for Mg2+ at this site than at M2, at concentrations in the millimolar range (Pingoud, 2009).  There is no variety in ion position at metal site 1 between the SfsA species, despite changes to the coordination number and metal.  The assessment of an altered metal position in D121A proposed as the reason for retention of partial activity is further reinforced.  Although the mechanism of catalysis in PD-(D/E)xK nucleases is contentious, the importance of the first metal and its conserved position strongly advocates that this metal both coordinates the nucleophillic water and coordinates the substrate phosphate during the transition step of cleavage.

The second ion binding site of SfsA is sometimes filled, and the position of the ion may vary between species.  This site has a lower binding affinity and may fulfill the role of a modulatory site.  Further experiments by Pingoud et al. reveal the binding of calcium at the M2 site has an activating effect on 88% of the enzymes studied, where Mg2+ or Mn2+ have an inhibitory effect when bound at this site (Pingoud, 2009).  This finding was unexpected, as saturating concentrations of Ca2+ or removal of all other ions except Ca2+ results in a loss cleavage capabilities. SfsA too is thought to be inactive in a calcium-only environment and so it may follow the same activation patterns as other restriction endonucleases studied.

[bookmark: _Toc288052249]The structure of the conserved RF motif

Both E. coli and P. furiosus SfsA RF residues have been successfully mutated to a double alanine motif.  There have been no changes to the loops compared to wild type SfsAs and the active site mutants, which is evidence of extensive stabilisation.  In R18A, F19A E. coli SfsA the Lβ1-β2 loop containing the R18A, F19A mutations is short, comprising residues 16-20.  The absolutely conserved residue R15 and A21 connects the loop with the C-terminus of strand β1 and N-terminus of strand β2, with each forming main chain carbonyl-amine hydrogen bonds that comprise the unyielding β-sheet of the barrel.  The α-carbon backbone of the loop also forms inter-loop hydrogen bonds, including the 2.9 Å bond between the amine of T16 and the L20 carbonyl and the 2.7 Å bond between the K17 carbonyl and the A19 amine.  To further anchor the loop these residues hydrogen bond with external components, such as the 2.8 Å bond between the A19 main chain carboxyl and C35 main chain amine, the 2.8 Å bond between the tyrosyl hydroxyl of Y16 and the carboxylic acid of D21, and the bonds between the guanidinium group of R15 and the N37 carbonyl (2.9 Å) and G39 carbonyl (2.8 Å).  

The same loop region of P. furiosus R20A, F21A SfsA is comprised of residues 19-22 and also forms inter-loop interactions, such as the 2.8 Å hydrogen bond between the N19 side chain and V22 main chain amine, and the 3.2 Å bond between N19 amine to V22 carbonyl.  N19 forms a further bond between the main chain carbonyl and A19 amine 3.0 Å away.  Compared to the E. coli protein, R20A, F21A SfsA forms fewer hydrogen bonds outside of the loop region, with the A21 carbonyl pairing with the I36 amine over 2.9 Å comprising the only external contact.  This interaction remains in the DNA-bound wild type, though the bond is shortened to 2.6 Å.  All other bonds remain in place on contact with DNA, though each is altered by 0.1 Å to account for a minor movement of the OB-fold toward the substrate.  Evidently the RF residues are not required for formation of the loop in either species despite their conserved nature.  The lack of movement in this region may be surprising, as there is no flexibility to accommodate the substrate even though the position of the RF residues in the DNA-bound P. furiosus SfsA structure is a highly coordinated arrangement.  A degree of substrate specificity is therefore suggested, as this fold in the protein specifically accommodates a gapped duplex substrate in which the conserved RF residues form multiple specific associations with the substrate.  The role of these residues in substrate identification is further explored in functional assays using R18A, F19A and R20A, F21A SfsAs.
[bookmark: _Toc288052250]Functional analysis of E. coli R18A, F19A and P. furiosus R20A, F21A SfsAs 

[bookmark: _Toc288052251]E. coli R18A, F19A SfsA assays show substrate binding preferences 

To determine whether the E. coli R18A, F19A and P. furiosus R20A, F21A SfsA mutants are active or not, agarose gel assays using pUC19 plasmid as a substrate were undertaken, using the same protocol as described in Chapter 5.

The assays performed with the E. coli R18A, F19A SfsA demonstrate the requirements for the arginine and phenylalanine side chains, both in substrate attachment and catalysis.  The most significant factor in determining differences between the mutant and wild type SfsA is the varying topology of the pUC19 plasmid (Figure 6.12), which can be seen in the control lanes 2-4 of Figure 6.13.  The majority of plasmid forms a supercoiled arrangement that can be seen to match the migration rate of DNA around 1500 base pairs long when compared to the ladder standard.  A minority of plasmid forms multimers that have a migration rate similar to 10,000 base pairs in length.  Supercoiled DNA refers to a naturally occurring compacted state of strained DNA where depending of the direction of twist, the plasmid is either positively or negatively supercoiled.  The latter arrangement is more common in bacteria.  

The multimeric plasmids are hypothesised to be a dimeric form of the pUC19 plasmid that result from covalent recombination, which is reduced but not eliminated by the recA deletion genotype of the DH5α cells from which the plasmids were recovered.  Although multimers can be formed from supercoiled, linearised and open circular plasmid, the band presented in this assay is indicative of a linear or open circular dimer.  These structures migrate more slowly through agarose than a supercoiled dimer due to their less compact structure (Vologodskii, 1992; Kegel, 2011).
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Figure 6.12:  A schematic of the common topological conformations of plasmid DNA.  The covalently closed, or supercoiled, topoisomer is the most frequently occurring structure in the cell, as this allows compaction of the genetic material without the requirement for histones.  If one strand is nicked, the structure is relaxed to an open circular form and if another nick occurs within the same region, the plasmid is linearised (adapted from Travers, 2005).




The assays performed with the E. coli R18A, F19A SfsA are shown in Figure 6.13.  The control lanes are situated in lanes 1-4, with no SfsA present in the first three fractions to demonstrate the stability of the DNA and the topoisomers formed by the pUC19 plasmid.  In lanes 5 to 8, it can be seen that the wild type protein binds all of these plasmid forms and each are degraded to multiple different lengths over the course of the experiment.  This differs from the E. coli R18A, F19A mutant in two major aspects.  

The first is that the binding ability of R18A, F19A SfsA is impaired, with this enzyme being unable to bind supercoiled DNA and attaching only to the dimeric form of the plasmid.  This is evidenced by the lack of gel shift for the supercoiled fraction both in the control (lane 9) and in the incubated fractions (lanes 10-12).  The second observation is the largely decreased rate of cleavage of the dimeric plasmid.  Despite the mutant protein being able to bind this for of DNA, very little of the plasmid had been degraded after 120 minutes and only a minute fraction of open circular plasmid is formed at the final time point (lane 12).  Together these results indicate both a binding specificity role and a catalytic role for the RF residues.

The structure of E. coli R18A, F19A SfsA clearly shows the protein is properly folded and has the ability to bind metal ions.  Therefore, it might be expected that this mutant would have the same catalytic activity as the wild type protein.  The fact that the mutant does not degrade the pUC19 plasmid at the same rate as the wild type and does not bind to the supercoiled form suggests that the arginine and phenylalanine play an important role in both binding the substrate and in positioning of the substrate for cleavage.  With the introduction of DNA topoisomerism being a significant factor in SfsA nuclease activity, further assays were undertaken to investigate DNA conformation during SfsA binding and cleavage events.
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Figure 6.13: Incubation of R18A, F19A SfsA with pUC19 plasmid in the presence of 10 mM magnesium chloride.  To provide a qualitative comparison between the activity of the mutant protein and the wild-type E. coli SfsA, both proteins were incubated at 37°C in a reaction mix containing 20 mM TRIS. HCL pH 8, 10 mM MgCl2, 0.2 μg pUC19 and 2 ng protein to a final volume of 10 μL.  The resulting DNA lengths were visualised on a 0.7 % agarose gel with lanes as follows; 1: HyperLadder™ Ikb (Bioline), 2: reaction mix minus SfsA and incubated on ice, 3: reaction mix minus SfsA and incubated at 37°C for 30 minutes and 4: 120 minutes, 5: reaction mix including wild-type SfsA incubated on ice, 6: reaction mix including wild-type SfsA incubated at 37°C for 30 minutes, 7: 60 minutes and 8: 120 minutes, 9: reaction mix including R18A, F19A SfsA incubated on ice, 10: reaction mix including R18A, F19A SfsA incubated at 37°C for 30 minutes, 11: 60 minutes and 12: 120 minutes.



[bookmark: _Toc288052252]Assays with wild type E. coli and P. furiosus SfsA indicate an endonuclease role for the protein when pUC19 is used as a substrate

There is some evidence that SfsA can intercalate into a closed DNA structure, such as a supercoiled plasmid, and produce a nick in the substrate.  This is shown in further qualitative activity assays.  A reduction of enzyme concentration allows a slowing of the DNA degreadation and enables a more detailed look at the mechanism of SfsA (Figures 6.14 and 6.15).  In these assays pUC19 plasmid was incubated with wild type E. coli and P. furiosus SfsA respectively at three weight-to-weight ratios (1:1, 10:1, 100:1).  

For each experiment, 300 ng, 30 ng or 3 ng of enzyme was added to 0.3 μg of pUC19 plasmid in the standard reaction mix.  As the molecular weight of the DNA is approximately 1.74 x 106 Da, there was 17.2 nmol of DNA present.  With a molecular weight of 24.5 kDa, the amount of SfsA present was around 1.2 μmol, 122 nmol and 12 nmol respectively.  For the 1:1 (w/w) ratio, the DNA is in excess by a factor of 70, allowing for a visible gel shift.  All topoisomers of the plasmid are bound to SfsA.  As the amount of enzyme is decreased, the gel shifts become less obvious despite the presence of the protein.  In the 10:1 reaction mix all DNA is degraded, albeit at a slower rate than the 1:1 ratio.  DNA degradation is also seen for the 100:1 mix but at a significantly reduced rate.

The 100:1 sample gives the greatest indication as to the mechanism of SfsA.  For both E. coli and P. furiosus SfsA it can be seen that the supercoiled and the dimeric plasmids are reduced to an open circular state by the action of the enzyme (lanes 16-17).  Open circular DNA is a state where the helical tension has been released by a gap or nick produced in one strand of the plasmid, which results in unwinding of the supercoil writhe.  As the reaction continues the open circular DNA is linearised and ultimately degraded to small nucleotides that have run off the bottom of the gel.  This can be seen in lane 20 of Figures 6.14 and 6.15, where the total amount of DNA present in the bands has been reduced by continuation of the enzyme reaction.  In this lane, two closely separated bands can be seen for the open circle and linear vector.  For lanes 17-19 the amount of both these DNA species results in a broad band due to the high concentration of DNA within each single band causing overlapping on the gel.  For the P. furiosus SfsA assay, the same pattern of degradation is seen, although the 100:1 sample has not progressed as far overnight.  When taken in conjunction with the assay results for E. coli R18A, F19A SfsA that show the mutant protein is unable to bind supercoiled DNA, these assays appear to show that the initial cleavage of the supercoiled plasmid is dependent on the presence of the conserved RF motif. 
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Figure 6.14: Incubation of wild-type E. coli SfsA dilutions with pUC19 plasmid in the presence of 10 mM magnesium chloride.  Wild-type E. coli SfsA was incubated in a reaction mix containing 20 mM TRIS. HCL pH 8, 10 mM MgCl2, 0.3 μg pUC19 and protein to a final volume of 10 μL.  The protein amounts of 300 ng, 30 ng and 3 ng comprise the 1:1, 10:1 and 100:1 weight ratios of protein to DNA.  The resulting DNA lengths were visualised on a 0.7 % agarose gel with lanes as follows; 1: HyperLadder™ Ikb (Bioline), 2: reaction mix minus SfsA and incubated on ice, 3: reaction mix minus SfsA and incubated at 37°C for 30 minutes and 4: 120 minutes, 5: reaction mix including 300 ng SfsA incubated on ice, 6: reaction mix including 300 ng SfsA incubated at 37°C for 30 minutes, 7: 60 minutes, 8: 120 minutes and 9: 240 minutes, 10: reaction mix including 30 ng SfsA incubated on ice, 11: reaction mix including 30 ng SfsA incubated 37°C for 30 minutes, 12: 60 minutes, 13: 120 minutes, 14: 240 minutes, 15: overnight, 16: reaction mix including 3 ng SfsA incubated on ice, 17: reaction mix including 3 ng SfsA incubated 37°C for 60 minutes, 18: 120 minutes, 19: 240 minutes, 20: overnight.
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Figure 6.15: Incubation of wild-type P. furiosus SfsA dilutions with pUC19 plasmid in the presence of 10 mM magnesium chloride.  Wild-type P. furiosus SfsA was incubated in a reaction mix containing 20 mM TRIS. HCL pH 8, 10 mM MgCl2, 0.3 μg pUC19 and protein to a final volume of 10 μL.  The protein amounts of 300 ng, 30 ng and 3 ng comprise the 1:1, 10:1 and 100:1 weight ratios of protein to DNA.  The resulting DNA lengths were visualised on a 0.7 % agarose gel with lanes as follows; 1: HyperLadder™ Ikb (Bioline), 2: reaction mix minus SfsA and incubated on ice, 3: reaction mix minus SfsA and incubated at 60°C for 30 minutes and 4: 120 minutes, 5: reaction mix including 300 ng SfsA incubated on ice, 6: reaction mix including 300 ng SfsA incubated at 60°C for 30 minutes, 7: 60 minutes, 8: 120 minutes and 9: 240 minutes, 10: reaction mix including 30 ng SfsA incubated on ice, 11: reaction mix including 30 ng SfsA incubated 60°C for 30 minutes, 12: 60 minutes, 13: 120 minutes, 14: 240 minutes, 15: overnight, 16: reaction mix including 3 ng SfsA incubated on ice, 17: reaction mix including 3 ng SfsA incubated 60°C for 60 minutes, 18: 120 minutes, 19: 240 minutes, 20: overnight.
	
[bookmark: _Toc288052253]Quantitative assays with wild type E. coli and P. furiosus SfsA indicate an endonuclease role when DNA from herring testes is used as a substrate 

To provide an assessment of reaction rate for each of the mixtures, the same ratios of protein to substrate were investigated using a eukaryotic DNA degradation assay with DNA from herring testes used as a substrate (adapted from Sayers, 1990).  The rate of release of small-length acid-soluble nucleotides is measured using absorbance at A260 (Figures 6.16 and 6.17).  As the substrate combines many different forms of DNA, it is assumed that some will be able to be cleaved by SfsA.  Only an exonuclease activity will produce the acid-soluble nucleotides detected in the assays.  

Three experiments were undertaken for the E. coli and P. furiosus wild type SfsAs, with 400 μg of DNA substrate incubated with 400, 40 and 4 μg of enzyme.  Both enzymes show a similar rate of small nucleotide production in the 1:1 DNA:SfsA experiment and only negotiable activity present for the 100:1 ratio experiment (Table 6.2).  For the intermediate 10:1 weight ratio, the P. furiosus wild type appears to produce product faster than the E. coli enzyme (with initial rate gradients of 0.048 and 0.021 respectively).  Though this difference may be due to the inaccuracies of using a low enzyme concentration, these assays nevertheless demonstrate that both species of enzyme demonstrate exonuclease activity at all concentrations tested and both pUC19 plasmid and DNA herring testes.
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[bookmark: _Toc288052254]Figure 6.16: Graph showing the production of acid-soluble nucleotides produced through incubation of wild-type E. coli SfsA dilutions with eukaryotic DNA at 37°C, in the presence of 100 mM magnesium chloride.  400 μg of Deoxyribonucleic acid sodium salt from herring testes Type XIV (Sigma) is included with 400 μg, 40 μg and 4 μg of SfsA to comprise the 1:1, 10:1 and 100:1 ratios of protein to DNA.  All experiments were performed in triplicate, with the mean of the normalised data used to form an averaged plot. 
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Figure 6.17: Graph showing the production of acid-soluble nucleotides produced through incubation of wild-type P. furiosus SfsA dilutions with eukaryotic DNA at 60°C, in the presence of 100 mM magnesium chloride.  400 μg of Deoxyribonucleic acid sodium salt from herring testes Type XIV (Sigma) is included with 400 μg, 40 μg and 4 μg of SfsA to comprise the 1:1, 10:1 and 100:1 ratios of protein to DNA.  All experiments were performed in triplicate, with the mean of the normalised data used to form an averaged plot. 
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[bookmark: _Toc288052272]Table 6.2: Table comparing the line graph gradients shown in Figures 6.16 and 6.17, which demonstrate the rate of acid soluble nucleotide production from eukaryotic DNA when incubated with wild-type E. coli and P. furiosus SfsA dilutions.
[bookmark: _Toc288052273]Quantitative assays with E. coli R18A, F19A SfsA show the reaction rate of the protein varies with substrate type 

The rate of reaction of the E. coli R18A, F19A SfsA was further investigated by using the same spectroscopy-based DNA degradation assays used above.  These assays were undertaken using DNA from herring testes (Figure 6.18) or pUC19 plasmid (Figure 6.19) as the substrate.  In each case acid-soluble nucleotides were measured.  The outcomes of these quantitative assays vary significantly between the two substrates.  When exposed to herring testes DNA, it can be seen that R18A, F19A SfsA demonstrates a much higher rate of reaction than even the wild type protein.  

Comparing the initial gradients of Figure 6.18, the wild type SfsA reaction proceeds at a rate that is 3.4 times lower than the reaction rate of the mutant.  In contrast, when the experiment was repeated with a pUC19 substrate, an approximate trend can be determined that shows the reaction rate of the mutant to be much lower than the wild type SfsA.  Tentative interpretation of the graphs shows the wild-type E. coli SfsA cleaves the plasmid at an approximate rate that is 10 times greater than the rate recorded for the R18A, F19A mutant.  This finding is in agreement with the previous gel-based assay when pUC19 plasmid is used as the substrate (Figure 6.19).  The relevance of these differing rates of reaction for the mutant protein is highlighted by the equivalent activities of wild type E. coli SfsA for both substrates.  When the wild type is incubated with DNA from herring testes an initial gradient of 0.095 is determined while an initial gradient of 0.08 is recorded when incubated with the E. coli plasmid.

The widely varying rate of reaction for the E. coli R18A, F19A SfsA between herring testes DNA and pUC19 plasmid hints at a substrate selectivity role for the R18 and F19 residues.  The requirement for intercalation into the DNA, which appears vital for attachment to a pUC19 substrate, is evidently not replicated in the herring testes DNA.  This could be the result of a greater incidence of gaps and nicks in the herring testes substrate that may be formed during sample preparation, which includes desiccation and resolubilisation of the DNA that is not required for the pUC19 samples.  Another suggested reason could be a higher incidence of non-discriminatory cleavage in the eukaryotic DNA.
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[bookmark: _Toc288052274]Figure 6.18: Graphs showing the production of acid-soluble nucleotides produced through incubation of R18A, F19A SfsA or wild-type SfsA with eukaryotic DNA, in the presence of 100 mM magnesium chloride. A) All experiments were performed in triplicate, with the mean of the normalised data used to form an averaged plot.  The gradients demonstrated in B are 0.2972 ± 0.008967 AU/hour-1 for R18A, F19A SfsA, and 0.09588 ± 0.003182 AU/hour for wild-type SfsA, and are calculated from data points taken between 0 and 2.5 hours to represent the initial rate of reaction.  The dashed line represents the projected gradient from the initial rate, showing how a plateau in reaction rate is negated.
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[bookmark: _Toc288052276]Figure 6.19: Graphs showing the production of acid-soluble nucleotides produced through incubation of R18A, F19A SfsA or wild-type SfsA with circular pUC19 DNA recovered from DH5α cells, in the presence of 100 mM magnesium chloride. A) All experiments were performed in triplicate, with the mean of the normalised data used to form an averaged plot.  The gradients demonstrated in B are 0.008288 ± 0.005253 AU/hour-1 for R18, F19A SfsA, and 0.08036 ± 0.005207 AU/hour for wild-type SfsA.  The full data set was used to represent the initial rates for both proteins as no evidence of rate levelling was observed.




[bookmark: _Toc288052277]Qualitative assays with P. furiosus R20A, F21A SfsA show a reduced rate of reaction when pUC19 is used as a substrate 

The activity experiments used to describe the E. coli R18A, F19A SfsA were repeated for the equivalent R20A, F21A mutant of P. furiosus DNA to see if this protein too demonstrates a distinct pattern in substrate binding and processing.  

The gel based assay using pCU19 plasmid as a substrate is shown in Figure 6.20.  For the controls (lanes 2-4), three species of supercoiled, open circular and dimeric plasmid can be observed.  On interaction with DNA both the wild type and RF mutant SfsAs are seen to bind all species of plasmid structures, producing a large gel shift in lanes 5 and 9 to correspond to the increased size of the complex.  It thus appears that the topoisomer of the substrate has no effect on the binding ability of P. furiosus R20A, F21A SfsA.  This contrasts the equivalent E. coli SfsA OB-fold mutant that could not bind the supercoiled form of the pUC19 plasmid.  In comparing lanes 6-8 and 10-12, a significant difference in reaction rate between the P. furiosus wild type and mutant is observed.  The majority of plasmid has been rapidly metabolised to small fragment lengths after 30 minutes by the wild type SfsA, whilst a similar degree of DNA degradation can only be seen after 120 minutes of incubation with the mutant.

This difference in rate is supported by the spectroscopic DNA degradation assay, using the same pUC19 plasmid as a substrate, shown in Figure 6.21.  The mutant SfsA has a much slower rate of reaction, with a greatly reduced activity seen compared to the wild type enzyme.  A comparison of initial gradients shows the rate of cleavage by the wild type P. furiosus SfsA to be approximately 16 times greater for pUC19 plasmid than seen for the mutant.  When herring sperm DNA is used as the substrate in a similar assay, the activity seen for the P. furiosus R20A, F21A SfsA is 2.4 times less than that seen for the wild type enzyme (Figure 6.22).
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Figure 6.20: Incubation of R20A, F21A SfsA with pUC19 plasmid in the presence of 10 mM magnesium chloride.  To provide a qualitative comparison between the activity of the mutant protein and the wild-type P. furiosus SfsA, both proteins were incubated at 60°C in a reaction mix containing 20 mM TRIS. HCL pH 8, 10 mM MgCl2, 0.2 μg pUC19 and 2 ng protein to a final volume of 10 μL.  The resulting DNA lengths were visualised on a 0.7 % agarose gel with lanes as follows; 1: HyperLadder™ Ikb (Bioline), 2: reaction mix minus SfsA and incubated on ice, 3: reaction mix minus SfsA and incubated at 60°C for 30 minutes and 4: 120 minutes, 5: reaction mix including wild-type SfsA incubated on ice, 6: reaction mix including wild-type SfsA incubated at 60°C for 30 minutes, 7: 60 minutes and 8: 120 minutes, 9: reaction mix including R20A, F21A SfsA incubated on ice, 10: reaction mix including R20A, F21A SfsA incubated at 60°C for 30 minutes, 11: 60 minutes and 12: 120 minutes.
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[bookmark: _Toc288052279]Figure 6.21: Graphs showing the production of acid-soluble nucleotides produced through incubation of R20A, F21A SfsA or wild-type SfsA with circular pUC19 DNA recovered from DH5α cells, in the presence of 100 mM magnesium chloride. A) All experiments were performed in triplicate, with the mean of the normalised data used to form an averaged plot.  The gradients demonstrated in B are 0.006159 ± 0.001822 AU/hour-1 for R20A, F21A SfsA, and 0.09552 ± 0.006181 AU/hour for wild-type SfsA.  All R20A, F21A data were included, as the reaction rate had not reached a plateau, but only the initial rate of the wild-type has been accounted for, represented by the dashed line. 

A)
B)[image: ]
[image: ]

[bookmark: _Toc288052280]Figure 6.22: Graphs showing the production of acid-soluble nucleotides produced through incubation of R20A, F21A SfsA or wild-type SfsA with eukaryotic DNA, in the presence of 100 mM magnesium chloride. A) All experiments were performed in triplicate, with the mean of the normalised data used to form an averaged plot.  The gradients demonstrated in B are 0.0553 ± 0.001883 AU/hour-1 for R20A, F21A SfsA, and 0.1310 ± 0.002288 AU/hour for wild-type SfsA, and are calculated from data points taken between 0 and 4.5 hours to represent the initial rate of reaction.  The dashed line represents the projected gradient from the initial rate, negating any plateau in reaction rate.
This is a notably different result to those seen for the E. coli mutant, with all pUC19 DNA populations bound to the mutant enzyme. This means that the presence of the RF residues are not a requirement for binding to supercoiled DNA in the P. furiosus enzyme, unlike that seen for the equivalent E. coli mutant enzyme.  This might suggest that each species has a separate binding specificity, with alternative methods of assessing the first cut site in a plasmid.  This theory is reinforced by the observations on the opening of the nucleotide binding pocket in this chapter and the previous, which suggest each species has a different permissive conformation for substrate binding.  

However, despite the differences in their ability to bind pUC19 DNA, both the P. furiosus and E. coli RF mutant enzymes show a large reduction in their abilities to cleave DNA when compared to the respective wild type enzymes.  The wild type SfsA assays using pUC19 plasmid as a substrate shows that both enzymes initially act as an endonuclease, to break the supercoiling in the plasmid prior to exonuclease activity.  The mutant assays presented here suggest that for E. coli SfsA, the R18 and F19 residues are required for this initial endonuclease event, whereas the R20, F19 motif of the P. furiosus SfsA do not appear to be an absolute requirement.

[bookmark: _Toc288052281]Summary of chapter

The successful mutation of R18A, F19A in E. coli DNA and R20A, F21A in P. furiosus SfsA has allowed further investigation into the complex functioning of the protein.  With resolution that surpasses the wild type for both species, the structure revels a fully intact active site with metals bound and so conveying the ability of both proteins to cleave substrate.  Neither of the metals has been identified as the native cofactor and the coordination bonding varies accordingly, but in the presence of magnesium both mutant enzymes should function equally to the wild types.  The fact that neither cleaves DNA in a usual fashion demonstrates the importance of the conserved RF residues in cleavage.

The previously determined structure of P. furiosus SfsA bound to DNA has indicated that SfsA acts as a 3’ exonuclease.  Activity assays performed by Dr Allen at the University of Sheffield to support this theory include the incubation of the E. coli enzyme with a 50-bp duplex to which fluorescein tags are attached at the 3’ ends.  Binding is observed but no cleavage is seen on an agarose gel.  When a nick is introduced to one strand by the nuclease Nb. BsmI, the enzyme is then able to degrade both strands of the substrate.  The smearing pattern observed with all substrates in gel-based assays of this thesis suggests that once SfsA has bound, it will process along the stand cleaving single nucleotides.  The spectroscopy-based assays used in this study also support the creation of single nucleotides from DNA strands.

The results of this investigation indicate that SfsA does exhibit endonuclease activity.  The wild type protein for each species has been identified to perform an internal cut to one strand within a supercoiled plasmid, relaxing the structure to an open circular form.  A second cut is then performed on the second strand, further relaxing the plasmid to a linear form.  To create a linearised plasmid the cuts must be performed in the same approximate region, such as with the dimeric restriction endonucleases.  Despite this, SfsA operates as a monomer as indicated by gel filtration and the DNA-bound P. furiosus structure (although the monomers are situated closely on the DNA strand in this structure).  

Therefore two options remain.  One, SfsA is highly specific and can only bind to certain regions of the DNA to result in a clustering of molecules at one area.  As SfsA is seen to bend the substrate in the P. furiosus crystal structure, it could be the case that the enzyme gathers at sequences of DNA that are permissive to bending with a minimal energy cost associated (Range, 2005).  Secondly, the binding of one SfsA molecule could alter the DNA structure to enable the binding of a second in the same region.  The structure of substrate-bound P. furiosus SfsA supports this, as two molecules are found bound to the same DNA duplex in one asymmetric unit of the crystal.  These attach to opposite stands and if such an action was to be repeated in nature, a linear plasmid could be formed.  The degradation of the Nb. BsmI-nicked duplex is also explained by this arrangement, as the opposing stand to the nicked stand is also cleaved.

The requirements for binding remain uncertain despite all previous experiments suggesting that SfsA does not have a specific recognition sequence.  Previous investigations suggest that a nick or gap in necessary for the enzyme to function.  This work suggests that neither species of SfsA requires a pre-existing gap and that the protein does in fact recognise either a sequence or a specific plasmid structure for endonuclease activity.  It can be speculated that SfsA is able to act both as an endonuclease and as an exonuclease, forming a break in the DNA and from this cut point continuing to degrade the substrate.  This may have some bearing on the requirement for the second metal at the active site.  The crystal structure of bacteriophage T5 flap-endonuclease shows the protein has two conserved metal-binding sites, where mutations to the first site result in the loss of catalytic activity as in SfsA and all PD-(D/E)xK endonucleases.  However, mutations to the coordinating aspartates at the second site remove the exonuclease ability of the protein but endonuclease activity is retained (Feng, 2004).  It could be that SfsA contains the same metal ion requirement for specific function.

Both endo- and exonuclease functions contain a role for the conserved RF residues.  The inability for E. coli SfsA to bind to supercoiled DNA in the absence of the RF residues suggests that these residues are required for sampling of the cleavage site or alteration of the DNA structure before the protein can attach.  Bending of the DNA as seen in the DNA bound P. furiosus SfsA structure is more likely to occur after endonuclease cleavage, with the phosphate backbone cleaved to allow a parting of the strand by the intercalation of the RF residues.  This action may recruit a second SfsA to the site or else position the substrate for exonuclease cleavage.  

At available substrate termini the endonuclease function is not required and, despite the unfavourable position of the DNA, exonuclease cleavage by the E. coli mutant can proceed at a vastly reduced rate.  Though no binding difficulties are seen in the P. furiosus mutant variant, the rate of cleavage is likewise reduced.  Once exonuclease activity has commenced the RF residues may enable procession along the DNA stand by a ratchet motion, intercalating between successive bases on the non-scissile strand.  The removal of these residues may increase the speed of cleavage, both at the substrate identification stage and to continue cleavage through the substrate, if the DNA is of a favourable structure.  This may explain the increased rate of reaction by E. coli R18A, F19A SfsA as seen in the eukaryotic DNA.  

As is evident, a large variety of functions have been proposed for the arginine and phenylalanine residues of the SfsA OB-fold and much is to still be investigated.  The mutagenesis studies of this chapter have introduced many of these possibilities, arguably the most significant concept being the importance of substrate structure being equal to that of the protein.  As such, the structure of wild type E. coli SfsA DNA presented in the next chapter may help elucidate the true function of these residues.



























[bookmark: _Toc288052282]The structure of wild type E. coli SfsA in complex with DNA

The confirmation of loss of activity in several active site and OB-fold SfsA mutants allows their use in nuclease-substrate co-crystallisation experiments.  This is because the mutant proteins were observed to bind DNA for the most part, and yet the substrate will remain intact at room temperature.  These enzymes offer the opportunity to investigate the structure of the SfsA pre-reaction complex.  However, extensive crystallisation trials of these mutants with multiple DNA constructs and metal ions did not result in any DNA-bound structures.

Attempts to crystallise a SfsA-DNA complex also included the use of the wild type E. coli SfsA.  Obtaining the structure of such a complex would provide an invaluable species comparison with the previously determined DNA-bound structure of P. furiosus wild type SfsA.  The possibility of crystal formation of E. coli SfsA bound to a substrate was formerly thought unlikely as, in the crystal packing of the wild type E. coli SfsA, the DNA-binding face of one subunit was occluded by crystal contacts.  In this apo structure, the OB-fold of a symmetry-related subunit was inserted into the binding cleft of another.  However, the numerous different crystallisation conditions and multiple space groups seen for the mutant SfsA crystals of previous chapters have revealed the ability of SfsA to form a range crystal contacts.  Therefore, using the same screening protocol, the first wild type E. coli SfsA-DNA complex structure was produced.

[bookmark: _Toc288052283]Crystallisation, structure building and validation
[bookmark: _Toc288052284]Purification and crystallisation of wild type E. coli SfsA with DNA

The standard purification procedure complete with Benzonase® incubation was performed on wild type E. coli SfsA to produce a protein of ~95% purity.  This was incubated with EDTA for three hours and dialysed overnight to remove all constitutively bound metals.  Before crystallisation, the sample was concentrated to 10 mg/ml and divided, with MgCl2, MnCl2, CoCl2, ZnCl2 or NaCl added to a final concentration of 10 mM in each sample.  The inclusion of Zn2+ resulted in immediate precipitation of the protein despite its divalent charge.  After dilution by metal addition, the protein was again concentrated, with the aim of removing unbound metals and chloride ions to reduce the formation of salt crystals.  Once the protein had reached 10 mg/mL the protein samples were trialled for crystallisation using the JCSG and PACT screens, along with multiple DNA constructs at equimolar concentrations.  All double stranded DNA constructs were annealed before use.  Notably, the inclusion of MgCl2, MnCl2 or CoCl2 to wild type SfsA is thought to produce an active protein and so all crystallography was performed at as low a temperature and in as quick a time as possible.  This included adding DNA to protein maintained on ice just before use, chilling the plates previous to the experiment and incubation of the trials at 7°C to allow crystal growth.  As this strategy would typically slow crystal formation, these plates are not inspected for crystal formation for 2 weeks to reduce disturbance.  The same precautions were not implemented for CaCl2, as the binding of Ca2+ to the active site was hypothesised to inactivate the protein.  For this reason, Ca2+ has been extensively utilised for co-crystallisation of other PD-(D/E)xK restriction endonucleases with their substrates (Viadiu, 1998).

Few of the metal and DNA combinations were successful in producing crystals, but the use of the oligonucleotide ‘DNA A’ resulted in numerous hit conditions with Ca2+ and Mg2+.  This is a pre-annealed double-stranded 12 base pair duplex comprised of Oligo X (5’-CGCTGTCTCGCT-3’) and Oligo Y (5’-AGCGAGACAGCG-3’).  For the Ca2+-containing screens, seven conditions in JCSG and 27 in PACT produced crystals whilst five JCSG and 15 PACT conditions were hits for the Mg2+ screens.  Seven crystals produced diffraction of high enough quality to collect full data sets; four were at medium resolution (~2.5 Å) and the remaining three diffracted poorly.  The data indexed to three space groups in total, including P4, P2 and P3, and each of these structures were solved by molecular replacement.  Of these PACT H10, which is comprised of 0.2 M sodium/potassium phosphate, 0.1 M bis-tris propane pH 8.5, and 20% (w/v) PEG 3350, produced a crystal that diffracted to 2.5 Å in a 25% ethylene glycol cryoprotectant.  This crystal condition was the only one found to contain the DNA-bound form of E. coli SfsA (Figure 7.1, A).
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Figure 7.1: Images of the wild type E. coli SfsA-DNA complex crystals before (A) and after looping (B) for data collection. Crystals grew in the presence of E. coli SfsA premixed with double-stranded Oligo X-Oligo Y and magnesium chloride to final concentrations of 10 mg/ml (0.38 mM), 0.38 mM and 10 mM respectively, at 7°C and in a crystallisation condition consisting of 0.2 M sodium/potassium phosphate, 0.1 M bis-tris propane pH 8.5, 20% (w/v) PEG 3350.

[bookmark: _Toc288052285]Data collection of the wild type E. coli SfsA-DNA complex crystal

One data set was recorded for this crystal on beamline I03 using a Pilatus 6M detector (Figure 7.1).  A total of 900 images were taken, each of 0.2° rotation to give a total rotation of 180°.  Each image was exposed for 0.15 seconds at 70 % beam transmission, to result in a data set at 2.5 Å resolution.  This data was automatically indexed and processed in the Xia2 pipeline, in 3da, using XDS and Xscale.  The crystal was in the P41212 spacegroup with the unit cell dimensions a=b= 77.59 Å, c= 99.29 Å, α=β=γ= 90°.  The Matthews coefficient (Vm) was used to estimate the protein content of the unit cell.  With a cell volume of 5.9 x104 Å3, and a protein molecular weight of 26 kDa, the Vm for one subunit in the asymmetric unit was 2.87, corresponding to a solvent content of 57%, well within the rage described by Matthews (Matthews, 1975).

On observation of the diffraction images, the first 12 were poor, as were the last 200.  The scaled but unmerged data were reprocessed in Aimless excluding these reflections.  This had the effect of increasing the resolution of the data to 2.0 Å from an original Xia2 estimate of 2.5 Å (Table 7.1).  The scaled and merged data were run through Phaser for molecular replacement, using the E. coli R18A, F19A SfsA structure with all cofactors and waters removed as the high resolution search model.  Phaser was run in both P41212 and P43212.  The best solution was found to have a rotation function Z-score of 9.2 and translation function Z-score of 22.8, confirming the correct arrangement of the spacegroup output P41212.  For this solution no packing clashes were found and the top log likelihood gain between solutions found was 2183, which increases confidence in the solution.
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Table 7.1:  Data collection statistics for the wild type E. coli SfsA-DNA complex crystals, as determined by Aimless.
The data were collected from a crystal grown in the PACT H4 conditions, and was ultimately found to have DNA bound to the protein.  As it was not known which crystals had DNA bound to the protein (if any), data sets for all available crystals were collected that were processed through Xia2 and solved using Phaser.  It should be noted that for the other 19 data sets collected, most structures were assigned the spacegroup P212121 with a minority in P3121.  However, none of these structures were of a SfsA-DNA complex. 
[bookmark: _Toc288052286]Structure building and validation of the wild type E. coli SfsA-DNA complex

The initial R-factor and Rfree from the first refinement were rather high at 0.44 and 0.48.  After several rounds of refinement using Refmac5 the protein was more accurately positioned into the density.  The binding cleft of the protein was searched for the presence of DNA and the Fo-Fc map was found to have positive difference density around the active site.  This appeared to have an ordered, ladder-like structure and to these patches of density, poly-adenine nucleotides were added.  With successive rounds of refinement, electron density improved to discern the identity of individual bases and the sequence of the DNA was determined, this process reducing the R-factor to 0.28 and the Rfree to 0.31.  It can be assumed from these values that the building of DNA into the structure did not increase the incidence of bias (Figure 7.2). 

A metal ion was identified by the Fo-Fc map and positioned in the active site.  This ion was built as a magnesium based on the additional MgCl2 added to the crystallisation mix and the coordination geometry which has formed an octahedral conformation that is typical of a magnesium.  An octahedral binding formation allows the identity of the metal to be confirmed using the Calcium bond valence sum (CBVS) developed by Müller et al (Müller, 2003).  The theoretical CBVS for Mg2+ is 4.19 and was 4.29 as calculated for the wild type SfsA structure, with an average coordination bond length of 2.1 Å.  This confirms the identification of Mg2+, which was built into the structure at full occupancy.  To guard against over-fitting into the map, nucleotides and the metal were separately deleted from the model to check that positive electron density in the difference electron density map highlighted these absences in the next round of refinement.
[image: ]
[image: ]

Figure 7.2: Electron density maps showing model building and refinement during structure determination.  The electron density (2m|Fobs|-D|Fcalc|) maps are all contoured to 2.0 σ. (A) Shows the electron density and model output from Phaser of the regions surrounding a DNA base. (B) Introduction of a cytosine base nucleotide into the empty density.  (C) The electron density and model of the protein after rounds of rebuilding and refinement (D) The electron density and model of the nucleotide.  E) The E. coli SfsA active site, showing coordination of the metal ion Mg2+ to waters 63, 64 and 65, and the protein residues D121, E135 and V136.

Protein structure refinement and the addition of DNA, cryo-protectant molecules, waters and a metal ion to the structure resulted in a final R-factor of 0.21 and Rfree of 0.27.  As shown in the Ramachandran plot for the wild type E. coli SfsA bound to DNA (Figure 7.3), 99.6% of residues are within the allowed region and 96.1% of residues are within the favored region for average ϕ and ψ angles of the main chain.  A 0.43% outlier corresponds to a single residue, asparagine 58.  The electron density supports the position of the polypeptide chain for this residue.  The residue is positioned on the Lβ4-β5 loop that is involved in a conformational change and it may be for this reason that uncommon angles are seen.  Despite this, the wild type E. coli DNA-bound SfsA structure is in the 97th percentile of structures in the PDB that have been solved to the same resolution.
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Table 7.2:  Refinement statistics for the wild type E. coli SfsA-DNA complex crystals, as
determined by MolProbity.
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Figure 7.3: Ramachandran plots for the wild type E. coli SfsA bound to DNA.  Ramachandran plots from MolProbilty show 96.1% of residues are within the favoured region (outlined in light blue), with a further 3.45% of residues in the allowed region (outlined in dark blue).  One residue, asparagine 58, is classified as a Ramachandran outlier.


[bookmark: _Toc288052287]Structure analysis

[bookmark: _Toc288052288]Overview of the contents of the asymmetric unit

Two DNA strands, labelled Oligo X and Oligo Y, bind to a single SfsA subunit.  These strands are bonded over four base pairs within one asymmetric unit and comprise a significant factor in the formation of crystal contacts.  The remaining four bases either side of the paired section bond to their counterparts in the next asymmetric unit to form a continuous duplex with full Watson-Crick base pairing.  This ensures that each subunit forms one DNA-DNA contact on each side of the subunit, whilst four additional areas of crystal contacts are made between the protein subunits themselves.  Extensive surface interfaces are formed and it is likely that the close crystal packing has allowed the resolution of 2.0 Å, which is a high resolution for a nuclease-substrate co-crystal.

The structure of the DNA in the model is suggestive of the cleavage activity of SfsA.  The oligonucleotides comprising the duplex were originally added to the crystallisation solution as annealed 12-base oligomers.  In the structure it can be seen that the two oligonucleotides are only eight bases long, which have annealed together to form the four base pairs and 4 base overhangs as described above.  This reduction in DNA size alludes to cleavage, most likely by the enzyme itself.  With the metal bound in the active site the enzyme is undoubtedly active.  The activity of the enzyme is also evidenced by observation of a cleaved nucleotide positioned close to the active site.  This nucleotide is hydrogen bonded at the entrance of the cavity residing above the active site.  A clear break in the phosphodiester backbone can be seen through a lack of electron density that would signify a continuous sequence.  Instead, the density indicates that the phosphate has been cleaved and the group has rotated away from the backbone, though the base remains within the helical stack.
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Figure 7.4:  The structure of wild type E. coli SfsA bound in complex with DNA in one asymmetric unit (A) and with two symmetry-related molecules in the adjoining asymmetric units (B).  One monomer of E. coli SfsA is seen per asymmetric unit, shown in dark blue cartoon representation.  One asymmetric unit also contains a double-stranded duplex comprised of Oligo X and Oligo Y (shown in black stick form, where phosphates are coloured yellow and the atoms oxygen and nitrogen are coloured red and blue respectively).  The DNA forms a vital part of the inter-subunit interactions though binding 5’ overhanging ends to symmetry related molecules either side of the protein (with SfsA in grey cartoon representation, the symmetry related DNA depicted in purple).

The excised base constitutes the 3’ end of Oligo Y and is therefore not bonded 5’ to the scissile bond.  This region is the site of DNA overlap between asymmetric units and so the scissile strand is not covalently joined to the next.  The conserved RF motif residues of the OB-fold have inserted into the DNA helical stack at this intersection.  Here, two ~50° kinks are seen in the linear structure of the DNA, causing a bend of around 100°.  This pattern is repeated for all SfsAs in the crystal, causing a constant bend in the DNA structure that results in a spiral when multiple asymmetric units are viewed (Figure 7.4).

[bookmark: _Toc288052289]Comparison of the E. coli SfsA-DNA complex with the P. furiosus SfsA-DNA complex

The wild type E. coli SfsA-DNA complex structure is directly comparable to the 2.3 Å resolution DNA-bound P. furiosus SfsA structure and affords a view as to the pre- and post-reaction complexes of the protein (PDB: 4DAV, Allen, 2011).  This is because the E. coli SfsA structure contains a cleaved nucleotide still bound at the active site, which is active due to the presence a single bound magnesium ion.  This contrasts with the DNA-bound P. furiosus SfsA structure, where there is no metal bound at the active site and the protein has therefore formed a pre-reaction complex with the substrate uncleaved.

Like E. coli SfsA, the P. furiosus SfsA-DNA structure too forms crystal contacts through the oligonucleotides.  A two base pair crossover with the DNA in the adjoining asymmetric unit is seen, even though the P. furiosus SfsA crystal is assigned a differing symmetry description to that of the E. coli crystal.  One reason for this is that there are two P. furiosus SfsA subunits in the asymmetric unit, with each subunit bound to separate stands.  This arrangement has the effect of producing an overall linear composition of the DNA duplex running through the crystal, as although the protein bends DNA by a comparable ~110°, the duplex is bent back to its original trajectory by the second subunit.  As suggested by previous gel filtration analysis (Allen, 2011), both proteins bind as monomers and this is confirmed by these structures.

The composition of the DNA is also a matter of scrutiny, as the E. coli and P. furiosus proteins were exposed to the same 12-base complementary oligonucleotides (Oligo X and Y) and yet neither demonstrates the expected duplex structure.  For the P. furiosus SfsA, one strand self-annealed rather than bonding to its matching partner and it is for this reason that both strands have been titled Oligo X (Figure 7.5).  This had the effect of creating atypical base pairing over nine base pairs; the two standard Watson-Crick pairs were matched by a central region of three non-bonded bases, a wobble base pair more commonly found in RNA structures and an additional T-T homopyrimidine pairing at the end of the stand.  A three base overhang (5’-CGC-3’) at the 5’ ends of the oligonucleotides has allowed the annealing of strands through the normal Watson-Crick base pairing.  These overhangs join the asymmetric units to form the crystal contacts, as is the case for the E. coli SfsA-DNA complex.

However, in the case of the P. furiosus enzyme the oligonucleotide overhang arrangement has created a gap that renders a cytosine unpaired.  It is in these regions that the P. furiosus SfsA has bound.  Perhaps due to the unusual base pair arrangement, the major and minor groove widths are wider than those recorded for B-DNA by 5.5 Å and 0.6 Å respectively.  This results in an under-twisted helix.  Such an arrangement is not seen in the substrate-bound E. coli structure, where SfsA has attached to the same Oligo X that is hydrogen bonded with conventional base pairing to the opposing Oligo Y strand.  Because of this it is a continuous structure and no gaps are observed, so representing a canonical heteroduplex.  
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Figure 7.5: Illustrations of oligonucleotide annealing within the crystal and the contents of the asymmetric unit for wild type E. coli SfsA (A) and wild type P. furiosus SfsA (B).  In these schematics, deoxyribonucleotides are represented by single letters referring to the base omitting the ‘d’ conventionally used to distinguish deoxy- from oxyribonucleotides. The schematic in (A) shows how the oligonucleotides in the E. coli SfsA-DNA complex anneal across symmetry boundaries at the 5’ ends to construct a continuous chain through the crystal.  The site of cleavage is shown with red arrows and the cleaved cytosine nucleotide is also depicted in red.  The same schematic in (B) shows how Oligo X has self-annealed within the crystal of the P. furiosus structure and also forms a continuous chain through 5’ overhanging ends.  The phosphodiester bond positioned at the active sites is the putative target for cleavage and these are also indicated by red triangles.
[bookmark: _Toc288052290]The DNA binding cleft in E. coli SfsA: an altered conformation of the protein when bound to DNA

[bookmark: _Toc288052291]Contacts between the protein surface and DNA

In the structure of P. furiosus SfsA bound to DNA, the oligonucleotide is seen to fit into a cleft that joins the restriction endonuclease-like domain and the OB-fold of the protein.  As E. coli SfsA contains a similar cleft that exhibits a predominance of positive charge, the substrate was predicted to bind in much the same way.  The structure of DNA bound to E. coli SfsA confirms this, with the majority of the interactions between SfsA and the DNA formed between positively charged or polar residues and the phosphodiester backbone.  These residues include H34, N37, T38, N58, K60, K62, Y63, T82 R119, T154, R156, K159 and H160, many of which are highly conserved in both SfsA species (with the P. furiosus equivalents being N38, T39, K62, T80, R115, R151 and H155).  All of the residues listed above form hydrogen bonds with the DNA, with most contacting the phosphodiester backbone.  For both E. coli and P. furiosus proteins the majority of these interactions are formed on one side of the bend in the DNA (Figures 7.6 and 7.7).

In contrast to the residues that contact the backbone, the residues R119 and H34 of E. coli SfsA form hydrogen bonds with the oligonucleotide bases directly.  H34 is positioned in the OB-fold and its side chain enters the DNA from the minor groove side of the non-scissile strand.  This residue forms a 3.0 Å hydrogen bond between the side chain imidazole NE2 and the base N3 of dG5.  The nucleotide dG5 base pairs with the cleaved cytosine nucleotide and the hydrogen bond noted above could be to stabilise the unpaired guanine once the cleaved nucleotide has diffused away from the protein.  The second base-specific contact is made by R119 from the restriction endonuclease-like domain, the side chain of which has moved 2.4 Å compared to the apo structure to enter the DNA from the minor groove.  This residue forms three hydrogen bonds, two each from NH1 and NH2 of the guanidinium group to the O2 of the dT8 base positioned on the non-scissile strand over 3.3 Å and 3.2 Å respectively.  R119 forms an additional hydrogen bond from NH1, in this instance with the N3 atom of the dG6 base positioned 3.1 Å away on the scissile strand.  This base is the second in the sequence 5’ to the cleaved nucleotide and a hydrogen bond here may maintain the integrity of the base stacking despite the protein imposing a bend into the DNA structure.  

Neither of these two interactions is present in the P. furiosus SfsA-DNA complex.  One residue that is seen to form hydrogen bonds with a base in P. furiosus SfsA that does not do so in the E. coli protein is E108 (E110 in E. coli SfsA).  This residue is in the active site and, in the P. furiosus apo wild type structure, is seen to form coordination bonds with the Ca2+ at metal site 2.  In the presence of DNA the N2-H and N3 of the guanine base form two 3.1 Å and 3.6 Å hydrogen bonds respectively with the carboxyl of E108 (Figure 7.7).  This residue forms an alternate conformation in the substrate-bound structure than the conformation required for metal binding.  Although charge repulsion from the phosphate backbone may be the reason for this movement, it has also been suggested that this residue may be part of a self-regulatory mechanism where metal can bind in site 2 only in the presence of the correct substrate (Allen, 2011).  Flexibility in the side chain of this residue has been noted earlier in this thesis, with a total of two conformations being seen among the P. furiosus mutant enzyme structures.  In these structures, the movement of the residue appears random and high B-factors for this residue suggest a degree of disorder.  Notably, there is no change in side chain position of the equivalent E110 in any of the E. coli structures, including the E. coli R18A, F19A SfsA structure that has two metals bound at the active site.  Consequently, E110 does not interact directly with the DNA and is unlikely to play a role in auto-inhibition in the E. coli enzyme.
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Figure 7.6: Schematic showing the direct interactions between E. coli SfsA and the bound DNA.  As indicated by the key, highly conserved residues, base pairing, π-stacking and hydrogen bonding between residues R18 and F19 and the DNA, and the putative scissile bond are highlighted.  There is a double-kink in the DNA backbone of approximately 50° each about the dG5 phosphodiester bond and dT4 phosphodiester bond (calculated using 3DNA).  This creates a 100° bend separating the dC8 3’ end of Oligo Y from one asymmetric unit and the dA1 5’ end of Oligo Y from the next asymmetric unit.  The oligonucleotide from the next asymmetric unit is numbered in grey.
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Figure 7.7: Schematic showing the direct and water-mediated interactions between P. furiosus SfsA and the bound DNA.  As indicated by the key, highly conserved residues, base pairing, π-stacking and hydrogen bonding between residues R20 and F21 and the DNA, and the putative scissile bond are highlighted.  There is a single kink in the DNA backbone of approximately 30° about the phosphodiester bond between nucleotides dT3 and DC4 (calculated using 3DNA).  The oligonucleotide from the next asymmetric unit is numbered in grey. 

A further difference between E. coli and P. furiosus SfsA is the discrepancy in the residues seen to contact DNA (Figures 7.6 and 7.7).  Of the 13 residues forming hydrogen bonds with the DNA in E. coli SfsA, only six of the equivalent P. furiosus residues contact the substrate.  This results in nine fewer hydrogen bonds, which could be the result of the atypical structure of DNA seen in the P. furiosus SfsA-DNA structure, which could form a sub-optimal association with the protein.  Despite the greater number and more extensive distribution of DNA contacts in the E. coli species, the DNA occludes 491 Å2 or 4.2% of the total protein surface area compared with a 428.5 Å2 or 3.8% contact area in the P. furiosus protein structure (PDBePISA).  This similarity in binding area may be proportionate to the degree of bending seen in the DNA structure, which is highly similar between the two species and may enable the close proximity to the protein surface that enables formation of hydrogen bonds.
 
For the most part there is little difference between the torsion angles for the DNA-contacting residues in the E. coli apo and DNA-bound structures, with side chain rotation only seen in residues with long aliphatic chains such as K60, R61, K62 and R119.  Areas noted for disorder in the apo and mutant E. coli structures include the Lβ4-β5 loop, which is stabilised by the binding of residues N58, R61 K62, Y63 to the phosphate backbone (Figure 7.6).  Stabilisation of loop Lβ4-β5 in P. furiosus SfsA through substrate binding has also been noted (with residues Lys57, Lys61 and Thr62 participating in hydrogen bonding with the substrate).  An additional flexible loop in E. coli SfsA, Lβ7-β8, also demonstrates a more ordered structure in the SfsA-DNA complex.  This loop, containing the residues K117 and R119, is disordered in the wild type apo structure of E. coli SfsA.  However, in the DNA complex structure these residues all contact the DNA and the position of the Lβ7-β8 loop can clearly be seen in the electron density.  
[bookmark: _Toc288052292]Domain motion and loop movement in E. coli SfsA

The E. coli R18A, F19A SfsA mutant structure has previously demonstrated flexibility of the putative DNA binding surface that is the cleft between the OB-fold and restriction endonuclease-like domains, with a higher RMS deviation seen between the E. coli mutant and wild type than the P. furiosus equivalents.  Corresponding to this finding, the 1.3 Å3 r.m.s deviation for the α-carbon chain of DNA-bound E. coli SfsA is compared to the apo structure (DaliLite).  This signifies a reasonable difference in the structure.  This is the result of two features; a full domain movement between the OB-fold and restriction endonuclease-like domain, and a movement in the flexible loop regions of the protein.
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Figure 7.8:  The domain movement of wild type E. coli SfsA when bound to the DNA, as calculated by DynDom.  The DNA in the structure has been removed so that the alignment of the apo structure of E. coli SfsA (magenta) and the DNA-bound structure (blue), both shown in cartoon representation, can be observed.  The hinge residues L83, W84 and A85 are highlighted in green and the axis of rotation is shown. 

The protein motion analysis programme DynDom (Lee, 2003) has been used to characterise the domain movement (Figure 7.8).  When the E. coli apo and DNA-bound wild type structures are compared, the two domains are seen to effect a 10.2° rotation about the residues L83, W84 and A85.  These residues are positioned directly between the two domains and the rotation of the structure about this point has the effect of moving one domain towards the other.  This causes a closing of the DNA binding cleft also situated between the OB-fold and restriction endonuclease-like domain.  These residues are not conserved between SfsA species and consequently, when the P. furiosus SfsA-DNA complex was run against the wild type in DynDom, no domain movement was seen.  This is perhaps unsurprising, as proteins from thermostable organisms tend to exhibit less flexibility than mesophilic homologues (Fields, 2001).

The second movement that is seen is the conformational change in the flexible loop regions of the protein, to form a clasp-like grip on the DNA substrate and facilitate the hydrogen bonds to the phosphodiester backbone.  The loops Lβ4-β5 and Lβ7-β8 in particular move by 6.0 Å and 4.2 Å respectively, as measured between the α-carbons of K60 and G114 of the apo and DNA-bound enzymes.  These loops have moved towards the substrate to further lessen the cleft between the domains.

The effect of the domain rotation and loop movements can be seen in the surface representations of the protein.  Figure 7.9 demonstrates the decrease in distance between the positively charged edges of the DNA binding cleft.  The cleft has reduced in width by ~9 Å at the base of the protein and ~12 Å at the cavity region at the top.  No such movement is seen in P. furiosus SfsA, which instead shows a slight widening of the binding cleft by 1-2 Å (Figure 7.10).   The movement of the P. furiosus SfsA is more comparable to the movements observed in restriction endonuclease on binding of the substrate.  Restriction endonucleases usually demonstrate an opening of (rather than a closing of) the DNA binding site surrounding the active site (Pingoud, 2004).

It is unclear as to why the same conformational changes do not occur in the two species of SfsA despite the conserved tertiary structures.  It may be that the closed form of the E. coli SfsA-DNA complex and open structure of the P. furiosus SfsA-DNA complex has been trapped in the crystal form by chance.  The differences in conformation could also be the result of the different stages of DNA catalysis seen in the proteins, corresponding to the pre-reaction (P. furiosus) and post-reaction  (E. coli) complexes.
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Figure 7.9: Changes in the structure of E. coli SfsA on binding to DNA (right, with the DNA removed) compared to the apo structure of E. coli SfsA in which no substrate was seen (left).  The electrostatic surface shown in A) demonstrates the movement of positively charged residues (blue) situated along the DNA-binding cleft.  The measurements shown have been made between F19-R156 and K60-K90.  The change in distance between the two sides of the cleft is highlighted in B), which shows a surface representation of the residues lining the binding cleft (orange, represented in stick mode) in the context of the overall protein structure (blue, cartoon representation).  These residues are shown again in C) where full conservation between species is highlighted in blue and side chain similarity is highlighted in green (charge, aromatic etc.).  * denotes the residues that form hydrogen bonds with the DNA.
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Figure 7.10: Changes in the structure of P. furiosus SfsA on binding to DNA (right, with the DNA removed) compared to the apo structure of P. furiosus SfsA in which no substrate was seen (left).  The electrostatic surface shown in A) demonstrates the movement of positively charged residues (blue) situated along the DNA-binding cleft.  The distances shown have been measured between residues F21-R151 and K61-R110.  Lack of movement between the two sides of the cleft is highlighted in B), which shows a surface representation of residues lining the cleft (yellow, represented in stick mode) in the context of the overall protein structure (green, cartoon representation).  These residues are shown again in C) where conservation between species is highlighted in blue and residue architectural conservation is highlighted in green. * denotes the residues that form hydrogen bonds with the DNA.


[bookmark: _Toc288052293]Further changes to the protein surface: the cavity entrance of E. coli SfsA can form a closed conformation in the presence of DNA

In the previous chapters, changes to the cavity residing above the active site have been discussed.  Both the active site PD-(D/E)xK mutants and the OB-fold mutants of P. furiosus SfsA demonstrate an open form of the cavity entrance, with movement in the conserved residue R151 effecting the open state.  This is perhaps linked to changes in charge at the active site.  The open cavity is also seen in the P. furiosus SfsA-DNA complex, whilst the apo wild type structure establishes a closed cavity entrance.  In contrast, the E. coli SfsA cavity is in an open state in the apo wild type structure and the E. coli mutant D121A.  In the R18A, F19A SfsA structure, there is a greater degree of flexibility in the position of the cavity entrance residues T38 and R156.  These initial observations have in part led to the idea that E. coli and P. furiosus SfsA may have different mechanisms of substrate binding and selection, perhaps with the cavity unable to form a closed conformations in the E. coli species.  

However, a different situation is observed in the DNA-bound structure of E. coli SfsA.  In this complex, rather than forming a closed conformation in the absence of substrate and an open conformation in its presence as for P. furiosus SfsA, the protein reveals the opposite tendency and the cavity entrance has closed around the substrate (Figure 7.11).  Changes to the position of the guanidinium group of R156 include rotation of the head group towards T38, compared to the rotamer observed in the apo structure that signifies an open state.  A distance of 5.9 Å now separates these two conserved residues, rather than the 11.0 Å measured for the open cavity.  Potentially more significant than the movement of R156 is the altered position of T38.  A common feature of all P. furiosus structures is the immobility of the equivalent residue T39, when R151 is considered as the gate.  In E. coli SfsA the Lβ3-α1 region containing the T38 has moved towards the cavity by 2.6 Å, closing the gap between T38 and R156 (Figure 7.12).  Therefore, both residues perform a gating function at the cavity entrance.  This movement is likely the consequence of the 10° domain closure, as T38 is positioned on in the OB-fold and R156 is positioned on the restriction endonuclease-like fold.
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Figure 7.11: A comparison of the open and closed states of the cavity entrance in the apo structure of wild type E. coli SfsA (A) and the DNA-bound structure of E. coli SfsA (B).  The surface of the protein is represented in grey, in which movement of T38 and R156 can be observed to create an opening in the cavity entrance (shown in stick representation).

On the periphery of the cavity entrance, the side chain of E155 has bent 2.6 Å towards the pocket in much the same manner as R154 in the open state of P. furiosus SfsA.  However, E155 does not appear to contribute to a pattern of stabilisation as seen with the triad of hydrogen bonding between R151, R154 and H155 of P. furiosus SfsA.  In E. coli SfsA this role falls to H160 alone, which forms a 3.8 Å interaction with the R156 guanidinium group to secure the open cavity in the apo structure.  Due to the rotation of the R156 side chain in the closed cavity, no such interaction can be formed.  

The breaking of this bond is linked with substrate interjection at this site (Figure 7.13).  The OP2 of the phosphate 5’ to the cut site is contacted by a 2.8 Å hydrogen bond from the second imidazole amine of H160.  Meanwhile, the guanidinium group of R156 stacks onto the deoxyribose ring, whilst simultaneously forming two hydrogen bonds with the scissile phosphate at OP1 and OP3.  This interaction is significantly more stable than the open state of the cavity, as shown though a decrease in the average B-factor of R156 from 62.8 Å2 to 28.0 Å2.  Also contacting the cleaved base is T38, with the hydroxyl able to form 3.5 Å and 3.7 Å hydrogen bonds with the deoxyribose O3 hydroxyl and phosphate OP1 of the cleaved cytosine.  The closed state of the cavity entrance can be linked with the role of stabilising the DNA leaving group the post-reaction complex.

The position of the cavity and the proximity of the putative scissile thymine in the P. furiosus SfsA-DNA pre-reaction complex has led the site to be termed the putative nucleotide binding pocket (Allen, 2011).  The structure of E. coli SfsA bound to DNA also alludes to this function, with the cleaved base sitting in the entrance of the cavity.  Like the DNA-bound structure of P. furiosus SfsA, most residues that make up the main body of the cavity in E. coli SfsA adopt the same rotamers the apo structures (Figure 7.12).  

Comparing the internal structures of the cavity, the putative DNA binding pockets of each species form similar configurations.  The E. coli SfsA cavity shares a comparable length and width to the P. furiosus pocket, although some aspects of the architecture vary.  This may be indicative of an altered substrate preference, with cytosine being cleaved by the E. coli protein and thymine about to be removed by the P. furiosus enzyme.  However, base preference is unlikely as the cavity is large enough to accommodate purine and pyrimidine bases and there is no structural evidence for targeting of DNA lesions as in the MutM nuclease (Jiricny, 2010).  Indeed, as the activity assays described in Chapter 6 suggest that complete cleavage of the DNA has occurred, both purines and pyrimidines can be cleaved from the 3’ ends of DNA.
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Figure 7.12: Front views and top-down views of the cavity in wild type E. coli SfsA (left) and wild type P. furiosus SfsA (right).  The superposition of the cavity entrance from wild type E. coli apo (magenta) and DNA-bound (blue) SfsA structures, as seen from the front of the protein (A) and the top of the protein (B).  This demonstrates the movement of the Lβ3-α1 loop containing the T38 residue and the rotation of the guanidinium group of R156.  The superposition of the cavity entrance from wild type P. furiosus apo (olive) and DNA-bound (green) SfsA structures, as seen from the front of the protein (C) and the top of the protein (D).  This demonstrates the immobility of the Lβ3-α1 loop containing the T39 residue and movement in the side chain of R156.
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Figure 7.13:  The hydrogen bond interactions between the conserved threonine and arginine residues comprising the ‘gate’ of the cavity entrance, and the substrate in wild type DNA-bound E. coli (blue) and P. furiosus (green) SfsAs.  A) The conserved T38, R156, H160 residues of E. coli SfsA are shown in stick representation, along with the five hydrogen bonds (shown in red) formed with the substrate (black stick representation).  (B) These are compared with the P. furiosus equivalent residues T39, R151, H155, which form two hydrogen bonds.  The distribution of substrate stabilisation of these residues varies between SfsA species; the cleaved phosphate and deoxyribose is contacted the most extensively in E. coli SfsA whereas it is the phosphate 3’ to the scissile phosphate that is most contacted in P. furiosus SfsA.
Cavities such as that of SfsA are often found in base excision proteins such as DNA MTases, DNA glycosylases and AP endonucleases that flip the scissile base into a binding pocket before cleavage (Cheng, 2001).  Proteins such as ApeI and EndoIV perform this function and share some similarities with SfsA; these include the bending of the DNA around the site of a rotated base whilst stabilising the unpaired partner through insertion of an arginine (R117 of ApeI and R37 of EndoIV) and an additional aromatic residue in EndoIV (Y72) (Nishino, 2002).  Like SfsA, the binding pockets of these proteins have a propensity to contain several threonine and valine residues, with periphery arginines primed to stabilise the phosphate group.  The enzyme glyceraldehyde-3-phosphate dehydrogenase contains a shallow binding pocket that is inclusive of a ribose-binding motif G7, D32, P33 that mirrors P150/P148 and D151/146 (E. coli/P. furiosus) and which may perform the same function (Shen, 2002).  

Although neither E. coli or P. furiosus SfsA DNA complex structures show any evidence of base flipping before or during excision, the post-reaction complex in E. coli SfsA shows that the nucleotide is positioned ~1.8 Å further back into the pocket (Figure 7.14).  
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Figure 7.14:  Superposition of the dC8 cleaved nucleotide seen in the E. coli DNA-bound SfsA structure (black) and the putative scissile nucleotide dT12 seen in the active site of the P. furiosus DNA-bound SfsA structure (grey).  With both substrates shown in stick form, it can be seen that the cleaved nucleotide of E. coli SfsA has moved further into the cavity than the uncleaved equivalent with significant rotation of the cleaved phosphate group.
The phosphate has effected the largest movement of over 3.7 Å, which perhaps suggests that the cleaved nucleotide could enter into the cavity.  It is possible that the base can continue its movement to exit the protein or flip inside the pocket to do so.  The density of negative charge in the inner reaches of the pocket may discourage entry of the phosphate and thus encourage flipping of the base to exit the protein first.  Nonetheless Figure 7.15 demonstrates a model of the current base trajectory of E. coli SfsA, which allows the base an exit from the protein with no interference from the remaining attached DNA.  This allows the linear diffusion of the protein along the substrate to identify the next site of cleavage.  Such a movement of SfsA was suggested based on the activity analysis of the R18A, F19A SfsA mutants that could only bind to previously cleaved DNA.  These assays were linked with a possible function for the conserved RF residues in translocation and substrate sampling.
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Figure 7.15:  A model depicting the putative function of the cavity, based on the position of the excised nucleotide seen in the DNA-bound structure of E. coli SfsA. All surface electrostatics are those of the DNA-bound E. coli SfsA, with blue showing residues carrying a partially positive charge and red showing residues with a negative charge.  The crystallographically observed nucleotide is shown from the top of the cavity (A) and as viewed from the binding cleft (B).  The flexibility of the phosphate group is implied through assessment of the B-factors in the structure.  For the neighbouring nucleotide in the intact DNA chain, the phosphate atom B-factor measures 29.0 Å2.  This compares to 50.4 Å2 for the phosphate of the leaving group, despite being equally buried in the active site.   B-factors measure 22-24 Å2 for the base regions of both the chain and cleaved nucleotide, indicating that the hydrogen bonds between the two DNA stands are still intact for the leaving group.  Panels (C) and (D) represent a theoretical model of nucleotide movement out of the protein.  The long length of the cavity allows rotation of the nucleotide and the negative charge of E155 may help positioning of the phosphate through repulsion during the exiting of the nucleotide. 


[bookmark: _Toc288052294]Intercalation of the OB-fold RF motif into the DNA

The RF residues of the OB-fold appear to be intrinsic to many processes within SfsA.  The roles of these two amino acids in translocation, substrate specificity, protein attachment and structural alteration of the substrate to allow catalysis have all been supported by mutagenesis studies.  However, one function remains irrefutable and that is the intercalation of these residues into the DNA duplex.  Just as in P. furiosus SfsA, the DNA-bound structure of E. coli DNA shows the insertion of arginine 18 and phenylalanine 19 from loop Lβ1-β2 into the stack directly above the site of cleavage.  The DNA is bent by ~100 ° between the dG5-dC8 base pair that comprises the cleaved cytosine nucleotide, and the dT4-dA1 pair 5’ to the cut site.  The reduced cleavage rates of E. coli R18A, F19A SfsA and P. furiosus R20A, F21A SfsA presented in the previous chapter suggest that SfsA induces a bend in the DNA so that the substrate is correctly positioned for cleavage, rather than the enzyme targeting a previously bent structure.  The structure of DNA-bound E. coli SfsA supports this argument as the DNA is of canonical composition, which reduces the chance of such a bend occurring without external influence.

As shown in Figure 7.16, the RF motif residues of E. coli and P. furiosus SfsA take up comparable rotamer positions to one another in their respective DNA-bound structures.  The aromatic groups both π-stack onto the base opposing the scissile nucleotide (dG5 and dT4 for E. coli and P. furiosus structures respectively).  Evidently the identity of this base has no bearing on this interaction, or on the edge-face T-stack between the phenyl ring and the scissile base (dC8 and dT12 for E. coli and P. furiosus).  The position of the arginine is less comparable, with the E. coli R18 guanidinium group rotated 90° with respect to R20 of P. furiosus SfsA.  Where P. furiosus R20 forms two hydrogen bonds with the unpaired cytosine, more tenuous links are found between E. coli R18 and the paired bases 3’ to the cut site.  The 3.7 Å and 3.8 Å distances between the guanidinium NH2 and NH1 groups respectively are long for hydrogen bonds and the 34 Å2 average B-factor for the residue is consequently higher in E. coli than the 22 Å2 average B-factor of R20 from P. furiosus.  This correlates with the greater need for substrate stabilization in the P. furiosus structure because of the unpaired base.  Movement of E coli R18 is nonetheless restricted, as shown through the higher 43.5 Å2 average B-factor of R18 in the wild type apo structure.  It may be the case that the DNA-bound E. coli SfsA arginine serves as a more moderate and transient stabilizing factor to support the bend in the duplex than that of the P. furiosus R20.  However, as the DNA structure in the P. furiosus SfsA-DNA complex contains a gap adjacent to the cleaved nucleotide, the difference in the role and positioning the arginine is perhaps not surprising.  In addition, these structures do show that SfsA can bind to either a gapped or intact DNA substrate in a generally equivalent manner. 

There is one important difference between the E. coli and P. furiosus DNA-bound structures in this region, which involves the position of the phenylalanine side chain when compared to the apo structures of each species.  As noted above, the phenylalanine residues of both species form the same conformation in the substrate-bound structures.  However, between the DNA-bound and apo structures the aromatic ring of the E. coli R18 makes a 90° rotation about the β-carbon to remain in the same plane but resting at a right angle to its former position.  This means that the residue is able to flip into and out of the DNA structure either in response to substrate binding or to facilitate it (Figure 7.16).  The ‘flipped out’ position is precisely replicated in other E. coli SfsA structures such as D121A SfsA.

This is at odds with the P. furiosus protein, which maintains a constant position of the F21 side chain.  The position of this residue corresponds to the ‘flipped in’ version seen in the E. coli structure (Figure 7.17).  The rigid positioning of F21 among all wild type and mutant structures may confer substrate specificity, as the lack of variation in F21 suggested a specific substrate structure was required to form the most optimal stacking interactions.  Although this may still be the case, it is less true for E. coli SfsA as adaptability has been incorporated into the RF domain.  In both structures the arginine is seen to be flexible, and so may be able to replicate the motion of the phenylalanine in intercalating into and out of the helical stack.  This movement may relate to movements in the loop regions and the domain rotation on binding to DNA.
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Figure 7.16:  View of the interactions made between R18 and F19 in E. coli SfsA and the substrate at the bend, and the interactions with R20 and F21 in P. furiosus SfsA and the gapped DNA.  For both structures there is an extended π-stacking network between the π orbitals of the bases, the phenyl ring of the phenylalanine and the delocalized electrons of the arginine guanidinium group.  In E. coli SfsA (A), Sub-optimal hydrogen bonds (red) are formed with O4 of dT4 and N6 of dA1, labelled in grey to denote that the stand is symmetry-related.  In P. furiosus SfsA two well aligned hydrogen bonds are formed with the unpaired cytosine base at position dC3 of oligo X.
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Figure 7.17:  Superposition of the Lβ1-β2 loop in a selection of E. coli SfsA structures (left) and P. furiosus SfsA structures (right).  A shows the structural alignment of wild type apo (magenta) and DNA-bound (blue) E. coli SfsAs along with the E. coli mutant D121A SfsA (orange), all shown in stick representation.  In this view the flexibility of the R18 side chain can be seen, along with the two positions of the F19 aromatic group.  The difference in the positions of this residue are shown in a top-down view in (B), showing a 90° rotation between the substrate-bound structure and apo structures.  This is in comparison to P. furiosus SfsA shown in (C) and (D), which include overlays of the RF residues of the apo (olive), DNA-bound (green) and D117A mutant (red) P. furiosus SfsAs.  Here, it can be seen that R20 is flexible as in the E. coli variant but there is no change in rotamer position in F21.


The suggestion that the RF residues are able to move in and out of the substrate to sample potential cleavage sites and aid in substrate translocation is highly plausible for the E. coli species.  The RF residues may enable procession along the DNA stand by intercalating between successive bases on the non-scissile strand.  Once these residues are inserted, the protein cannot move along the cleaved strand and so 3’ to 5’ movement by linear diffusion may be promoted.  

The difference in E. coli and P. furiosus RF movements may explain a large disparity between the activity assays performed with R18A, F19A and R20A, F19A SfsAs.  E. coli R18A, F19A SfsA demonstrates a rate of reaction that is three times greater than the wild type when incubated with DNA from herring testes.  On the other hand, when exposed to a pUC19 substrate the cleavage rate is greatly reduced, as is that of P. furiosus R20A, F21A mutant with DNA recovered from both herring testes and pUC19 plasmid.  A reason for this is that the mutation of both residues to alanine removes the ability of the enzyme to anchor into the substrate through rotation of the RF residues into the helical stack.  This could have the effect of removing the ability to identify suitable cleavage sites, so promoting randomized cleavage.  Alternatively, the enzyme may behave as if the RF residues are permanently flipped out, so increasing the speed of translocation without the RF insertion employed to reduce backwards movement.  Of the two substrates the supercoiled plasmid DNA is the only substrate where it can be certain that the DNA does not contain a gap or a nick in the structure.  In this situation the RF residues could be required to form a permissive binding structure of the substrate.  In contrast, the herring testes DNA are linear with free ends and nicks or gaps that may have been introduced from the method of preparation.  Thus, it may be that the linear structure of this substrate enables rapid movement along the strand.

In the case of restriction endonucleases, whether the enzyme can achieve linear diffusion is dependent on movement of the substrate binding clefts.  In order to process along the substrate without leaving the surface or displacing water to create energetically unfavorable movement, the binding cleft must be open.  As E. coli SfsA too has a clearly defined binding cleft that undergoes a conformational change to allow substrate binding or to maintain contact during catalysis, mechanisms that allow one-dimensional diffusion long the substrate are likely to be similar.  As the three E. coli apo and mutant structures that do not have substrate bound have demonstrated absolute consistency in the size of the binding cleft in the unbound protein and in the positioning of the F19 side chain, the changes seen at the RF motif, binding cleft and cavity entrance in the E. coli SfsA-DNA complex structure are likely to be substrate or ion-mediated.  Therefore, the closing of the cleft and cavity region onto the substrate must be controlled occurrences that may be instigated by the movement of the RF residues into the substrate.  This in turn may begin the cleavage reaction.

[bookmark: _Toc288052295]The active site of E. coli SfsA is seen to bind the native metal

The presence of a single metal ion at the active site of the substrate-bound E. coli SfsA is particularly interesting, especially as the P. furiosus SfsA-DNA complex did not have any metals bound in the structure.  The post-reaction complex of E. coli SfsA can therefore give further insights into the positioning of the substrate in relation to the metals and water ions following the cleavage reaction.

The metal ion of the DNA-bound wild type E. coli SfsA has been identified as magnesium, which has not been seen previously in the structures for either SfsA species.  Magnesium is thought to be the native metal for the protein and as such the substrate-bound E. coli SfsA structure is the best representation that we have of the natural composition of the enzyme.  As the 12-base oligonucleotides added to the crystallisation media appears in the structure as an 8-base construct, we can be sure the enzyme is active.  The ion forms an octahedral conformation, where the protein-Mg2+ contacts include the carboxylic side chains of D121 and E135, and the main chain carbonyl of V136.  The bond lengths as measured from the metal to OD2 of D121, OE1 of E135 and of the V136 carbonyl are quite similar, with just a 0.2 Å variation (Figure 7.18).  


The involvement of E135 is particularly relevant, as this residue was not seen to coordinate the metal in the E. coli apo structure and instead positioned a bridging water molecule to fill the top axial position of the Mg2+ coordination.  However, E135 is involved in metal binding in the second E. coli SfsA structure found to contain metals, the R18A, F19A mutant.  The metals at site 1 for both the mutant and apo structures form an octahedral coordination shell but neither has been identified as magnesium.  Based on the calcium bond valence sum (Müller, 2003) and crystallisation conditions, the metal bound in the E. coli apo structure is sodium, whereas the metal in R18A, F19A SfsA is more ambiguous.  Based on the above criteria, this ion could be a sodium or calcium ion, although at half occupancy if identified as the latter.  As the DNA-bound E. coli wild type SfsA coordinates the native magnesium in an almost exact replication of the ion in site 1 of R18A, F19A DNA, this lends confidence to the structure that may be shaken by the incomplete identification of the metal.  This is important as the R18A, F19A SfsA structure is the only E. coli variant to contain two metal ions bound in the active site.

In both DNA-bound E. coli SfsA and E. coli R18A, F19A SfsA structures, the metal at site 1 coordinates three waters (Figure 7.18).  One water (W63) forms the bottom axis of the coordination sphere and is not linked to function.  Another water (W64) takes the position of the putative nucleophillic water previously noted in SfsA and is positioned 3.4 Å from the lysine side chain NZ ε-amino group.  The final water (W65) is thought to be displaced by the scissile phosphate during the cleavage (Pingoud, 2004).  In a two-metal structure, such as R18A, F21A SfsA, the water in this position is shared between the two coordination shells of the ions.  In the post-reaction complex seen with E. coli SfsA-DNA, the water forms a 2.4 Å bridge between the metal ion and the O3’ of the ribose 3’ to the site of cleavage. 

Activity assays performed with the E. coli active site mutants of SfsA have suggested a more significant role in catalysis for the first metal binding site than the second.  Whilst the necessity of the second metal is unclear, although a modulatory role has been suggested (Pingoud, 2009), the structure of DNA-bound E. coli SfsA gives the strongest indication yet that catalysis can be performed with a single metal bound.  The continued presence of the cleaved nucleotide in the protein is an indication towards a one-ion mechanism.  Such is the expected rapidity of cleavage, even at 5°C, it is very unusual to retain the cleaved nucleotide in a nuclease structure.  The fact that the nucleotide is still held by the protein may indicate that the cleavage event occurred after or during crystallisation, conditions that would severely limit the mobility of the substrate.  If this is the case then it is unlikely that a second metal could diffuse into and out of the structure to enable this cleavage, meaning that one ion is sufficient for full cleavage of the substrate.  As suggested by Pingoud et al., it may be the case that the SfsA, like other PD-(D/E)xK enzymes, can cleave with any amount of metal bound depending on environmental availability or other unknown external factors (Pingoud, 2005).

Though many type II restriction endonucleases have been crystallised with either metal ions or substrate bound to the enzyme, only BamHI has structures denoting the pre- and post-reaction complex (Viadiu, 1998).  These structures indicate that a two metal mechanism is required.  For this mechanism, the Mg2+ situated at site 1 and the conserved lysine of the motif are proposed to coordinate the nucleophillic water (Imhof, 2009).  The deprotonation of the water by the lysine produces a hydroxyl to perform an in-line attack on the phosphate of the scissile nucleotide.  This creates a triagonal bipyramid intermediate at the metal, comprised of three equatorial and two axial oxygens.  The proximity of the phosphate is balanced by the divalent metal cofactor, which stabilises the complex and lowers the free energy of phosphoanion transition state to increase reaction rate (Galburt, 2002).  Following formation of the transition state, a second water molecule coordinated and, activated by the site 2 ion, protonates the leaving group to invert the pentahedral configuration of the phosphorus, allowing the release of the nucleotide from the DNA (Pingoud, 2001).

[image: ]


Figure 7.18:  The active sites of E. coli SfsA structures that have included metals bound at the PD-(D/E)xK motif.  A) Shows a stick representation of the active site of the wild type E. coli SfsA-DNA complex containing magnesium (shown as a grey sphere).  The metal forms an octahedral coordination shell with three waters, shown as pink spheres.  This is compared to (B), which shows the stick representations of the apo wild type E. coli structure and the sodium bound at the site (grey sphere).  An additional water molecule takes the place of E135, which adopts an unusual conformation.  In (C) two metals are bound at the active site of the mutant E. coli R18A, F19A SfsA, which have been built as sodium in site 1 and calcium in site 2.  Again, varying bond lengths are seen but the metal at site 1 is coordinated in a highly similar fashion to the DNA-bound SfsA.  All measurements shown are in Å.




Although the mechanism as described above is the most widely quoted mechanism for PD-(D/E)xK enzymes, a one ion mechanism has been attributed to some, such as SepMI, based on other historical findings (Belkebir, 2013).  In addition to the restriction endonucleases crystallised with only one metal ion bound in the active site such as EcoRI and BglII, single turnover experiments of PvuII show that a single Mg2+ ion is required for cleavage and the ability to bind a second is dependent on concentration (Xie, 2009).  Kinetic and computational studies performed on EcoRI-related endonucleases demonstrate a cleavage role by only one metal ion and a modulatory role for the second (Pingoud, 2009). 

[bookmark: _Toc288052296]Analysis of the DNA structure seen in the E. coli SfsA-DNA complex

Each asymmetric unit of the DNA-bound E. coli SfsA crystal contains two strands of DNA that are each eight bases long.  Oligo X (5’-CGCTGTCT-3’) and Oligo Y (5’-AGCGAGAC-3’) base pair over four bonds in the central region of the duplex.  These pairs correspond to the 3’ end of each single oligonucleotide (5’-GTCT-3’ of Oligo X and 5’-AGAC-3’ of Oligo Y).  The pairs formed are typical complementary nucleobase partners with hydrogen bonding between bases as described by the canonical Watson-Crick model (Figure 17.19).  The 5’ ends of each strand therefore form four-base overhanging ends.  However, these are not left unstabilised.  The 5’ overhanging ends pair with the 5’ overhanging ends from the DNA situated in the neighbouring asymmetric units, again forming typical base pairing.  The joining of DNA between asymmetric units forms a ‘semi’-continuous double stranded duplex through the crystal.  The structure is termed semi-continuous due to breaks in the phosphate backbone between the oligomers and within Oligo Y.  The first break occurs in each oligonucleotide at the junction between the 5’ DNA overhangs of the current and neighbouring asymmetric unit.  The second break in the structure is 5’ to the terminal base at the 3’ end of Oligo Y and is confirmed through a clear absence of electron density in the expected position of the phosphate.  Although not certain, it is highly likely that this cut has been performed by the protein, which appears to be active with the native magnesium bound in the active site.  The phosphate of the cleaved nucleotide is positioned 6.9 Å from the Mg2+ at site 1 and in a position comparable to the putative scissile nucleotide seen in the substrate-bound P. furiosus SfsA structure.  With no indication that E. coli SfsA targets base lesions and with no unpaired bases in the structure, in many respects the DNA seen in the E. coli SfsA structure is representative of canonical DNA.
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Figure 17.19:  The DNA base pairs of the wild type E. coli-DNA complex showing standard Watson-Crick base pairing.  The nucleotides are shown with their electron density contoured at 1.5 σ to demonstrate positioning in the structure.  Hydrogen bonds are shown in red.  Nucleotides labelled in blue comprise Oligo Y whilst those labelled in black comprise Oligo X. dC8 is highlighted as the excised base.
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Table 7.3:  The output of DNA analysis of the E. coli SfsA-DNA complex by 3DNA (Zheng, 2009), with the base pair containing the excised cytosine highlighted in dark blue and the surrounding base pairs shown in light blue.  * indicates when bases have been included from the next asymmetric unit.
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Table 7.4:  The output of DNA analysis of the E. coli SfsA-DNA complex by 3DNA (Zheng, 2009), with the base pair containing the excised cytosine highlighted in dark blue and the surrounding base pairs shown in light blue.  * indicates when bases have been included from the next asymmetric unit.

Analysis of the E. coli SfsA-DNA complex substrate using 3DNA (Zheng, 2009) has designated the overall structure to be classified as right-handed B-form DNA.  A summary of the results from this analysis is presented in tables 7.3 and 7.4, with comparisons to canonical B and A-form DNA.  To be inclusive of the full DNA structure in the crystal, residues from the asymmetric units either side of the featured asymmetric unit are included.  This allows full base pairs to be made and are marked with a *.  These tables give an indication that the duplex present in the structure is slightly distorted from ideal B-form DNA despite this structure being the closest designation.  Several features, such as the rise between bases (averaging 3.3 Å) and twist of the base pairs (33.7°) match closely with ideal B form-DNA, which have an average rise of 3.4 Å and twist of 36.0°.  Little base pair displacement is seen from the expected positions, which may increase confidence in the built structure.  However, there are some variations in the structure of DNA bound to E. coli SfsA that must be noted as differing from standard B-form DNA.

Firstly, some oddities are seen in the bases of the duplex.  The propeller twist and buckle between the base pairs indicate that they pair in a less planar conformation than the base pairs of B-form DNA.  Many of the base inclination angles are significantly higher than would be seen in B-form DNA, although the exact degree is debatable with the average exhibiting a high standard deviation that makes this measurement inaccurate.  Some sections of the duplex may be closer to A-form DNA, which has a much greater incline angle (20.7° compared to B-form 1.5°).  Considering the backbone of the duplex, the torsion angles show the same pattern of B-DNA features but with some A-DNA tendencies.  The averages of the backbone torsion angles for the ribose-base (χ) and deoxyriboseibose-specific C3’-C4’ and C4’-C5’ covalent bonds are good approximations of those expected for B-form DNA.  However, the bonds connecting the phosphates to the deoxyribose that include the O5’-C5’, C3’-O3’, O3-P connections do not form canonical DNA torsion angles.  The ζ angles of O3’-P are more alike to A-form DNA, whilst the β and ε bonds of O5’-C5’ and C3’-O3’ do not correspond to either recognized DNA type.  In addition, the deoxyribose rings of the DNA backbone contains a mixture of C3’-endo, C2’-endo and C1’-exo sugar puckers.  The C2’endo conformation is the predominant form, which is a feature of B-DNA.  The next most frequent is the C1-exo, a more linear arrangement of the deoxyribose ring, which has moved out of the horizontal plane.  Flexibility in the backbone is a known trait of DNA as it can contain many types of sugar pucker.  However C2-endo is generally favored.  A-form DNA is inflexible in this respect, and is comprised only of C3’-endo puckers.  This further confirms that the bound substrate of E. coli SfsA is B-form DNA.

From these statistics it can be assumed that the DNA originated as B-form, but the altered torsion angles of the backbone indicate that SfsA slightly distorts the usual structure of the DNA on binding.  The same assessment was made for the substrate-bound P. furiosus SfsA, which displays several of the same unusual features described above (Allen, 2011).  Some, such as the high propeller twist angles, were suggested to be the result of the atypical base pairing and unusual hydrogen bonding of the DNA duplex misaligning the tilt of the bases seen in the P. furiosus SfsA-DNA structure (Allen, 2011).  As high propeller twist angles have also been noted for the DNA in the E. coli SfsA-DNA complex, which has normal Watson-Crick base pairing, it seems reasonable to assume that distortions to the B-form of the helix are protein-mediated.  In comparing the structures, the greatest perturbation of the DNA is a large bend at the site where SfsA binds, as both species contain a sizable curve in the helical axis.

The substrate-bound P. furiosus SfsA structure shows that the protein introduces, or specifically binds to, a 100° bend in the protein.  This bend occurs at the unpaired base and at the site of the RF residue insertion from the OB-fold.  These residues enter the DNA from the minor groove side of the DNA, which was also identified as B-DNA with A-form tendencies.  E. coli SfsA also approaches the substrate from the minor groove and the RF bases are inserted into the helical stack despite the lack of a gap in the duplex.  The bend produced by this action is around 100° if taken as a single angle.  However, double kinks are an equally common feature of DNA binding proteins, and two bend angles of 50° could be a more feasible prospect for such a large bend (Figure 17.20).
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Figure 17.20:  Analysis of the helical axis of DNA from the wild type E. coli and P. furiosus SfsA-DNA complexes as calculated by Curves+ (Lavery, 1999).  A) Shows the linear trajectory of typical B-form DNA duplex comprised using the ideal DNA function in COOT.  In comparison, (B) shows the axis of the DNA observed in the E. coli SfsA-DNA complex, clearly demonstrating the double kink that each measure ~30°.  C) Shows the axis of the DNA observed in the P. furiosus SfsA-DNA complex.

Proteins that produce similar bends in their substrate include the cyclic-AMP receptor protein (CRP) that produces a double kink of 47° and 46° for a total 93° bend (PDB: 1RUO, Parkinson, 1996).  Unlike many DNA-binding proteins such as CRP, SfsA operates as a monomer.  Other monomers include the human TATA-box binding protein (TBP) that also produces a comparable double kink of 56 and 48 for a 104° bend (PDB: 1CDW, Nickolov, 1996).  The TBP from Pyrococcus woesei produces a double kink of 58° and 44° with a sum of 102° (PDB: 1D3U, Littlefield, 1999) (Figure 17.21).  All of these proteins are transcriptional regulators, lending credence to the idea that SfsA may have a similar role in vivo. As an additional note, the E. coli SfsA pull down assays completed by Akerboom et al. (Akerboom, 2007) identified the E. coli cyclic-AMP receptor protein as a potential binding partner.  Although there may be no link between the two proteins in vivo, it is a possibility that both proteins could bind to regions of DNA that allow the bending of the duplex structure.  This could include sections of the DNA that are uncoiled from the more common supercoiled state of the genome.

It is unusual for regulatory DNA-binding proteins to bind specifically to the minor groove, as the proton donors that enable identification of the sequence are less accessible to the protein in the narrowed width of the helix (Berg, 2002).  The induction of a bend into the minor groove by the protein, as seen in SfsA, may make the bases in this region more available and it has been noted that many minor-groove binding proteins such as TBP unwind and bend the DNA to increase accessibility.  Both E. coli and P. furiosus structures show altered groove widths, with the DNA bound to E. coli SfsA producing major and minor groove widths of 10.9 Å and 8.6 Å respectively, as calculated in 3DNA (Zheng, 2009).  The major groove width compares well with the major groove width of 11.6 Å in B-DNA.  However, the minor groove has been distorted from the B-DNA minor groove width of 6.0 Å.  This is likely due to the intercalation of RF residues into this groove.  P. furiosus SfsA also has increased major and minor groove widths of 17.1 Å and 6.8 Å.  Insertion of the RF residues and the widened groove produced is likely to increase accessibility of the protein at the active site, which also contacts the DNA in the minor groove.
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Figure 17.21:  A comparison of the DNA structures observed for transcriptional regulators that also form a double-kink in the helical axis comprising a bend of approximately 100°.  A) Shows the structure of wild type E. coli SfsA  (blue cartoon representation) bound to DNA, which has been extended into the next asymmetric unit for the diagram.  The structure can be compared to (B) the human TATA-box binding protein (cyan) and (C) the P. woesei TATA-box binding protein (purple), which both bend the DNA outward from the structure similarly to SfsA.  D) Shows the cAMP receptor protein (pink) bound to its substrate, although this operates as a dimer and the DNA is bent inward towards the protein.


Due to the size of the angle and the abrupt distortion, bends such as those seen in the SfsA-DNA complex are more commonly referred to as a kink.  The short length of the X and Y oligomers means that the DNA does not complete one full turn before the kink is encountered.  As this distortion of the DNA structure has now been observed for the E. coli and P. furiosus protein, it can be hypothesized that it is the protein inducing the change to the substrate rather than targeting a pre-formed bend in the substrate.  With one E. coli SfsA molecule per asymmetric unit, one kink is also seen per asymmetric unit.  As the protein is always bound on Oligo Y and Oligo Y anneals on the same side of the strand, the kink in the DNA always diverts the helical axis in the same direction.  This produces a helical structure of the duplex running through the crystal.  In contrast the P. furiosus SfsA produces a linear duplex through the crystal, as there are two SfsA molecules per asymmetric unit and each are bound on opposite oligonucleotides.  Therefore the DNA is bent in one direction by one protein monomer and bent in the opposite direction by the second monomer.  In this way, the helical axis varies but the overall structure remains straight (Figure 17.20).

In addition to the presence of the RF motif residues, the cleaved cytosine nucleotide is also situated in the region of the bend in the E. coli SfsA-DNA complex.  This base pair is 3’ to the kink and is marked on tables 7.3 and 7.4 by a dark blue band.  The base pairs situated either side of the cleaved pair are marked in light blue.  Due to the insertion of the RF residues between the cleaved cytosine pair and the base 5’ to these, a large 10.9 Å rise separates the bases.  In the pre-cleavage complex, forcing apart the bases to this extent would likely produce destabilisation of the structure.  This may cause a weakening of the scissile bond before cleavage to make the cytosine phosphate more susceptible to hydrolysis.  However, following cleavage the connections to the phosphate backbone are severed and so it is not subject to the restraints resulting from this connection.  Instead, it is the bases surrounding the cleaved nucleotide that bear the brunt of the imposed kink.  Accordingly, in the structure of E. coli SfsA bound to DNA the buckle of the dT6:dA7 and dT4:dA7 base pairs that are situated 3’ and 5’ of the cleaved pair are recorded as 25° and 26°.  These clearly differ from the expected average of 0° for B-form DNA that signifies a horizontal planar conformation of the bases and from any other recorded base buckle in the E. coli-bound structure.

Conversely, the cytosine-guanine pair containing the cleaved nucleotide buckles in the opposite direction to the base pairs either side of them.  This buckle, recorded at -14.7°, is likely the result of the movement of the excised cytosine toward the cavity and away from the helical axis following cleavage.  The dG5’:dC8’ target base pair shows a tighter twist angle of 49.4° compared to the pairs above and below, again signifying the beginning of nucleotide rotation out of the duplex.  This has also produced a large roll angle of 54.8° as the hydrogen bonds to one another are strained by the lack of phosphate-mediated stability.  The twist angle of the target base pair is interesting in that the pre-reaction complex of P. furiosus SfsA bound to DNA demonstrated particularly high twist angles in the bases either side of the putative scissile base pair (each being greater than 40°) along with a high buckle.  Buckling of the bases in the same positions in the E. coli SfsA DNA-bound structure has been noted, but the twist angle for each is considerably reduced from the P. furiosus structure and is even less than for B-form DNA (30°and 31° compared to the B-DNA average 36°).  There can be two explanations for this.  The first is that some pressure on the DNA is released when the base is cleaved, hence a lesser twist angle for the E. coli post-reaction complex than the P. furiosus pre-reaction complex.  Another difference between the structures that may affect DNA stability is the more extensive hydrogen bonding between the substrate backbone and the Lβ4-β5 and Lβ7-β8 loops of the E. coli SfsA.  This is the result of the conformational changes in the binding cleft as previously discussed.






[bookmark: _Toc288052297]Structural evidence for a 3’-endonuclease function for E. coli SfsA

The structure of substrate-bound P. furiosus SfsA shows a 3’-5’ orientation of the scissile strand.  This suggests that the protein may function as a 3’ exonuclease.  The structure of DNA-bound E. coli SfsA also suggests that this may be the case.  Firstly, the cleaved cytosine comprises the 3’ end of Oligo Y, showing that the scissile strand is orientated in the same way as in the P. furiosus SfsA structure.  Further to this is the fact that E. coli SfsA was originally added to a 12 base-pair oligonucleotide prior to crystallisation.  This shows that, despite best efforts to keep the temperature of crystallisation and incubation low, cleavage by SfsA has occurred (all be it by 4 bases).  The DNA construct had been pre-annealed using heating and cooling to room temperature before use in crystallisation.  Analysis of the oligomer composition shows that there are two ways that the DNA could have annealed, shown in Figure 17.22.  

In one, a blunt ended substrate would be presented to the protein, which is the most favourable structure for hydrogen bonding between the DNA strands.  In the other, a region of eight base pairs could be formed between one oligonucleotide and two of the partner oligonucleotide.  This would result in a long continuous stand of DNA where four bases of each oligomer are left unpaired in the centre of each duplex.  Either one of these scenarios indicates that SfsA is a 3’ exonuclease, based on the eventual DNA structure observed in the DNA-bound E. coli SfsA complex.  This is because neither of the two possible oligomers is seen and the observed structure can be formed only by the creation of 5’ overhanging ends and re-annealing of the substrate.  The joined stands observed in the structure are therefore the result of removal of the 3’ terminal four bases from either of the original two potential duplexes (3’-GCGA-5’/3’-TCGC-5’).  The assumption of processive, single base exonuclease activity comes from the cleaved nucleotide seen in this structure.  The fifth phosphate in the sequence (between dC8 and dA1) is targeted by the protein following excision of the first four bases.  This disallows a pattern of cleavage between every two or four bases. 
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Figure 7.22:  The possible compositions of double-stranded DNA formed from annealing the two 12-base oligomers before use in crystallography, based on the eight base pair oligonucleotide seen in the E. coli SfsA-DNA complex.  A) Shows the most likely structure of the DNA added to the crystallisation mixture.  The cut site as observed in the structure is marked with a red arrow and the bases that are not seen in the structure are shown in purple.  The presumed direction of cleavage by SfsA to produce the crystallographically observed DNA conformation is shown by a blue arrow  (B) A second DNA oligomer that could have been formed during annealing.  Cleavage of this duplex would produce 3’ overhanging ends in Oligo X, which can then anneal to Oligo Y to form the structure seen in the complex.  C) Shows the actual structure observed in the crystal, for comparison.





Activity assays performed on the pUC19 plasmid previously cleaved with restriction endonucleases before incubation with wild-type E. coli SfsA reveal that there is no preference for either A or B duplex structures in Figure 7.22.  Linear constructs produced by cutting pUC19 with the restriction endonucleases DraI or ScaI to produce blunt ends each with a 3’ thymine base as in construct A (Figure 7.23).  The 3’ guanine underhang as for Oligo Y in construct B was created by BamHI, whilst XbaI created the 3’ thymine underhang as seen in Oligo X in the same construct (Figure 7.24).  Lanes 6-8 and 13-15 of Figures 7.23 and 7.24 show that all the linearised DNA constructs were degraded by E. coli wild type SfsA extremely rapidly.  Similarly, the control lanes 5 and 12 in which SfsA was added to the DNA and incubated on ice have demonstrated a high degree of cleavage despite the low temperature.  This reflects the cleavage seen during the crystallisation process that produced the DNA-bound structure regardless of efforts to keep all solutions at 5°C.  

With no apparent preference for a pyrimidine or purine base at the 3’ end it is likely that the DNA is being degraded from both ends by SfsA, with an unknown degree of endonuclease cleavage occurring in the centre.  Nonetheless, cleavage of DNA even at low temperatures and the rapidity of the degradation of linear plasmid suggest that the endonuclease function of SfsA is the rate-limiting step for the enzyme when presented with a covalently closed DNA substrate.  This could also be inferred from the activity assays presented in the Chapter 6, where the enzyme concentration was limited to slow the observed reaction steps.  The 10:1 w/w ratio of plasmid to SfsA shows the plasmid being cleaved to open circular and linear plasmid before being rapidly degraded to small fragments.  It could also be the case that a permissive structure for endonuclease cleavage, such as the bending of DNA, is more easily formed with linear DNA.
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Figure 7.23: Incubation of wild type E. coli SfsA with pUC19 plasmid previously cleaved with restriction endonucleases DraI and ScaI in the presence of 10 mM magnesium chloride.  To provide a qualitative comparison of enzyme activity at a cleaved plasmid wild-type E. coli SfsA was incubated in a reaction mix containing 20 mM TRIS. HCL pH 8, 10 mM MgCl2, 0.2 μg pUC19 and 2 μg protein to a final volume of 10 μL.  The resulting DNA lengths were visualised on a 0.7 % agarose gel with lanes as follows; 1: HyperLadder™ Ikb (Bioline), 2: uncleaved pUC19, showing supercoiled, open circular and dimerized forms of the plasmid, 3: reaction mix containing DraI cleaved plasmid minus SfsA and incubated on ice, 4: reaction mix minus SfsA and incubated at 37°C for 120 minutes, 5: reaction mix including wild-type SfsA incubated on ice, 6: reaction mix including wild-type SfsA incubated at 60°C for 30 minutes, 7: 60 minutes and 8: 120 minutes, 9: uncleaved pUC19, showing supercoiled, open circular and dimerized forms of the plasmid, 10: reaction mix containing ScaI cleaved plasmid minus SfsA and incubated on ice, 11: reaction mix minus SfsA and incubated at 37°C for 120 minutes, 12: reaction mix including wild-type SfsA incubated on ice, 13: reaction mix including wild-type SfsA incubated at 60°C for 30 minutes, 14: 60 minutes and 15: 120 minutes
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Figure 7.24: Incubation of wild type E. coli SfsA with pUC19 plasmid previously cleaved with restriction endonucleases BamHI and XbaI in the presence of 10 mM magnesium chloride.  To provide a qualitative comparison of enzyme activity at a cleaved plasmid wild-type E. coli SfsA was incubated in a reaction mix containing 20 mM TRIS. HCL pH 8, 10 mM MgCl2, 0.2 μg pUC19 and 2 μg protein to a final volume of 10 μL.  The resulting DNA lengths were visualised on a 0.7 % agarose gel with lanes as follows; 1: HyperLadder™ Ikb (Bioline), 2: uncleaved pUC19, showing supercoiled, open circular and dimerized forms of the plasmid, 3: reaction mix containing BamHI cleaved plasmid minus SfsA and incubated on ice, 4: reaction mix minus SfsA and incubated at 37°C for 120 minutes, 5: reaction mix including wild-type SfsA incubated on ice, 6: reaction mix including wild-type SfsA incubated at 60°C for 30 minutes, 7: 60 minutes and 8: 120 minutes, 9: uncleaved pUC19, showing supercoiled, open circular and dimerized forms of the plasmid, 10: reaction mix containing XbaI cleaved plasmid minus SfsA and incubated on ice, 11: reaction mix minus SfsA and incubated at 37°C for 120 minutes, 12: reaction mix including wild-type SfsA incubated on ice, 13: reaction mix including wild-type SfsA incubated at 60°C for 30 minutes, 14: 60 minutes and 15: 120 minutes

[bookmark: _Toc288052298]Chapter summary

The structure of wild type E. coli SfsA bound to DNA is the first of its kind in the study of SfsA.  Not only is a canonical B-form DNA helix represented as the substrate, but the enzyme is found in its post-reaction state with the cleaved nucleotide still bound within the active site.  This structure furthers our understanding of the processes of SfsA, from providing a mechanism for 3’ to 5’ exonuclease cleavage to allowing observation of the structural changes that occur in the substrate and protein as a result of their interactions.

Changes to the structure of the DNA binding cleft and cavity above the active site were noted.  There is a closing of the two domains of SfsA in response to binding DNA, which can be described as a 10° rotation about an axis between the domains.  This movement allows full contact of the protein with the DNA, with residues on the moving Lβ4-β5 and Lβ7-β8 loops hydrogen bonding with the phosphate backbone.  This confirms that the positively charged cleft comprising the concave face of E. coli SfsA is analogous to the cleft of P. furiosus SfsA, which had been previously seen to bind the DNA backbone in an SfsA-DNA complex structure.  However, movement in the cleft is not seen in the P. furiosus variant, perhaps due to adaptation for thermostability.  As an interesting aside, the greater flexibility of the E. coli SfsA may be the cause of its reluctance to crystallise compared to the (often) ready crystallisation of P. furiosus SfsA.

Movement of the cavity entrance residues T38 and R156 enables the side chains of each to contact the cleaved cytosine nucleotide, stabilising the position of this molecule following (and perhaps during) the cleavage reaction.  The cavity structure allows the nucleotide a route of exit from the protein without interference from the remaining substrate.  The movement of these residues into place may have been promoted by the movement of the conserved RF motif residues into the helical stack of the DNA.

A significant change in position between the phenylalanine 19 side chain of the apo and DNA-bound structures shows that the residue can intercalate into and out of the DNA.  Once inserted into the DNA, it stabilises the base stacking in the region whilst creating a large bend in the DNA structure.  Arginine 18 is also seen to enter the duplex where it forms weak stabilising interactions with the DNA RF motif, though it does not appear to be instrumental in this role.  The full purpose of these residues is still not clear.  It is likely that they are required for the bending of the DNA into the active site, but they may also play a role in substrate determination.  In the E. coli SfsA-DNA complex, the RF residues do not insert into a gap as in the P. furious SfsA-DNA complex and are not required for stabilising an unpaired base.  Instead the residues infiltrate between two base pairs at the join of one nucleotide to the next in sequence, where this join replicates a break in the phosphate backbone.

The bending of the DNA appears to be a common feature of SfsA interactions with the substrate.  A bend of around 100° is seen at the site of SfsA binding in the E. coli SfsA-DNA complex and analysis of the DNA shows that the structure is essentially that of B-form DNA, with buckling of the bases at the site if RF insertion creating a distorted structure.  Some of the base pair parameters tend towards A-form DNA, a more compact structure with base pairs not positioned perpendicular with respect to the helical axis (as in B-form) but instead rotated.  This may be due to the sandwiching of the DNA between the RF residues inserted into the helix and the clamp of the DNA binding cleft, although is assumed that some tension is relieved through cleavage of the scissile phosphate.

The ability to cleave DNA is due to the presence of the native catalytic metal magnesium in the active site.  This metal forms an octahedral conformation where three coordination bonds are made with the protein and a further three are made with water.  These waters have been assigned roles in catalysis with a one-ion mechanism proposed.  This is the only SfsA structure to contain the native metal and gives a good representation of the natural structure of the active site.




[bookmark: _Toc288052299]Discussion and future work
[bookmark: _Toc288052300]A comparison of SfsA with the prokaryotic DNA repair enzyme MutM

Throughout the chapters of this thesis, the functions of SfsA and its mode of action have been slowly unravelled through the structural and functional studies performed.  Although there is still some way to go before the full mechanism of the protein is determined, a comparison of the enzyme with other proteins that exhibit similar structural motifs may help in the piecing together of the puzzle.

One such protein is MutM.  Revealed through structural homology searches using ASSAM (Nadzirin, 2012), MutM is a prokaryotic DNA repair enzyme that recognises and removes the mutagenic 8-oxoguanine (oxoG) DNA lesion through hydrolysis of the glycosidic bond.  This structure was highlighted in this search due to the similarity between the conserved RF residues of SfsA and residues required for substrate interaction in MutM, despite the fact that MutM is phylogenetically unrelated to SfsA.

The structure of MutM bound in complex with its substrate (pdb: 1R2Y) shows the side chains of residues R112, F114 and M77 are inserted into a gap in the DNA substrate, extruding an 8-oxoguanine base into a highly specialized recognition pocket and, in so doing, positioning the glycosidic bond at the active site for cleavage.  The residues R112 and F114 of MutM analogous to the conserved residues of SfsA and appear to perform a similar function.  F114 enters the helix on the 5' side of the oxoG lesion to form T-stacking interactions with the mutated base and π-stacking with its former base pair partner.  R112 occupies the space left vacant by the flipping out of the oxoG base, where it hydrogen bonds to the excised base and π-stack with the base 5’ to the lesion (Fromme, 2002).  Therefore the insertion of R112, M77 and F114 both destabilises the DNA to promote distortion of the structure to facilitate extrusion of the oxoG lesion, and yet supports the DNA to maintain stability within the helix.  

This parallels the activity the RF residues of SfsA, which can also intercalate into an intact DNA strand as demonstrated by the E. coli SfsA-DNA complex structure.  Here, the DNA is destabilised though the formation of a double-kink and the normal B-form of the helix is disrupted.  Like MutM, SfsA can also cleave into an intact DNA structure, as shown through activity assays that show the cleavage of covalently closed DNA during qualitative activity assays.

The functions of the conserved RXF motif of MutM have been investigated using mutagenesis techniques in the same way that SfsA too is being probed.  Structural studies indicate that F114 acts as a wedge to induce a bend in the DNA conformation.  The oxoG lesion buckles away from the F114 aromatic ring, making the phenylalanine solely responsible for putting the target base pair under conformational and steric stress.  A singular point mutation of F114 to alanine has demonstrated the necessity of this residue for interjecting into the helical stack in the position 3’ to the target base.  The same distortion of the DNA is not present in the mutant structure (Qi, 2013).  This may link to the function of the SfsA phenylalanine and the ~100° bend that has been observed in both SfsA-DNA complex structure.

Both stabilisation during the binding event and catalytic activity at the active site of SfsA may be reliant on the bending of the DNA duplex at the site of RF insertion.  Biochemical assays show that F114A MutM mutant retains its catalytic competence and yet the rate of oxoG removal is significantly diminished compared to that of the wild type.  The reason for this is likely due to the lack of DNA bending, which is measured to be around 75° for the wild type enzyme (Fromme, 2002).  The inability of the mutant to alter the bend of the substrate is theorised to disallow the correct conformation of the scissile base at the active site or else prohibit the optimal position for base rotation into the binding pocket.  
The reduced rate of reaction seen in assays concerning E. coli R18A, F19A SfsA and P. furiosus R20A, F21A SfsA may have the same underlying cause.  In the absence of the phenylalanine side chain the mutant SfsAs have no method of strand disruption.  In this case the DNA cannot be bent to fully contact the binding surface and the scissile base cannot be optimally positioned at the active site. 
This function of SfsA has been previously alluded to upon discovery of its role as a DNA-binding protein at the mal operon.  It was speculated that SfsA might be involved in the bending of the mal promotor that is considered to be required for the full expression of the genes (Kawamukai, 1991; Raibaud, 1989).  The CRP protein that, under normal physiological conditions, activates transcription at the mal operon has been found to bend the DNA by ~90° (Schultz, 1991).  In the original study of SfsA function, the protein was hypothesised to be a positive regulator in the amylomaltase pathway under conditions of a modified CRP allele despite the protein having no apparent signal sequence.  It may be that bending of the DNA by SfsA mimics the action of CRP and allows the RNA polymerase to bind in the same fashion. 

Though the formation of a gap in the substrate is credited to the phenylalanine side chain, the stabilisation of the gap is dependant on the presence of R112.  Crystallographic studies with an R112A MutM mutant have suggested that the primary role of this residue is to invade the helical stack to directly compete with the target oxoG base for hydrogen bonding interactions at the Watson-Crick face of its paired partner.  This promotes extrusion of the oxoG base and stabilises the gap in the DNA (Qi, 2009).  Although there is no evidence for base flipping in the case of SfsA, the P. furiosus SfsA-DNA complex shows R20 stabilises a gap that could resemble a gap created by an excised base.  This same complex could be formed following cleavage of a nucleotide during exonuclease activity, which has been confirmed though structural studies and in quantitative DNA degradation assays.  With the removal of a base on the scissile strand, its former base pair partner will need to be stabilised if the enzyme is to continue cleavage.

Functional studies using a R112A mutant of MutM have revealed a role additional to the stabilisation of the unpaired base.  The arginine side chain may be required for translocation along the DNA and identification of the target substrate (Qi, 2012).  Co-crystallisation of MutM with DNA has demonstrated two conformations of the substrate, designated as ‘slanted’ or ‘unslanted’.  The unslanted model denotes the ‘interrogation complex’, where MutM is bound to a complete DNA duplex.  The slanted structure is thought to describe the appearance of the DNA when one strand has moved over the protein surface by one nucleotide step.  These structures are hypothesised to represent the movement of the protein along the substrate before interrogation of the OxoG base.  

An R112A mutation of MutM allows free transition between these states, indicating that this residue may be responsible for maintaining the unslanted state of the DNA and allowing base examination.  In this way, the arginine side chain has anchored the protein to the substrate.  This can be extended to theorizing an essential role for the SfsA arginine translocation.  Though it has already been noted that F19 of E. coli SfsA can ratchet into and out of the DNA, the arginine residues of all wild type and mutant structures of SfsA are more flexible and can form a range of differing rotamers.  

If the function of the MutM arginine can be extended to SfsA, this may explain the contradictory data produced from the E. coli R18A, F19A mutants as presented in Chapter 6.  Although the mutant could not bind supercoiled pUC19 plasmid and continued cleavage at a significantly reduced rate when bound to the nicked species, the rate of reaction with DNA from herring testes was much higher than seen for the wild type protein.  If a role in anchoring and substrate sampling were true for R18 of E. coli SfsA, the mutation to alanine may have removed the ability of the enzyme to be selective and processive.  

As to why this is not the case with pUC19, it could be that the linear structure of the eukaryotic DNA is more conducive to rapid translocation, or there may have been greater availability of nicked DNA due to differences in sample preparation.  Residues that perform a similar motion to aid translocation are found in a variety of enzymes, including the prokaryotic DNA polymerase I (Golosov, 2010), the T7 RNA polymerase (Yin, 2004) and the hepatitis C virus NS3 helicase (Gu, 2010).



[bookmark: _Toc288052301]A putative reaction scheme for SfsA

To date, it is known that SfsA binds DNA from various sources (pUC19 from E. coli, DNA from herring testes), and binds to RNA non-specifically (Akerboom, 2007).  The structure of P. furiosus SfsA bound to DNA indicates that the pre-reaction complex can bind to a gapped DNA structure through insertion of the side chains of a conserved arginine-phenylalanine motif into the duplex.  As this structure did not contain metal bound at the active site, the SfsA was hypothesized to be inactive and so could not have caused the gapped structure itself through nuclease activity.  Therefore, the precise hydrogen bond stabilization of the unpaired base by the RF residues seemed more than coincidence, and alluded to specificity for a gapped substrate.  However, qualitative assays performed in this thesis show that a gap in the DNA is not required for binding in the wild type protein, with SfsA cleaving covalently closed plasmid.  So, the protein must be able to bind and interject into a continuous DNA structure.  

This has been shown in the structure of E. coli SfsA bound to DNA in a post-reaction complex.  Comparison of this structure with the wild type protein and various mutants, it can be concluded that the RF motif can ratchet into and out of the DNA structure.  In doing so, an approximate 100° bend is seen in the DNA duplex that is a feature common to both pre- and post-reaction complexes.  Whilst there is still further work to be completed on the enzyme before the full story is known, a putative reaction scheme for E. coli SfsA can be suggested:

1. Before attachment to a substrate, E. coli SfsA first attaches to double-stranded DNA when the domains are rotated into an open conformation, with the binding cleft widely spaced and the gatekeeper residues forming the cavity entrance open.  This state can be demonstrated in the apo wild type structure of E. coli SfsA.  As no conformational change has taken place, the protein can readily and rapidly associate with, and dissociate from, the substrate.  The R18 side chain may probe the substrate for a specific binding site, as is seen for R122 in MutM (Figure 8.1).
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Figure 8.1:  A simulation model of E. coli SfsA in contact with canonical B-form DNA, with the open form of the protein taken from the apo wild-type structure (PDB: 4DA2, Allen, 2011) and the position of the DNA within the binding cleft extrapolated from the DNA-bound structure presented in this thesis.  A) The position of the R18 side chain (as crystallographically determined) is highlighted in red, showing the high likelihood of close proximity to the potential substrate.  B) A side view of the model, showing how SfsA may diffuse along the substrate surface when the DNA is unwound from the supercoil and unbent.


2. To reduce mobility of the protein and to anchor the structure once the site of cleavage has been identified, the conserved RF residues insert their side chains into the helical stack.  This stage is demonstrated in the DNA-bound structure of E. coli SfsA.  In this structure, the α-carbon backbone of the Lβ1-β2 loop containing the R18, F19 resides has moved towards the substrate by 1.8 Å to allow intercalation of the RF residues into the substrate (Figure 8.2).  This perhaps precipitates the rotation between the restriction endonuclease-like domain and the OB-fold.

3. The pressure of F19 insertion into the helical stack causes a bend in the DNA, bringing the substrate into close proximity to the active site (Figure 8.2). With the domain motion, the DNA binding cleft is able to form extensive hydrogen bonds with the phosphodiester backbone, so stabilising the bend in the DNA.
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Figure 8.2: The insertion of the conserved RF residues into the helical stack and the substrate bending to position the phosphodiester backbone for cleavage.  A) The superposition of wild-type E. coli SfsA apo and DNA-bound structures, with an uncleaved DNA phosphodiester backbone modelled.  This shows the rotation of the phenylalanine side chain to π-stack with the nucleotide opposite the site of cleavage.  B) A side view of the DNA-bound E. coli SfsA, with DNA from the adjoining asymmetric unit shown to demonstrate the 100° bending of the DNA, although the initial bend is unlikely to be so extreme before the first cleavage event.  C) A model demonstrating the pre-cleavage complex at the active site, which is shown in red and includes the conserved residues, catalytic Mg2+ and complexed water molecules.  D) The post-reaction complex as seen in the DNA-bound E. coli SfsA structure.

4. The first phosphidiester cleavage can now take place.  The protein is thought to first act as an endonuclease, as shown through gel-based activity assays that show the degradation of covalently closed plasmid to open circular and linear forms.  Such a nick in the DNA backbone would relieve tension in the DNA due to the bend in the structure and perhaps a greater bend in the helical axis may be seen as a result.  The ~100° bend in the E. coli SfsA-DNA complex is made possible through the unpaired backbone phosphate 3’ to the scissile base.

5. To continue diffusion along the substrate after the cleavage reaction, the clamp of the protein caused by rotation of the two domains towards one another must be released and F19 can move out of the substrate.  When the DNA-bound and apo structures of E. coli SfsA are compared, it can be seen that rotation of F19 to contact the DNA would cause a steric clash with T38 positioned on loop Lβ3-α1.  Therefore, movement of the F19 side chain could cause a resulting 2.0 Å shift in the Lβ3-α1 loop and therefore breaking of hydrogen bonds in this region (Figure 8.3).  

[image: ]
Figure 8.3: The effects of F19 rotation on the position of the cavity entrance gatekeeper residues T38 and R156, and their interractions with the exiting nucleotide, as shown through superposition of the DNA-bound (red) and apo (white) E. coli SfsA.  Arrows represent differences in residue position and therefore predicted movement, whilst dashed lines identify hydrogen bonds.  When F19 is rotated into the helical stack, steric hinderance as shown by ‘!’ forces the movement of T38 towards the substrate, forming a closed cavity entrance.  Here, the T38 side chain hydroxyl and R156 guanidinium group each form hydrogen bonds with the nucleotide leaving group.  On relaxation of F19, the positions of T38 and R156 are likely to revert back to their previous positions, so releasing the nucleotide.
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Figure 8.4: Release of the cleaved nucleotide through opening of the cavity entrance allows translocation along the substrate.  A) A model of the apo structure of E. coli SfsA overlayed with the substrate as seen in the DNA-bound structure.  Residues coloured red demonstrate the theoretically moving components of the protein that, in the apo structure, form an open cavity entrance.  This allows release of the cleaved nucleotide, also shown in red, through the cavity.  B) An overlay of the DNA-bound P. furiosus SfsA and E. coli SfsA structures, with the position of the RF residues for both proteins highlighted (in white and red respecively).  The substrate depicted is the gapped composition of the P. furiosus structure, showing how a similar arrangement might be seen in the E. coli varient during an exonuclease reaction.  The conserved OB-fold and active site residues, active site magnesium ion and water molecules of the E. coli SfsA structure are shown in red, demonstrating that the protein is positioned to cleave the nucleotide 5’ to the gap.  
6. The removal of N37 and T38 hydrogen bonds allows the excised base to be released through the cavity.  With the removal of F19 from the DNA structure, the structure can relax to some degree and allow movement of the Lβ4-β5 loop back to its resting state.  Without this grip on the substrate, the protein is free to process along the duplex in the 3’-5’ direction.

7. At this stage the structure of the substrate is comprised of canonical DNA with a gap in one strand.  The base adjacent to the gap on the non-scissile stand will be unpaired and so the structure of the substrate resembles that seen in the structure of P. furiosus SfsA bound to DNA (Figure 8.4).  This unpaired base is stabilised by the reniewed insertion of the RF residues into the helix to once more instigate cleavage.  From this position, the enzyme can be said to cleave the substrate in an exonuclease fashion.
Although conjecture, many of the events described above are supported by structural and functional investigations into the relationship between E. coli SfsA and DNA.  However, there are aspects of the mechanism that have not been explained.  This includes the prompt for the movement of the RF residues into the helix, which appears vital for the instigation of binding and cleavage.

[bookmark: _Toc288052302]Future work to elucidate the reaction mechanism of SfsA

As can be seen from the amount of supposition in the above mechanism, it is clear that there is a lot still to investigate with both species of SfsA.  Whilst structural studies should continue, especially to obtain structures of the mutant enzymes bound to a substrate, there are many functional avenues to investigate that may help narrow down the function of SfsA.

Firstly, work with the active site mutants can be continued to further elucidate the metal ion requirements at the PD-(D/E)xK motif.  Metal binding competition experiments could be performed to elucidate the metal affinity and metal binding capacity for a range of divalent metal ions.  These studies would be useful in determining whether any of the active site mutants retain the ability to bind ions and if so, whether the species of metal had different effects.  This would be particularly useful for the residually active E. coli D121A SfsA and K132A SfsA that is inactive despite there being no direct contact between the residue and the metal.  However, metal binding information would be equally useful for the wild type proteins.

Relative metal binding affinities can be measured to give a preferential list of metals in order of binding ability using inductively coupled plasma (ICP)-mass spectroscopy (Sommer-Knudsen, 1997).  In these experiments all metals are removed from the protein and buffers through use of an effective and reliable chelator, ideally in column form such as a Chelex-100.  The protein is then exposed to increasing concentrations of metal that are removed from the buffer by filtration but should remain bound to the protein.  These can then be quantified by ICP-MS.

To quantitatively investigate the affects of mutations on the ability of the proteins to bind DNA, fluorescence anisotropy can be used.  This technique makes use of the unequal intensities of light emitted by a fluorophore along different polarization axes.  As such the experiment requires the use of a fluorimeter with a polarizer attachment, where the excitation polarizer is set to vertical and an emission polarizer is rotated between vertical and horizontal positions for each reading.  As the protein binds the tagged DNA, the tumbling rate of the substrate in solution is decreased and will show a difference in polarization.  Therefore, the protein should be titrated against the substrate to achieve a binding curve.

These tests have previously been carried out with the wild type SfsA proteins using a 36-base pair DNA duplex tagged on one strand with rhodamine green.  Increasing concentrations of SfsA were used to calculate approximate dissociation constants for duplex DNA.  The same experiments performed with the mutants may provide an interesting comparison, especially in the inactive mutants, as cleavage of the substrate was one noted disadvantage of using this technique with the wild type enzymes.  An advantage of this experiment is that the binding affinity of a range of substrates can be observed, including RNA.
The RNA binding ability of SfsA has not been investigates in this thesis.  All of the gel based qualitative assays can be carried out with RNA substrates to reveal binding and cleavage of the enzyme.  In addition, the P. furiosus SfsAs that were over-expressed in Rosetta™ cells can be investigated for the presence of RNA bound to the protein.  In Chapter 4, the failure to purify P. furiosus SfsAs from Rosetta™ cells was noted as a result of residual native nucleotides being bound to the protein.  As this issue is not seen in TUNER or BL21 cell strains, the identity of these nucleotides may be related to the additional rare codons provided by the Rosetta™ strain and the accompanying increase in rare tRNA.  The strength of binding may indicate a more optimal substrate for P. furiosus SfsA than previously seen.  If this overexpression were repeated with a His-tagged SfsA, such as that used for pull down assays (Akerboom, 2007), the identity of the bound nucleotides could be assessed.  This is similar to the co-purification experiments also performed by Akerboom et al. 

A distinction between the roles of arginine and phenylalanine residues in the RF motif could also be investigated, using the halfway mutations that were used to create the double mutant.  In the production of the RF to AA substitutions, the arginine mutation was made first for both P. furiosus and E. coli SfsA species, before using this plasmid to provide the template for the phenylalanine mutations.  Therefore, a R18A and R20A plasmid is already formed for each species respectively and would require over-expression and purification.  The structure and function of these mutants could then be determined as were the mutant SfsAs presented in this thesis.  This would be particularly interesting to compare to the E. coli double mutant R18A, F19A that is unable to bind supercoiled plasmid.  The presence of the F19 side chain and the absence of the R18 side chain may elucidate whether the phenylalanine alone is required for DNA bending and intercalation.

A larger project that may reveal the requirements for the RF residues whist providing additional information on the structural conservation between species would be the acquisition of eukaryotic SfsA structures.  Two species of eukaryotes, the potato blight Phytophthora infestans T30-4 and the harmful bloom alga Aureococcus anophagefferens CCMP1984 each contain two genes that have been assigned as putative SfsA genes.  Each of these genes is labeled as ‘SfsA’ due to sequence similarity with E. coli SfsA and accordingly, all contain the PD-(D/E)xK motif.  However, the RF residues are only present in one gene for each species, with the other not containing these formerly conserved residues.  The structures of these proteins and accompanying activity assays would be hugely interesting, if not just for a comparison between bacterial, archaeal and eukaryotic SfsAs.

[bookmark: _Toc288052303]Preliminary studies into the cellular function of SfsA

The putative sugar fermentation stimulation function of SfsA has been associated with the protein from the beginning of its characterization, with the discovery that overexpression of SfsA in the mutant E. coli strain MK2001 reinstates the cells ability to ferment maltose (Kawamukai, 1991).  This mutant strain cannot produce cAMP although it does contain a mutated cAMP receptor protein (CRP*1).  CRP*1 can bind to the promotor region of lactose operons in the absence of cAMP.  SfsA may be able to compensate for the absence of the cAMP-CRP complex as the transcription of malPQ and malE is proportional to the amount of SfsA produced in the presence of MalT.  However, none of the studies performed since have given an indication that SfsA is direct transcriptional regulator of gene expression.

A further clue for the cellular function of SfsA is the genomic context of the enzyme in E. coli and related species.  Significantly, the global regulatory protein DksA is positioned directly downstream from SfsA.  DksA is a nutrient responsive transcriptional regulator, which has been identified as being important in the prevention of conflicts between replication machinery and transcription machinery that has become stalled during nutritional stress (Tehranchi, 2010). Whilst the role of SfsA nutritional stress in uncertain, there are additional indicators that are suggestive of this function.

[bookmark: _Toc288052304]SfsA in the ‘E. coli Gene Expression Database’

The E. coli Gene Expression Database is an online collection of published E. coli gene microarray data that have been collated from public repositories.  A gene of interest can be searched for and all available microarray data returned, with the quantification of up-regulation or down-regulation as a response to the experimental challenge given.

Phenotypic microarrays that have included SfsA do imply a role in cellular stress, although not limited to nutritional stress.  The closest link to nutritional stress is the up-regulation of the SfsA by more than two standard deviations during two separate carbohydrate diauxie challenges.  One experiment involves the change in primary growth nutrient from glucose to acetate and another from glucose to lactose.  Diauxic growth of E. coli is biphasic, with an initial rapid growth phase as glucose is metabolized and a second slower growth phase, with the two separated by stationary growth during which the bacteria adapt to the secondary sugar.  It may be that SfsA contributes to cellular adaption during this stationary phase through its suggested role as a transcriptional regulator.  Additional microarray data show SfsA is up-regulated during the stationary phase of ordinary cell growth in a glucose-suplimented medium, in which available nutrients become limited.  The sfsA gene is also up-regulated in the recovery of E. coli cells from stationary phase and in conditions of excess incubation.  Increasing levels of ppGpp and the instigation of the associated stringent response pathway link all of the above environmental challenges.  An increased expression of SfsA during stationary phase has been previously suggested during investigations into the dksA gene, positioned directly downstream from sfsA (Chandrangsu, 2011).

Interestingly the greatest upregulation of the sfsA gene was seen during exposure to cadmium, where gene expression is increased 3-fold.  Cadmium elicits a range of stress responses in the cell, including the heat-shock, oxidative stress, SOS and stringent responses.  SfsA is down-regulated during the sigmaE transcription factor (rpoE) overexpression that increases cellular resistance to the effects of cadmium.
[bookmark: _Toc288052305]Preliminay studies into E. coli SfsA::kmr strains

As is detailed in the Materials and Methods chapter, E. coli-K12 SfsA knockout mutants have been produced using a recombineering approach.  This work was enabled by the help and expertise of Dr Matt Rolfe from the University of Sheffield.  The production of these cells was completed with the aim of investigating the cellular role of SfsA in E. coli and assessing growth in conditions of carbohydrate restriction.  These experiments were completed by growing the knockout strain and wild type cells in minimal media at 37°C, therefore enabling control of nutrients.  0.5 L of media in conical flasks were inoculated with a 5 mL starter growth in minimal media containing glucose.  The minimal media in the flasks contained either glucose or maltose and from these, 1 mL samples were taken every half hour from the inoculation point and continued until all samples had reached stationary phase.  Growth rates of wild type E. coli-K12 and the mutant strain in liquid culture were measured by OD600 and many repeats were performed.  Nonetheless, these preliminary experiments were inconclusive.

For the majority of experiments performed, the SfsA::kmr strain demonstrates a reduced growth rate during the log phase compared to the wild type when both are grown on maltose.  Although slower, growth of the SfsA::kmr strain progressed to stationary phase at the same optical density as the wild type.  For both mutant and wild type strains, stationary phase was reached at a significantly lower cell count when grown in maltose compared to glucose.  Both strains grew equally well on glucose-suplimented media.  From these results, it could be concluded that SfsA enables faster adaptation to alternative metabolic pathways, but is not essential for cell survival in nutrient-limited conditions.

However, despite the predominant trend indicated above ~30% of experiments show no difference in growth rate.  In one incidence, a difference between wild type and mutant growth rates in glucose rather than maltose was recorded.  Although experimental error could be responsible, these results correlate with the findings of Takeida et al., who produced an independent E. coli knockout strain during the first investigations of SfsA.  These experiments indicated that there is no correlation between the SfsA knockout stain and growth on varying carbohydrate sources (Takeida, 2001).  Because of the conflicting data, the results were not included in this thesis but certainly merit further investigation.  A more rigorous experiment may involve the use of phenotypic microarray plates, in which a large range of nutrient conditions can be tested and patterns extrapolated.

Additional growth studies were performed in response to the findings of the microarray search.  SfsA knockout cells grown in glucose-enriched minimal media were challenged with increasing concentrations of cadmium, due to the suggestion that SfsA may play a role in stress response pathways.  Although also preliminary and so should be treated with caution, there results were highly interesting and so have been presented here as a basis for further study (Figure 8.5).


[image: ]

Figure 8.5:  Measurement of the growth rates of wild type E. coli-K12 and SfsA::kmr strain when challenged with cadmium chloride.  As indicated in the legends, wild type (WT) and SfsA knockout (KO) cells were variously challenged with increasing concentrations of cadmium at the beginning of growth and once log phase had begun.

This work is by no means fully indicative of a cellular role for SfsA, but it does suggest that E. coli containing an SfsA knockout genotype can recover less rapidly from calcium exposure than wild type..  In addition, cells are seen to lyse int the presence of cadmium and absence of SfsA.  This indicates that SfsA is utilized for cell survival under stress conditions.  As cadmium is known to elicit a range of stress responses in E. coli, more extensive studies into which specific response SfsA may be involved with should be completed.  The effect of the heat shock response is easily determined, while others can be chemically instigated; use of hydrogen peroxide results in the oxidative stress response, nalidixic acid in the SOS response and DL-serine hydroxamate in the stringent response (Tamarit, 1998; Phillips, 1987; Ferullo, 2009).  These experiments have a large scope for investigation and can be broadened to use complementary techniques such as cryo-electron microscopy, as the results of specific stress responses alter the morphology of the cell and can be viewed directly.  Hopefully the production of the SfsA::kmr construct will enable a greater understanding of the cellular role of SfsA in the future.
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Data	
  processing	
  sta.s.cs	
  



Space	
  group	
   P41212	
  



Unit	
  cell	
  parameters	
  



a	
  (Å)	
   77.59	
  



b	
  (Å)	
   77.59	
  



c	
  (Å)	
   99.29	
  



α	
  (°)	
   90.0	
  



β	
  (°)	
   90.0	
  



γ	
  (°)	
   90.0	
  



Ma=hews	
  coefficient	
  Å3	
  Da	
   2.87	
  



Temperature	
  (K)	
   100	
  



X-­‐ray	
  source	
   I03	
  Diamond	
  light	
  source	
  



Detector	
   Pilatus	
  6M	
  



ResoluSon	
  (Å)	
   61.14-­‐2.48	
  (2.54-­‐2.48)	
  



Energy	
  (keV)	
   12.7	
  



Unique	
  observaSons	
   23889	
  (1580)	
  



Rmerge	
   0.22	
  (0.34)	
  



Rpim	
   0.09	
  (0.014)	
  



Completeness	
  (%)	
   99.2	
  (99.8)	
  



MulSplicity	
   7.7	
  (6.7)	
  



I/σ	
   7.7	
  (1.3)	
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Refinement	
  sta*s*cs	
   Sta*s*cs	
  



Resolu'on	
  (Å)	
   2.0	
  



Number	
  of	
  unique	
  reflec'ons	
   23889	
  



Molecules	
  per	
  asymmetric	
  unit	
   1x	
  SfsA,	
  1x	
  Oligo	
  X	
  and	
  1x	
  	
  
Oligo	
  Y	
  



Number	
  of	
  atoms	
   4169	
  



Number	
  of	
  waters	
   130	
  



Number	
  of	
  ions	
   1x	
  Mg2+	
  



Other	
  compounds	
   4x	
  Ethylene	
  glycol	
  



Unmodelled	
  residues	
   0	
  



Residues	
  truncated	
  to	
  Cα	
   0	
  



Ranachandran	
  favoured	
  (%)	
   96.12	
  



Ramachandran	
  outliers	
  (%)	
   0.43	
  



Poor	
  rotamers	
   1	
  



RMSD	
  bond	
  (Å)	
   0.0119	
  



RMSD	
  angle	
  (°)	
   1.5971	
  



Average	
  B-­‐factors	
  (Å2):	
  



•  Main	
  chain	
   32.263	
  



•  Side	
  chain	
   35.672	
  



•  Waters	
   39.137	
  



•  DNA	
  chain	
  X	
   34.879	
  



•  DNA	
  chain	
  Y	
   43.697	
  



•  Magnesium	
  ion	
   23.04	
  



R-­‐factor	
   0.21	
  



Rfree	
   0.27	
  



Molprobity	
  score	
   97th	
  percen'le	
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Component	
   Amount	
  
(g/L)	
  



Luria-­‐Bertani	
  (LB)	
  media	
  



Tryptone	
   10	
  



Sodium	
  chloride	
   10	
  



Yeast	
  extract	
   5	
  



LB-­‐agar	
  



As	
  above,	
  plus:	
  



Agar	
   15	
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Amount	

(g/L)	

Luria-Bertani	(LB)	media	

Tryptone	 10
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Agar	 15
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Species	
  
of	
  SfsA	
  



Point	
  
muta1on	
  



Forward	
  primers	
  (5’	
  è	
  3’)	
   Reverse	
  primers	
  (5’	
  è	
  3’)	
   Condon	
  
change	
  



Transcribed	
  sequence	
  
of	
  the	
  primers	
  



E.
	
  c
ol
i	
  



D121A	
   GAACGCAGCCGTATTGCGTTTA
TGTTGCAGGCG	
  



CGCCTGCAACATAAACGCAATA
CGGCTGCGTTC	
  



GAC	
  è	
  GCG	
  	
   ERSRIAFMLQA	
  	
  



E135A	
   TGCTATATTGCAGTGAAATCGG
TTACGTTAGCG	
  



CGCTAACGTAACCGATTTCAC	
  
TGCAATATAGCA	
  



GAA	
  	
  GCA	
  	
   CYIAVKSVTLA	
  	
  



K137A	
   TATATTGAAGTGGCATCGGTTA
CGTTAGCGGAG	
  



CTCCGCTAACGTAACCGATGCC
ACTTCAATATA	
  	
  



AAA	
  	
  GCA	
  	
   YIEVASVTLAE	
  



R18A	
   GCTAATTCAGCGTTACAAAGCT
TTTTTAGCCGATGTGATC	
  	
  



GATCACATCGGCTAAAAAAGCT
TTGTAACGCTGAATTAGC	
  	
  



CGT	
  	
  GCT	
  	
   LIQRYKAFLADVI	
  



F19A	
   CTAATTCAGCGTTACAAAGCT	
  
GCTTTAGCCGATGTGATCACAC	
  	
  



GTGTGATCACATCGGCTAAAGC
AGCTTTGTAACGCTGAATTAG	
  	
  



TTT	
  	
  GCT	
  	
   LIQRYKAALADVIT	
  



P.
	
  fu



rio
su
s	
  



D117A	
   GTTGGAGAATCCAGACTAGCG
TATTTGATTGAATGTTCG	
  



CGAACATTCAATCAAATACGCT
AGTCTGGATTCTCCAAC	
  



GAC	
  	
  	
  GCG	
  	
   VGESRLAYLIECS	
  	
  



E130A	
   TTCGTAATATTCGTAGCAACTA
AGAGTGCAGTTTTGAGG	
  	
  



CCTCAAAACTGCACTCTTAGT	
  
TGCTACGAATATTACGAA	
  	
  



GAA	
  	
  GCA	
  	
   FVIFVATKSAVLR	
  



K132A	
   TTCGTAGAAACTGCGAGTGCA
GTTTTGAGG	
  	
  



CCTCAAAACTGCACTCGCAGTT
TCTACGAA	
  	
  



AAG	
  	
  GCG	
  	
  	
   FVETASAVLR	
  



R20A	
   TTTTAAGAAGAGTTAACGCATT
TGTGGGATTGGTGAG	
  	
  



CTCACCAATCCCACAAATGCGT
TAACTCTTCTTAAAA	
  	
  



CGA	
  	
  GCA	
  	
   LRRVNAFVGLV	
  	
  



F21A	
   GAAGAGTTAACGCAGCTGTGG
GATTGGTGAG	
  



CTCACCAATCCCACAGCTGCGT
TAACTCTTC	
  	
  



TTT	
  	
  GCT	
  	
   RVNAAVGLV	
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Component	
   Amount	
  
(μL)	
  



To	
  a	
  final	
  volume	
  of	
  25μL	
  



10	
  x	
  Reac)on	
  buffer	
   2.5	
  



dNTP	
  mix	
   0.5	
  



Plasmid	
  (50	
  ng)	
   1	
  



Forward	
  primer	
  (125	
  ng)	
   2.5	
  



Reverse	
  primer	
  (125	
  ng)	
   2.5	
  



PfuTurbo®/Fusion®	
   0.5	
  











image27.emf



Temperature	
   Time	
   Stage	
   Number	
  of	
  cycles	
  



95°C	
   30	
  seconds	
   Ini0al	
  denature	
   1	
  cycle	
  



95°C	
   30	
  seconds.	
   Denatura0on	
  



18	
  cycles	
  55°C	
   60	
  seconds.	
   Annealing	
  



68°C	
   12	
  minutes	
   Extension	
  



68°C	
   10	
  minutes	
   Final	
  extension	
   1	
  cycle	
  



10°C	
   Un0l	
  required	
   Hold	
   1	
  cycle	
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Component	
   Amount	
  per	
  
gel	
  (μL)	
  



Amount	
  per	
  
gel	
  (μL)	
  



12	
  %	
  resolve	
   6%	
  stack	
  



30%	
  Acrylamide/bisacrylamide	
  (29:1)	
   2.5	
   0.75	
  



1	
  M	
  Tris.HCl	
   (pH	
  8.8)	
  	
  2.35	
   (pH	
  6.8)	
  	
  0.47	
  



MilliQ	
  water	
   1.28	
   2.46	
  



10%	
  SDS	
   62.5	
   37.5	
  



TEMED	
   6.25	
   3.75	
  



10%	
  Ammonium	
  persulphate	
  (fresh)	
   62.5	
   37.5	
  










Component	

Amount	per	

gel	(μL)	

Amount	per	

gel	(μL)	

12	%	resolve

	

6%	stack	

30%	Acrylamide/bisacrylamide	(29:1)	 2.5	 0.75	

1	M	Tris.HCl	 (pH	8.8)		2.35	 (pH	6.8)		0.47	

MilliQ	water	 1.28	 2.46	

10%	SDS	 62.5	 37.5	

TEMED	 6.25	 3.75	

10%	Ammonium	persulphate	(fresh)	 62.5	 37.5	
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Species	
  	
  
of	
  SfsA	
   Protein	
   Cell	
  Line	
   Post-­‐induc5on	
  



temperature	
  
Post-­‐induc5on	
  



5me	
  
E.
	
  c
ol
i	
  



Wild-­‐type	
   TUNER	
  (DE3)	
   37°C	
   6	
  hours	
  



D121A	
   TUNER	
  (DE3)	
   37°C	
   6	
  hours	
  



E135A	
   TUNER	
  (DE3)	
   20°C	
   Overnight	
  



K137A	
   BL21	
  (DE3)	
   20°C	
   Overnight	
  



RF19,18AA	
   BL21	
  (DE3)	
   30°C	
   4	
  hours	
  



P.
	
  fu



rio
su
s	
  



Wild-­‐type	
   TUNER	
  (DE3)	
   37°C	
   8	
  hours	
  



D117A	
   TUNER	
  (DE3)	
   37°C	
   8	
  hours	
  



E130A	
   TUNER	
  (DE3)	
   25°C	
   Overnight	
  



K132A	
   TUNER	
  (DE3)	
   25°C	
   Overnight	
  



RF20,21AA	
   TUNER	
  (DE3)	
   30°C	
   4	
  hours	
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Component	
   Amount	
  



To	
  a	
  final	
  volume	
  of	
  1	
  L	
  



Tris	
   4.8	
  mg	
  



EDTA	
   0.37	
  mg	
  



Ace3c	
  acid	
  (100%)	
   1.14	
  mL	
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Component	
   Amount	
  
(μL)	
  



To	
  a	
  final	
  volume	
  of	
  100	
  μL	
  



CutSmart™	
  buffer	
   10	
  



pUC19	
  plasmid	
   60	
  



Restric9on	
  endonuclease	
   6	
  











image32.emf



Primers	
   Sequence	
  (5’-­‐3’)	
  



Forward	
   TAAAACGCTGGGCGCTAACGCAATAACAAGGATTGTCGCAGTGTAGGCTGGAGCTGCTTC	
  	
  



Reverse	
   GCACGCGACCAGAATGTAAATTAACCAGTTACTTACTTTACATATGAATATCCTCCTTAG	
  	
  










Primers	 Sequence	(5’-3’)	

Forward	 TAAAACGCTGGGCGCTAACGCAATAACAAGGATTGTCGCAGTGTAGGCTGGAGCTGCTTC		

Reverse	 GCACGCGACCAGAATGTAAATTAACCAGTTACTTACTTTACATATGAATATCCTCCTTAG		
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Temperature	
   Time	
   Stage	
   Number	
  of	
  cycles	
  



95°C	
   30	
  seconds	
   Ini0al	
  denature	
   1	
  cycle	
  



95°C	
   20	
  seconds.	
   Denatura0on	
  



25	
  cycles	
  50°C	
   10	
  seconds.	
   Annealing	
  



70°C	
   30	
  seconds.	
   Extension	
  



70°C	
   5	
  minutes	
   Final	
  extension	
   1	
  cycle	
  



10°C	
   Un0l	
  required	
   Hold	
   1	
  cycle	
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Primers	
   Sequence	
  (5’-­‐3’)	
  



Forward	
   CAATAACAAGGATTGTCGCA	
  	
  



Reverse	
   AGAATGTAAATTAACCAGTTACTTACTTTA	
  	
  










Primers	 Sequence	(5’-3’)	

Forward	 CAATAACAAGGATTGTCGCA		

Reverse	 AGAATGTAAATTAACCAGTTACTTACTTTA		
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Component	
   Amount	
  (μL)	
  



To	
  a	
  final	
  volume	
  of	
  25	
  μL	
  



BioMix™	
  red	
   15	
  



Forward	
  primer	
  (3	
  μM)	
   2	
  



Reverse	
  primer	
  (3	
  μM)	
   2	
  



Solubilised	
  cells	
   5	
  










Component	 Amount	(μL)	

To	a	final	volume	of	25	μL	

BioMix™	red	 15	

Forward	primer	(3	μM)	 2	

Reverse	primer	(3	μM)	 2	

Solubilised	cells	 5	
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Temperature	
   Time	
   Stage	
   Number	
  of	
  cycles	
  



95°C	
   2	
  minutes	
   Ini/al	
  denature,	
  
including	
  cell	
  lysis	
   1	
  cycle	
  



95°C	
   20	
  seconds	
   Denatura/on	
  



40	
  cycles	
  48°C	
   10	
  seconds	
   Annealing	
  



70°C	
   30	
  seconds	
   Extension	
  



70°C	
   5	
  minutes	
   Final	
  extension	
   1	
  cycle	
  



10°C	
   Un/l	
  required	
   Hold	
   1	
  cycle	
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Component	
   Amount	
  
per	
  gel	
  



Addi0on	
  before	
  autoclaving	
  



To	
  a	
  final	
  volume	
  of	
  0.5	
  L	
  ,	
  pH	
  7.4	
  



Di-­‐sodium	
  hydrogen	
  phosphate	
   3	
  g	
  



Potassium	
  di-­‐hydrogen	
  phosphate	
   1.5	
  g	
  



Sodium	
  chloride	
   0.25	
  g	
  



Addi0on	
  a@er	
  autoclaving	
  



Trace	
  elements	
   325	
  μL	
  



Glucose/Maltose	
   1	
  g/1.8	
  g	
  



10	
  mg/mL	
  Thiamine	
   50	
  μL	
  



0.25g/mL	
  Ammonium	
  sulphate	
   2	
  mL	
  



1M	
  Magnesium	
  sulphate	
   0.5	
  mL	
  



1M	
  Calcium	
  chloride*	
   0.5	
  mL	
  



Component	
   Amount	
  per	
  gel	
  
(mg)	
  



Trace	
  elements	
  



To	
  a	
  final	
  volume	
  of	
  70	
  mL,	
  pH	
  8.0	
  



Calcium	
  chloride	
   550	
  



Manganese	
  sulphate	
   140	
  



Copper	
  sulphate	
   40	
  



Zinc	
  sulphate	
   220	
  



Cobalt	
  chloride	
   45	
  



Sodium	
  molybdate	
  	
   26	
  



Hydrogen	
  borate	
   40	
  



Potassium	
  iodide	
   26	
  



EDTA	
  	
   500	
  



To	
  a	
  final	
  volume	
  of	
  100	
  mL,	
  pH	
  8.0	
  



Iron	
  (II)	
  sulphate	
   375	
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C)	
  	
  P.	
  furiosus	
  E130A	
  SfsA	
  



D)	
  P.	
  furiosus	
  E130A	
  SfsA	
  
	
  



A)	
  	
  E.	
  coli	
  E135A	
  SfsA	
  



B)	
  	
  E.	
  coli	
  E135A	
  SfsA	
  



1.4	
  mS	
  cm-­‐1	
  



15	
  mS	
  cm-­‐1	
  



45	
  mS	
  cm-­‐1	
  



0.7	
  mS	
  cm-­‐1	
  










C)		P.	furiosus	E130A	SfsA	

D)	P.	furiosus	E130A	SfsA	

	

A)		E.	coli	E135A	SfsA	

B)		E.	coli	E135A	SfsA	

1.4	mS	cm-1	

15	mS	cm-1	

45	mS	cm-1	

0.7	mS	cm-1	
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B)	
  	
  P.	
  furiosus	
  R20A,	
  F21A	
  SfsA	
  



A)	
  	
  E.	
  coli	
  R18A,	
  F19A	
  SfsA	
  



1.1	
  mS	
  cm-­‐1	
  



0.4	
  mS	
  cm-­‐1	
  










B)		P.	furiosus	R20A,	F21A	SfsA	

A)		E.	coli	R18A,	F19A	SfsA	

1.1	mS	cm-1	

0.4	mS	cm-1	
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100	
  μm	
  



A)	
   B)	
  










100	μm	

A)	 B)	
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C)	
  



A)	
   B)	
  



D)	
  










C)	

A)	

B)	

D)	
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B)	
  



A)	
   D121	
  



F122	
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Refinement	
  components	
   D117A	
   D121A	
   E130A	
   K132A	
  



Resolu'on	
  (Å)	
   1.42	
   2.68	
   2.50	
   1.9	
  



Number	
  of	
  reflec'ons	
   82111	
   15227	
   14165	
   18146	
  



Molecules	
  per	
  
asymmetric	
  unit	
  



2x	
  SfsA	
   1x	
  SfsA	
   1x	
  SfsA	
   1x	
  SfsA	
  



Number	
  of	
  atoms	
   3998	
   1917	
   1878	
   1885	
  



Number	
  of	
  waters	
   292	
   48	
   33	
   51	
  



Number	
  of	
  ions	
   0	
   0	
   0	
   0	
  



Other	
  compounds	
   0	
   5x	
  Ethylene	
  
Glycol	
  



0	
   0	
  



Unmodelled	
  residues	
   0	
   0	
   0	
   0	
  



Residues	
  truncated	
  to	
  Cα	
   0	
  
	
  	
  



0	
   0	
   0	
  



Ranachandran	
  favoured	
  
(%)	
  



95.9	
   94.4	
   91.7	
   96.5	
  



Ramachandran	
  outliers	
  
(number	
  of	
  residues)	
  



0	
   2	
   1	
   1	
  



RMSD	
  bond	
  (Å)	
   0.02	
   0.02	
   0.014	
   0.025	
  



RMSD	
  angle	
  (Å)	
   2.1	
   1.9	
   1.8	
   2.0	
  



Average	
  B-­‐factors	
  (Å2):	
  



•  Main	
  chain	
   A	
  (18.8)	
  
	
  B	
  (17.4)	
  



54.9	
   48.9	
   47.5	
  



•  Side	
  chain	
   A	
  (31.5)	
  	
  
B	
  (30.0)	
  



64.2	
   58.0	
   61.6	
  



•  Waters	
   30.6	
   54.1	
   51.7	
   30	
  



R-­‐factor	
   0.18	
   0.16	
   0.20	
   0.27	
  



Rfree	
   0.22	
   0.20	
   0.27	
   0.34	
  



MolProbity	
  score	
   93rd	
  
percen'le	
  



84th	
  
percen'le	
  



65th	
  
percen'le	
  



52nd	
  
percen'le	
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