CHAPTER 1

Mutlisubunit DNA Dependent RNA Polymerases

1.1 Introduction to RNA Polymerases

Expression of genetic information is as essential to life as DNA replication and its transmission.  Regulation of gene expression is a controlled cascade of biochemical events that require stringent control, such that an appropriate response to changing environmental stimuli can be adopted.  Units of genetic information, genes, specify the information necessary to make a particular protein.  However, DNA is not the direct template used for protein synthesis.  Instead, the cell employs complex machinery to make replicas of genes, called RNA molecules.  The process of copying DNA into RNA is known as transcription.  The major control point for gene expression is transcription. The enzyme that catalyses the synthesis of RNA from DNA templates, in a 5' to 3' direction, is the DNA-dependent-RNA polymerase (EC 2.7.7.6). The process of transcription is one of the most fundamental biological processes.  As such, the RNA polymerases (RNAps) are represented in all the kingdoms of life.   The complexity of the RNAp ranges from the single subunit phage and plastid enzymes through to the multisubunit enzymes of the archaea, bacteria, plants, fungi and animals. Transcription by the multisubunit RNAps generates three major forms of RNA molecules; messenger (m)RNA, transfer (t)RNA and ribosomal (r)RNA.  The mRNA carries the information necessary for protein synthesis (Figure1.1), whilst the tRNA, rRNA and other RNA molecules have either structural or catalytic functions (e.g. microRNAs). 
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Figure 1.1 - The flow of genetic information.  The standard flow of genetic information goes from DNA to functional proteins.  Transcription occupies a central point between replication (DNA synthesis) and translation (protein synthesis).

Transcription is a cyclical process, which has been subdivided into specific steps; these include pre-initiation, initiation, elongation, pausing and termination (Figure 1.2).  Although these events have been biochemically well-characterized, a structural knowledge of the complex and dynamic interplay of RNAp with DNA, RNA and accessory proteins, such as activators of transcription, is essential for a detailed understanding of transcription at a molecular level.  The prototypical multisubunit DNA-dependent RNAp is the Escherichia coli (Ec) RNAp.  In its simplest form, the bacterial RNAp consists of five subunits; two alpha, beta, beta-prime and omega (2'), referred to as core RNAp (E) 1.  In this form, the E is both sufficient and necessary for the basic transcription reaction (i.e. RNA chain extension or elongation), but is incapable of binding to DNA in a sequence specific manner.  DNA sequence specific initiation of transcription requires an addition protein, called a sigma factor ().  The -factor binds to E form a modified enzyme known as the holoenzyme, (2'abbreivated E), a process known preinitiation (Figure 1.2) 1.  The E is able to locate a discrete control sequence, known as the promoter, located immediately upstream of the gene start.  At the promoter an initial binary DNA-protein complex is formed.  Controlled transcription initiation clearly requires a higher complexity of RNAp than that required to carry out RNA synthesis per se.    Transcription initiation of specific sets of genes is often directed by one of a number of specific subunits (see section 1.2.1.4).  After transcription initiation, the -factor is released by RNAp (2 and references therein), or at least partially 3, leaving the core enzyme to carry out transcription elongation in a processive manner.  After the gene has been transcribed, signals are conferred to the core RNAp to release the mRNA and DNA, a process termed termination.
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Figure 1.2 - The transcription cycle can be divided into functionally distinct segments.
1.2 The Bacterial RNA Polymerase

The work presented within this thesis describes the macromolecular structure of different bacterial RNAps. Therefore, a detailed description of the bacterial RNAps and associated transcriptional control mechanisms are presented. Throughout this thesis, the data described refers to the Ec RNAp, unless otherwise stated.  During the period of this work a number of homologs structures have been solved that are beginning to reveal the mechanism of transcription.  These structures will be discussed in detail throughout this chapter.
1.2.1 The core RNA polymerase (E)

The bacterial E is the most basic catalytic unit that is capable of transcription. The core enzyme is comprised of five subunits (2') and is the best-studied enzyme of its class 4.   E has a simple pattern of formation (figure 1.3).  Two -subunits form a homodimer that is essential for RNAp assembly 5. The  subunit then binds onto the -dimer 6, followed by the 'heterodimer 7. The assembly pathway of the RNAp is conserved in yeast 8; 9.

 +  → 2 → 2 → 2'
Figure 1.3 – The assembly pathway of the bacterial mutlisubunit DNA dependent RNAp.  The first step is the formation of a homodimer by the -subunits. The  subunit then binds on to the 2 platform.  The ' and subunits form an independent heterodimer, which then binds to the 2complex to for the E.

The Ec -subunits are encoded by the gene rpoA (36.5 kDa, comprised of 329 amino acids). The  subunit is encoded by rpoB, and is the second largest subunit within the Ec enzyme.  This subunit is 1342 amino acids in length, with a molecular mass of ~150kDa. The Ec ' subunit, encoded by rpoC, is 1407 amino acids long (155.2 kDa). In Ec, the two genes encoding the largest subunits,  and ', are transcribed from a single operon.  The  and ' subunit comprise 60% of the total mass of the RNAp and are principally responsible for most of the RNAp function. The subunit (encoded by the gene rpoZ) is only 110 amino acid residues in length 10.  Once assembled, the total mass of E is approximately 400 kDa. 

Sequence alignments and phylogenetic analyses (see appendix A) demonstrate unquestionable that all cellular multisubunit RNAps are evolutionarily related.  The homologs subunits are depicted in figure 1.4.  Each -subunit is comprised of two independently folded regions termed the N-terminal domain (NTD) and the C-terminal domain (CTD) 11; 12; 13 (Figure 1.5, top). The NTD is comprised of residues 1-235 and the CTD of residues 249-329 11; 14.  The NTD shares sequence, structural and functional similarity with both Rpb3 and Rpb11 15; 16; 17; 18. The CTD does not have a counterpart in either archaeal or eukaryotic RNAps. The -subunit can be divided up into nine separate regions (labelled A-I) 8; 19; 20. Two large deletions are commonly found in Gram-positive bacteria and chloroplasts  subunits when compared to the Ec  subunit.  These deletions are found between conserved regions B and C and between conserved regions G and H in the  subunit (see figure 1.5).   These two large insertions in the Ec  subunits have been termed dispensable regions (DR) as they can be deleted without affecting RNAp assembly or basal transcription in vitro 21; 22.  The blocks of sequence conservation and accommodation of such long insertions is indicative of a modular organization of independently folded discrete domains.  Furthermore, genetic splits can be engineered into the Ec  subunit at the positions of DRI and DRII, thereby disrupting the physical integrity of the  subunit, yet without affecting basic function 23; 24. Nevertheless, the DRs are not entirely redundant as point mutations that prevent Alc functioning in vivo, a  bacteriophage T4 protein involved in host transcription attenuation by mediating premature termination, are located within the Ec DRI 22.  
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Figure 1.4 - The multisubunit RNAp from archaea, eukaryotic (Pol I, II and III) and eubacteria share a high level of functionality and sequence similarity.  A solid block represents each subunit.  Those subunits shared between the eukaryotic polymerases (Pols I, II and III) are shaded the same colour. Subunits found in the same row share significant sequence similarity.  Gaps in a column indicate that no homologous subunit is found in that polymerase.

The  subunit equivalent in halophylic archaeabacteria is split into two separate peptides (see figure 1.3), termed subunit B and subunit B'.  In Ec, this split site is located between conserved regions D and E can be introduced into the Ec  subunit without loss of function 25.  Similarly, deletions in the variable region between regions D and E also do not severely impair core enzyme function 25.    

As with the subunit, there are a number of highly conserved regions that exist in the prokaryotic ' subunits and the achaeal and eukaryotic equivalents, (A’/A’’ and Rpb1 respectively) 8; 19; 20.  There are eight regions of conserved sequence (A-H) with an average of ~70% sequence similarity between the eubacertial subunits (see figure 1.5).  Approximately 200 amino acids between conserved regions 'G and 'H of Ec are absent from the ' homologs in Gram positive bacteria 26.   The Ec insertion between conserved regions 'G and 'H has been termed a dispensable region (DR). However, when the sequence of Ec is compared to that of the homologous subunit in chloroplasts, two large insertions of up to 400 amino acids in the chloroplast subunits are found 27; 28.  Split sites identical to those found in the chloroplast/archebateria have been introduced in to the Ec ' subunit without affecting the catalytic activity of E.  However, the RNAp containing the chloroplast split site in the ' was found to be defective in promoter clearance, whereas the polymerase containing the archaeal split in the ' subunit produced normal transcripts  25.  Furthermore, RNAps containing mutations (both point and deletion) within the 'DR resulted in enzymes that were defective in transcription cleavage and had significantly decreased rates of transcription elongation 29.   Transcript cleavage was also impaired by the binding of an antibody to 'DR.  Both of these phenotypes were thought to be due to a secondary affect of the mutations, a distortion of the surrounding conserved region structure 29.  Nedea et al have also identified mutations within 'DR that are defective in assembly 30.
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Figure 1.5 - Schematics of E Subunits.  Conserved primary sequence regions are marked by solid black boxes.  Grey boxes mark structural domains.  Top –  subunit.   The black bar denotes the two regions, NTD and CTD.  The conserved regions also correspond to the regions interacting with  or '. Middle –  subunit.  Rifr are rifampicin resistant sites and Stlr indicates streptolydigin resistant sites 31; 32.  The shaded regions indicate the two dispensable regions.  The conserved regions are labelled A-I.  ppGpp makes a region that has been implied to be involved in the stringent response affecting interaction with the effector nucleotide ppGpp.  Bottom – ' subunit. Stlr as above.  The region of ' interacting with 70 is denoted by a solid black bar. Conserved regions A-H are labelled.  Other key features are marked and discussed in the text
Sequence alignments have demonstrated that a short region of conserved residues between Rpb6 and  33.  Biochemical and structural analyses have confirmed that Rpb6 is the eukaryotic equivalent to 33.

In addition to the homologous bacterial subunits, the functional equivalents to the E from archaea and eukayotes contain many more subunits (10 or more) and are somewhat larger 34 ; 35, exceeding 0.5 MDa.  The single archaeal RNA polymerase is more closely related to the eukaryotic PolII RNA polymerase than to the bacterial enzyme 34.

A fundamental difference between the eukaryotic forms and the bacterial and archaeal forms of E is that there are three forms of multisubunit RNAp in eukaryotes, referred to as Pol I, II and III.  Pol I is responsible for rRNA and other catalytic RNA synthesis, Pol II for mRNA synthesis and Pol III for tRNA and 5S rRNA synthesis.  Each polymerase is comprised of more than 10 subunits (see figure 1.4) with some subunits common to all 3 polymerases, while other are coded for specifically.  The Sacchromyces cerevisiae (Sc) Pol II is the best-characterised eukaryotic RNAp.  The Pol II enzyme consists of 12 subunits, designated Rbp1 to Rpb12 36.  
1.2.2 Core Enzyme Structure

1.2.2.1 Overall Architecture of the

Although the assembly of core enzyme has been well understood for many years, it was only until the 3.3Å structure of the T. aquaticus (Taq) E revealed the precise arrangement 37.  The Taq E structure demonstrated that E formed a crab-claw shape 37 consistent with the lower resolution 2D-crystal Ec structures 38; 39; 40.  The two  subunits, the assembly platform, form the hinge of the crab-claw onto which the  and ' subunits bind.  One pincer of the claw is comprised largely of the  subunit, while the other pincer is comprised largely of the ' subunit 37.  These two pincers line a profound cleft or channel that is ~27Å wide 37. The catalytic Mg2+ ion is located deep within the cleft and is positioned by structures from both the  and ' subunits (see section 1.2.2.3).  The -subunits do not contribute to the active site. The overall dimensions of the E are 150Å long from back of the -dimer to the tips of the pincers, 115Å tall (measuring perpendicular to the channel) and 110Å wide (measuring parallel to the channel). RNAps exhibit an amazing charge distribution; the outside surface is predominantly negative, while the surface of the internal channel is largely positive 41; 42.  Such a distinctive distribution may be important in smoothly guiding the DNA to the central channel and preventing erroneous binding to the outer surface 41; 42.
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Figure 1.6 – Three orientations around E.  From left to right, E turned ~80o in a clockwise direction.  Top – Ribbons representation of the Taq E structure. The subunits are colour-coded as follows: I is yellow, II is green,  is cyan, ' magenta,  purple.  The active site magnesium ion is demonstrated as a red sphere.  The active site, is framed by three distinctive domains, the downstream lobe (DSL), upstream lobe (USL) and ' clamp. Key domains and structural features referred to throughout in the text are labelled.   The -dimer forms a stable platform at the “back” of E onto which the other subunits bind.  There structure of the  and ' subunits is very complex with many inter and intra subunit contacts. Noticeable, regions A, B and C are the only regions of either the  or ' subunits that do not make an intersubunit contact. Bottom – the distinctive charge distribution of E.   Residues are colour coded according to a according to whether they are negative (red), natural (white) or positive (blue).  The entrances and exits of the primary channel are indicated by the black arrows.
1.2.2.2 Subunit Structures and Interactions
More specifically, in all of the structures of bacterial mutlisubunit RNAps, only the NTD of the -subunits have been resolved.  This is thought to be due to the presence of a 14 amino acids linker 43; 44 connecting the NTD and CTD 37. Each NTD subunit has a flat, elongated structure comprised of two domains 15.  The first domain, referred to as domain 1, comprises of the N-terminal and C-terminal sequences (residues 1-52 and 180-235), the second domain contains the intervening sequence (residues 53-179) and is referred to as domain 2  (Figure 1.5).  In the Taq E structure, the (NTD dimer has a more concaved shape than the Ec dimeric form 37 due to repositioning of both of the insert domains (domain 2) 37.  Whether these are functional differences remains unclear.  Both domains 1 and 2 of the (NTD have an (/( fold.  Domain 1 contains the dimerisation interface between each (-subunit monomer and corresponds to the sequence conservation with Rpb3/11 15.  Within each dimer, the cross monomer interactions are largely mediated by four helices, two helices from each monomer, which interlock to form a hydrophobic core 15.  The structures of the (NTD dimers show that the CTDs are likely to be located on the outer face of the RNAp, consistent with the CTD functioning as an independent structural unit 12.   

The structure of the Taq E also confirms biochemical analyses that identified the key regions of the (NTD necessary for binding the of ( and (' subunits 5; 15; 37; 45. The ( subunit binds to one -subunit (amino acids 30-75), and this (2( complex bind ('via the other -subunit (amino acids 175-210).  Within RNAp, the -subunit bound by the ( subunit is referred to as I and the other as II.   The separate binding regions correspond to the conserved motifs of the (-subunit (black boxes in Figure 1.3).

The structure of the  subunit reveals that globally, it has a distinctive bilobed shape, which is predominantly -helical.   The  subunit is comprised of 9 distinct domains.  The downstream lobe (DSL) is comprised of domain 2, while the upstream lobe is comprised domains 1 and 3.  In the orientation shown in figure 1.6, the active site is found below the junction of the lobe domains. Under the upstream lobe is located an extended structural region called the flap (formed from regions F and H), which terminates the upstream end of the central cleft or channel.

The  subunit binds to I via conserved regions F, G, H and I 46; 47; 48.  Deletion mutants have shown that  conserved regions F, G, H and a short segment of region I forms a minimal structure capable of interaction with the  subunits, and that the specific protein-protein interaction formed by the a subunit and F and I, are essential for the stability of this structure 48.  The overall arrangement and functionally important residues involved in the : subunit interactions are conserved in the homologous subunits in the eukaryotic Pol II enzyme 48.  Parts of conserved regions 'C, 'D, 'G and 'H bind II 7; 37. 

Overall, the structural arrangement of the ' subunit is such that the N- and C-termini are in close proximity.  Furthermore, in Helicobacter pylori  and ' subunits are tethered 49, and the tethering of the Ec  and ' subunits does not impair function 50.  As with the  subunit, ' forms a number of structural domains exist (figure 1.5).  The 'A, 'B and 'C, together with the very C-terminal region of the  subunit form a distinctive domain known as the ' clamp domain, located in the opposite pincer to the majority of the  subunit.  Comparison of Taq E to a low resolution structure of the Ec E 51 has demonstrated structural variability in the positioning of this domain between the two bacterial enzymes.  This is unsurprising, as the corresponding domain in Sc has been demonstrated to show great variability in positioning between different crystallographic forms 41; 52. The ' clamp domain also contains a series of important structural motifs, a ' rudder, ' zipper and ' lid 37; 53.  These structural elements are all located within the DNA binding chennel and are conserved in Sc 16; 41. The ' zipper and ' lid lie 10 to 20Å upstream of the rudder 41.  The function of these elements and the motion of the ' clamp are discussed later. Both Taq and Tth contain a large insertion in the ' clamp domain, which is absent in Ec. The non-conserved region extends the tip of the upstream edge of the lower pincer.  The role of the N-terminal insertion in these bacteria is poorly understood, but it is thought that it may function in anchoring the -factor 53.  

In the structure of E, at the downstream edge of the central channel, the channel divides.  One of the channel divisions is located in the floor of the cleft and is termed the secondary channel. The structural element forming the division is known as the ‘bridge helix’, formed by part of region 'F.  The bridge helix plays a pivotal role in the catalysis, acting as a molecular switch (discussed further below). 

Biochemical and structural evidence has shown that wraps around the C-terminus of ' 33; 54; 55, increasing the fold/stability of the ' subunit 33; 56; 57, a role contrary to previous reports 58; 59. A 2D-crystal structure of the Ec core enzyme found that was disordered, suggesting that the module formed by it and the C-terminus of '  is flexibly linked to E  in Ec51.
Neither of the Taq  or ' subunits contain homologous insertions to any of the three Ec DRs.  Low-resolution structures have positioned the  subunit DRs, forming discrete domains found at the downstream end of the DSL (DRI) and the other DR, DRII, just behind the upstream edge of the USL 40; 51; 60.  To date, the position of 'DR has not been determined.

Although absent from the E structure, a solution structure of the Ec CTD showed that it is comprised of four short helices that formed a compact helix-hairpin-helix (HhH) fold 61.  The solution structure of Thermus thermophilus (Tth) CTD 62 demonstrated that the Ec and Tth CTD are unexpectedly very similar, as the two CTD only share 32% amino acid sequence identity 62.  Such observations suggest that evolutionary selection pressure has been directed more at structural conservation rather than the sequence conservation.

1.2.2.3 Structure of the Active Site

Nine distinct structural elements, five from the  subunit and four from the ' subunit, all at or nearly at highly conserved sequence motifs, are brought together in the tertiary structure to from the active centre 63. The structural elements make extensive intersubunit interactions.  These structural elements are located in six different domains of the subunits, reflecting modular organization of the active centre 63. In particular, the interactions formed between H and I and 'D position the active site motif –NADFDGD- that chelates the catalytic Mg2+ ion 64.  A second Mg2+ ion has also been observed, although with only partial occupancy, in the PolII structure 65.  This has led to the suggestion that the two metal ion mechanism of RNA elongation used by single subunit RNAps is conserved in multisubunit RNAps.  In the multisubunit, two Mg2+ active site, one ion is bound permanently, while the second is recruited via some unknown mechanism for each cycle of catalysis. The first metal ion causes deprotonation of the 3’ hydroxyl group of the nascent nucleic acid chain, thereby allowing nucelophilic attack by the 3’ hydroxyl group on the -phosphate of the NTP.    The presence of the second ion is stabilised by one of two different stages of catalysis. The first is during the  and  phosphates of the incoming nucleotide, which facilitates the formation of the pentacovalent transition state at the -phosphate of the NTP and thereby breaks the bond, releasing the PPi and the second Mg2+ 65; 66; 67. During hydrolysis, the second Mg2+ ion is co-ordinated by the phosphates of non-base paired nucleotides 67.  The bridge helix is thought to sense the presence of an incoming nucleotide and depending on its relationship and conformation to the permanent Mg2+ is thought to allow translocation of the E 65; 68.  The bridge helix occupies a very similar position in the organisation of the active site as the O-helix is the single subunit active site that is thought to mediate translocation, indicating that mechanistic and structural similarities exist between all RNAps 65; 69 (see figure 1.7). 
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Figure 1.7 - Structural similarity of the active sites in the T7 single subunit RNAp (A) and the Pol II multisubunit (B) active sites 69.  Similar structures are coloured the same.  The bridge helix and O helix (magenta) are both suitably positioned to sense the occupancy of the active site by either NTP or the 3’ end of the mRNA (yellow/yellow and red) . Figure taken from 69.

The Mg2+ co-ordinating -DxDxD- motif is conserved in both cellular RNA- and DNA-dependent RNAps.  In both polymerases this motif is found within a conserved double-psi -barrel structural sub-domain.  Interestingly, the -subunit also contains such a double-psi -barrel structural sub-domain that contributes to the active site cleft. This has lead to the suggestion that the ancestor of nucleic-acid RNA polymerases functioned as a homodimer of RNA-binding double-psi -barrel domains that lacked any catalytic activity, functioning as a cofactor for a ribozyme polymerase 70.

1.2.3 Comparison of the Core Enzyme to Yeast Pol II

1.2.3.1 The common subunits

Many comparisons to Sc Pol II subunits have been made so far, but the structural similarities are worthy of more discussion.  Overall, the structure of the bacterial E is highly similar to the structure of the Pol II, see figure 1.8.   The structural similarities between the eukaryotic RNAp and bacterial RNAp are greater than predicated by sequence alone 41; 42.   The equivalents to the NTD-dimer is the Rpb3:Rpb11 heterodimer (colour red), the equivalent to -subunit is Rpb2 (yellow) and the equivalent to the '-subunit is Rpb1 (blue) and the equivalent to the -subunit is Rpb6 (magenta). Pol II contains five addition subunits compared to Ec E, all of which are located around the tips of the jaws of the enzyme (white in figure 1.8).   Structural and sequence comparisons have shown that the majority of conserved residues map to the central core of the enzyme around the active site, but the structural similarity extends much further than the active site.  Furthermore, the distinctive charge distribution of channel and outer surface is conserved between the two RNAps (figure 1.6) 41; 42. 
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Figure 1.8 – Comparison of the structures of Sc Pol II and Taq core enzyme.  Homologous subunits are colour coded the same.  The largest subunit '/Rpb1 is coloured blue, /Rpb2 is coloured yellow, the  dimer is coloured red (Rpb3:Rpb11 heterodimer is the yeast equivalent).  Rpb6/are coloured purple.  Other subunits in Pol II where there is no bacterial equitant are coloured white and labelled.  Overall the structures are remarkably similar.

Such structural similarities between eukaryotic and bacterial RNAps 17, and the high sequence similarities between the archeal and eukaryotic polymerases, indicate that multisubunit RNAps share a common core structure, and thus a conserved catalytic mechanism.  The differences in sequence and structure between bacterial and eukartoic RNAps are found around the periphery of E, where interactions with other proteins occur, such as transcription activators 41.  This suggests that information learnt about basic RNAp mechanism from studying RNAp belong to any of the three kingdoms, archaea, eukarya and bacteria, are largely applicable to other multisubunit RNAps 17; 41; 42.  

1.2.3.2 Location of the Pol II specific subunits

The crystal structure of Sc Pol II lacks the normally present subunits Rpb4 and Rpb7.  The localisation of these absent subunits is an elegant example of how low resolution information can be combined with high resolution.   Difference mapping between the ~17Å wild-type cyro-EM structure and Pol II 4/7 provided gross structural information regarding the location of subunits 4 and 7 71.  However, the atomic structure determination of the 4/7 heterodimer homolog has enabled the docking of this structure onto the high resolution Pol II structure in the area demonstrated by difference mapping.  The docking procedure showed the remarkable complementation between the protein folds and charge distributions of interface between the 4/7 heterodimer and the Pol II 4/7  72.  The position of the docked heterodimer has revently been confirmed 73.  Subunits Rpb4/7 form a heterodimer that is readily dissociable from the rest of the polymerase.  Rpb7 contains a S1 motif in the C-terminal region, a motif characteristic of single stand nucleic acid binding protein.  Thus, from the Rpb7 sequence and structure it is hypothesised that it interacts with the nascent RNA strand.  Rpb4 is thought to stabilise the structure of Rpb7 72. 

Rpb5, another Pol II specific subunit is comprised of two domains domain.  The N-terminal domain is specific to eukaryotic organisms, and is involved in position of the downstream DNA 16; 41.  The C-terminal domain, termed the assembly domain is also found in archaeal RNAp, where it known as subunit H.  The presence of both Rbp5 and Rpb9 is to extend the jaws of the RNAp 16; 41. The role of Rpb8 remains unclear, but is known to be phosphorylated during transcription and may mediate as a switch or link between Pol II and the holoenzyme. Rpb10 and Rpb12 are located close to the interaction of both Rpb1 and the Rpb3:Rpb11 heterodimer, and fill a groove on the surface of Pol II 16; 41.  The role of Rpb10/12 is unclear, but their presence is thought to be in stabilising the interaction between Rpb1 and the Rpb3/11 heterodimer 48.

1.3 The Bacterial Holoenzyme

Transcription initiation is a multistage and complex process, which provides multiple (potential) control points for regulating gene expression.  One of the fundamental steps in transcription initiation is the conversion of the E from a non-specific DNA binding complex, to a specific DNA binding complex.  Specificity is achieved by the binding a dissociable -subunit to E, to form E 1. The reversible binding of different -factors allows the formation of a holoenzyme with different properties, which is able to distinguish between different groups of promoters.  In addition to promoter binding, is also involved in formation of the transcription bubble by interacting with the DNA 2; 74; 75; 76; 77; 78 and is a major target for many transcription activators and repressors 75.  

Genome sequencing has revealed that the numbers of -subunits in different bacterial species varies greatly.  In Mycoplasma genetalium there is a single -factor, whereas most bacterial genomes encode at least three -factors.  However, some organisms contain many more, for eaxmple Bacillus subtilis encodes at least 17 -factors and Mycobacterium tuberculosis encodes 13 -factors, while  Streptomyces coelicolor encodes 63 -factors 79.

Based on sequence, function and structure the different -factors identified in bacteria have been grouped into two classes, the -like and the -like  80; 81.  The majority of -factors belong to the -like class.  The -class shows no significant sequence similarity to the -class and forms a E with distinct functional properties.  For each class the archetypal member will be described. A brief summary of the alternative -factors found in Ec will be presented.  

1.3.1 The 70-like class 

The specificity factor responsible for the transcription of the majority of genes used during the exponential growth phase is 70.   is encoded by the rpoD gene, which produces a single peptide of 613 amino acids in length and 70.2 kDa in MW.  Members of the 70-like class of transcription factors all share similarity at the level of sequence and functionality.  Moreover, a subset of these -factors, the 70 type, is known as the primary -factors and direct expression of housekeeping genes 82. These -factors are constitutively expressed and are the most abundant -factor during all growth phases 82.   All the other -factors are known as secondary/alternative -factors.  There are divisions based on sequence similarity and function to produce subfamilies of secondary/alternative -factors, but all members of the -like class share common regions.  As such, 70 has been divided into four regions (see figure 1.9), with each region further subdivided based on details of their functionality 80.  
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Figure 1.9 – Schematic of the domain organisation of 70 domain.  Based on sequence conservation70 has divided up into four regions, which correspond to distinct structural domains.  These regions have been subdivided based on function.  Region 2 and 4 are involved in binding to the promoter, while region 1 has been implicated in autoinhibition.  The different regions are described  in detail in the body of the text.

1.3.2 70 Holoenzyme Structures

Intense biochemical studies and more recent structures of EA ( the E70 homolog) 53; 83; 84 from two closely related thermophilic bacteria, have resulted in an excellent understanding of the structural and functional relationship of these conserved regions.  

Although the binding of 70 to E confers DNA sequence specific binding on the E, 70 cannot bind to DNA on its own 85.  Biophysical and mutational experimentation have demonstrated that 70 undergoes a series of stepwise conformational changes during the binding to the E 85; 86; 87; 88; 89.  The dissociation constant of 70 to E is over 5 x 10-9M, effectively stable, and is the greatest of all -factors 90. Furthermore, the structures of 70 demonstrate that conserved regions 2, 3 and 4 each form independently folded -helical domains that are connected by unstructured linker sequences 53; 77; 84; 91; 92. The linker connecting domains 3 and 4 is very long (45Å) 53; 84; 92.  The structures of the 70 conserved regions are all located on the upstream side of the active site and form a very large interaction interface with the E (8230 Å) 53; 84; 93; 94.  Overall, the EA structure retains the crab claw shape observed in the Taq E structure 53; 84.  The binding of A causes the blocking of the DNA binding channel, but does not cause a difference in the size of the channel 53; 84.

[image: image9.jpg]p uoiboy  uolbay ON dwejo g X1I9H abpug ® o

Jiosu| |auuey)d |0
Aepuodag

¢ uoibay z uoibay





Figure 1.10A –Three orientations around Tth EA.  From left to right, EA turned ~80o in a clockwise direction.  Top – Ribbons representation of the Tth EA structure. The subunits are colour-coded as follows: I is yellow, II is green,  is cyan, ' magenta,  purple and A orange.  Bottom – demonstration of the structural difference between Tth EA and Taq E.   Tth EA is shown in the same orientations as above, but colour coded according to the rmsd of each residue.  The different colours reflects the rsmd value,  with blue indicating conserved residues, greens and reds progressively more variably positioned residues.  From this, it is clear that the clamp domain is a mobile domain.  The colour units are in angstroms.
Region 1, the majority of which is unique to the primary -factors, plays a critical role in inhibition of 70 DNA interactions in the absence of E.  This function has lead region 1.1 to be labelled as an autoinhibition region 85; 95. These autoinhibitory properties are thought to involve the overall negative charge of region 1 96, which may repel the DNA.  Evidence also suggests that region 1 is also required for the efficient initiation of transcription of some promoters, through stabilisation of the open complex 85, Vuthoori, 2001 #532.  Unfortunately, region 1.1 and some of region 1.2 was absent in the EA structures.  Proximity studies suggest that region 1 is located near to the downstream lobe in E70 97.

Region 2 forms the largest area of interaction between E and 70, wrapping around the ' clamp domain 53; 84. This region is the most conserved region and is present in all members of 70-like class, indicating its importance 80.  The ' clamp has a coiled-coil motif that has been demonstrated to be pivotal in binding of 70, via region 2.2 75; 84; 94; 98; 99; 100 Vassylyev, 2002 #669. Region 2.2 of 70 and residues 260-309 of the ' subunit triggers an allosteric change in the 70 that allows it to interact with the promoter DNA (101 and reviewed in 102).  The structures of EA demonstrated that the DNA binding helix of region 2, region 2.4, is surface exposed and available for DNA binding even in the unbound DNA form 53; 84.  The structures of 70/A demonstrate that region 2 is comprised of a bundle of three helices and is structurally very similar in Ec¸ Taq and Tth 53.

Region 3 forms a discrete domain containing a HTH motif 53; 92, which forms a weak interaction with the upstream edge of the  upstream lode 53. The domain is positioned such that it bridges the gap between A region 2, bound to the lower pincer, and the  upstream lobe of the upper pincer.  The long linker between region 3 and region 4 is comprised of 33 amino acids from region 3.2 53; 84; 92.  Region 3.2 winds close to the active site 103 and through a channel formed by the ' lid and -flap, the route thought to be taken by the RNA.  Mutational analyses have provided evidence that region 3.2 is involved in the stringent response. However, how region 3.2 performs this role remains to be elucidated.  

The final region, region 4, is localized at the C-terminal end of 70 and like region 2 is conserved in all 70-class members 75; 80.  This is not surprising as both these regions contain the sub regions necessary for recognition of the –10/–35 promoter elements 75; 80; 83 (see sections 1.4 and 1.5).  Region 4 is comprised of two HTH structures 53; 83; 84; 92.  This region is bound to the tip of the -flap domain on one side and the ' clamp on the other 53; 83; 84.

A series of proximity studies have indicated that alternative -factors occupy a similar binding pocket to 70 in their respective holoenzymes 104; 105; 106; 107.  The modular nature of 70 demonstrates how much shorter 70-like -factors can bind similar promoters.
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Figure 1.10B – This simple figure demonstrates the mobile domains that frame the active site. The  downstream lobe is coloured green,  upstream cyan, the  flap purple and the ' clamp red.  These domains are discussed throughout in the text.
1.3.3 Conformational Changes to E on formation of the E
Comparison of the two holoenzymes from Tth and Taq to the Taq E, have shown that between the two different functional forms there is a conformationally stable core structural unit formed by the NTD dimer, , and those regions binding of  and ' that bind to the NTD and form the active site 53; 84; 108.  However, four domains found at the tips of the pincers framing the active site (the  DSL,  USL,  flap and ' clamp) move as rigid bodies about the core structural 53; 84; 108.   The most prominent conformational change is that of the ' clamp, which swings out to open the DNA binding channel by more than 20Å (see figue 1.10, bottom).  As mention previously, this domain has shown conformational variability when comparing homologous structures 16; 41; 51; 52.   The flap also undergoes a significant repositioning due to the interaction with , which results in the twisting of the angle of the helix found at the tip of the flap domain 53; 84.  The lobes undergo relatively minor conformational changes, being shifted ~4Å 53; 84.  

1.3.4 Conformational differences between EA

Comparison of the two E structures demonstrate that there is variability in the positioning of mobile domains, although less so when compared to E 53; 108.    Again, the predominate domain movement is by the ' clamp domain, which appears to either close the DNA binding channel (Taq) or open the channel (Tth) 53; 84; 108. These comparisons have shown that the two domains comprised of regions 2 and 3, together with the ' clamp, move as a single unit.  region 4 and the  flap domain form another mobile module. Movements of these two modules appear to be independent 53; 84; 108.  Ec, Taq and Tth all contain insertions of differing length between conserved region 1.2 and 2.  Interestingly, although the structures of the conserved regions either side are highly similar, the fold of the Taq and Tth non-conserved regions are completely different to that in Ec non-conserved region 53.

1.3.5 Alternative -factors

Soon after the discovery of the first -factor, 70, there was speculation that other -factors would be found that would positively direct the RNAp to alternative promoters.  The first alternative -factors were found by Losick and Pero studying sporulation in B. subtilis 109.  Since then, many other alternative -factors have been characterised, directing the expression of a wide set of genes from heat shock to flagellum synthesis 110 (see Table 1.1).   A specific sub-group of -factors called ECF- 80 (many members involved in the expression of extra cytoplasimic genes) that display more sequence diversity.  Interestingly, the ECF s exhibit most sequence diversity in regions 2.3 and 2.4, which correspond to those regions that interact with the E and the –10 promoter element respectively.  Further sequence diversity is found in region 3 75. The function of the five alternative Ec -like proteins are outline below.

	-factor
	Size (aa)
	Gene
	[fmol/mg]

Epontential
	[fmol/mg]

Stationary
	Targets

	70, D
	613
	rpoD
	150
	150
	General housekeeping

	54, N
	477
	rpoN
	35
	35
	Various metabolic functions

	38, S
	362
	rpoS
	-
	55
	Stationary Phase

	32, H
	284
	rpoH
	-
	-
	Heat Shock response

	28, F
	239
	rpoF
	90
	90
	Flagella biosynthesis

	24, E
	202
	rpoE
	-
	-
	Extracytoplasmic/periplamic 

	18, FecI
	173
	fecI
	-
	-
	Extracytoplasmic and ferric uptake


Table 1.1 Ec -factors.  The intracellular concentrations of all 7  subunits were determined for both exponential and stationary phase of Ec W3110 strain 90.

S- When Ec cells enter nutrient limiting conditions, they stop growing exponentially and enter stationary phase.  Entry into stationary is marked by the switching off of a number of genes expressed in exponential phase (controlled by 70 promoters) and the switching on of genes involved in cell survival.  Most of the genes involved in cell survival are controlled by an alternative S. S shares many promoter specificities with 70, so ES is capable of transcription genes from both sets of promoter 90. 

H and E - Both of these alternative -factors play an important role in heat shock response.   A heat shock response is induced in Ec when growing temperatures exceed 40oC. At such times, H transcribes a number of protease and chaperon genes, whose products encode proteins that either degraded or refold thermally denatured proteins.  When growing temperatures exceed 50oC the heat shock is extreme and E is involved in increasing the levels of H and the induction of genes involved with dealing with periplasmic stress 90.

F- This alternative -factor is involved in the synthesis of the proteins involved in flagella manufacture, thereby allowing bacteria to move in response to chemical concentration gradients 90. 

FecI - FecI, the smallest known bacterial encoded -factor, is involved in the expression of the fecA operon, necessary for the citrate-dependent iron transport 90.
1.3.6 The 54-like class

1.3.6.1 Introduction to 54 

Historically 54, also known as N (the product of the rpoN gene), was identified as a factor necessary for expression of genes involved in nitrogen metabolism. The Ec 54 is a 54kDa peptide, comprised of 477 amino acids.   The E54 is functionally distinct from other holoenzymes as it has an absolute requirement for activation by an EBP (enhancer binding protein) before transcription initiation occurs 111.  The use of activators to mediate transcription initiation through the hydrolysis of ATP is atypical for bacterial, and is more commonly found in the case of transcription activation of the eukaryotic RNAp II 112.

Despite 54 historically being associated with nitrogen metabolism, 54 is present in many non-nitrogen fixing proteobacteria carrying out a variety of functions (see table 1.2). 54is also present in the Gram-positive B. subtilis where the 54 homolog, L, is involved in transcription of genes involved in the utilization or arginine/ornithine and transport of fructose 111. Overall, 54 is involved in the expression of genes involved in a diverse set of adaptive responses (see Table 1.2), the genes transcribed are disunited in their distribution and biological theme or activity.  It appears that a possible advantage of 54 is that expression of genes under E54 control are very tightly regulated.  Only very low levels of read through or leaky expression occurs in the absence of activation 113.  However, in the presence of an activator (in itself tightly regulated by environmental stimuli) there can be high levels of expression. 

1.3.6.2 Distribution and Expression of 54

Genome sequencing projects have identified open reading frames that potentially encode 54 genes in a diverse range of bacteria, including thermophiles, obligate intracellular pathogens, spirochete and green sulphur bacteria (reviewed in 114).  However, genome sequencing projects have also shown that 54 is not present in a range of bacteria 114.   Those organisms possessing 54 are not affected by the removal of the rpoN under favourable growth conditions, except Myxococcys xanthus where 54 seems essential for viability (reviewed in 111). 

	Promoter
	Gene Function

	argT
	Amino acid transport

	fdhF
	Fromate dehydrogenase H

	glnA
	Glutamine synthetase

	glnH
	Glutamine transport

	hycA
	Formate hydrogenase regulatory protein

	hypA
	Hydrogenase synthesis

	nac
	Nitrogen assimilation control

	pspA
	Phage Shock

	rtcBA
	RNA metabolism


Table 1.2 - A list of genes and their function that are under 54-depedent transcription control 114.

54 is constitutively expressed in most bacteria, but it is temporally regulated in Caulobacter crescentus and Chlamydia trachomatis.  There is also thought to be negative auto-regulation in several bacteria including Acinetobacter calcoaceticus, Azobacter vinelandii, Bradrhizobium japonicum, Klebisella pneumoniae, Pseudomonas putida and Rhiobiums etli (see 111 and references there in). Within exponentially growing Ec cells there are ~100 54 molecules. Therefore, 54 represent the third most abundant -factor, behind 70 and F 82. The number of 54 molecules far exceeds the number of promoter elements, which is less than 20 in the Ec genome 82.  This suggests that even low affinity promoters are occupied prior to activation.  Such a high occupancy seems necessary as the 54-specific activators do not recruit E54 to the promoter 111.

Most bacteria possessing 54 have a single copy of the rpoN gene, but there are examples where two copies are present in the genome e.g. B.  japonicum, R. etli and Rhodobacter sphaeroides 111.  The two copies of rpoN in B.  japonicum are nearly identical, where as those found in R. etli have numerous dissimilarities.

1.3.6.3 Domain Organisation 

As with 70, 54 can be divided up into separate regions based on sequence alignments and functional analyses 81 ; 115. Unlike 70, no high resolution structural data is available for 54 to enable the definition of domains.  Thus, based solely on biochemical and sequence evidence, 54 has been divided up into three separate regions, see figure 1.11.  
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Figure 1.11 –Organisation of 54.  54 is comprised of three distinct regions. Region I is involved in binding to activators and E.  Region II, representd by a black bar, is highly variable in length and coposition.  Region III contains both the strong E and DNA binding.  See text for details.

The N-terminal ~50 amino acids forms Region I (figure 1.11).  This region has two important roles.  The first is as a negative regulator, inhibiting polymerase isomerization and initiation in the absence of activation 116; 117; 118.  The second, as a positive element involved in responding to activators by stimulating initiation 117; 119; 120 (discussed further in chapter 7).   Region I is rich in glutamines and leucines.  The leucines have been hypothesised to form a leucine zipper like-structure, whilst the large amount of glutamines confer a predominately negative charge to Region I.  Region I is dispensable for E and DNA binding. Hydroxyl radical footprinting experiments have implied that there is a conformational difference in the carboxyl terminal region when Region I is deleted compared to the wild-type E54 121.

Region II is variable in length and composition.  In the species Rhodobacter capsulatus Region II is almost absent 111.  Generally, Region II has an acidic composition that has been implemented in triggering conformational changes that lead to DNA melting 122; 123.  It is also thought to play a role in DNA and E binding 124.  

Region III contains both the predominant E and DNA binding domains (figure 1.11).  The E binding interface of 54 is extensive, with a predominant E binding region in the N-terminus of 54 Region III result 125; 126; 127; 128.    Furthermore, E binding surfaces are found in the C-terminal DNA binding domain of region III 121; 129; 130.  

The DNA binding domains, although known to be located in C-terminal part of region III, still remain to be definitively characterised.  The C-terminal region has been implicated in DNA binding based on the observation that numerous mutation that eliminated promoter DNA binding are located in within this region 120; 131; 132; 133.  Within region III there is a highly characteristic motif of 10 amino acids (ARRTVAKYRE) that appears to be unique to the 54.  This motif is referred to as the RpoN box (Figure 1.11) and may form a DNA binding element (see section 1.4) 134.    The C-terminal 12 amino acids, located immediately after the RpoN-box have been demonstrated to be important for both function and structure 135. 

1.3.6.4 Holoenzyme formation 

Unlike 70, there is no autoinhibition of the 54 DNA binding domains that require the interaction of E before the promoter can be engaged. Indeed, 54 can stably bind to promoter DNA in the absence of the E 136, although the binding is weaker than E54.  The independent DNA binding of 54 has enable a key part of the transcription activation mechanism can be demonstrated by the use of just two protein components, 54 and an activator 119; 137.    The dissociation constant of 54 and E is  ~3 x10-9M and is thus very stable 90.  As with 70, there is a dynamic interaction between the E and 54.  After the initial binding of 54 to E, a slow conformational change takes place that stabilises the interaction 88.  Proximity studies have demonstrated that 54 forms an extend interface with E and occupies a similar binding pocket as 70 134; 138. 

1.3.7 Co-ordination of -factors

The relative levels of all the -factors vary greatly during the different growth stages (see Table 1.1).  In addition, the binding strength to E varies 88; 90.  During exponential phase 70 is the most abundant factor, accounting ~60% of all -factors 90.  Evidence suggests that in the cell, most core RNAps (approx 2000) are complexed with a -factor. However, at any time the -factors necessary for adaptation are available to allow rapid changes in gene expression.  So how does the cell stop the expression, for example of starvation genes during optimum grow, when the appropriate  exists? The main method utilised appears to be post-translation modification. A particular post-translation method employed by bacteria is the reversible binding of a protein inhibitor, known as an anti-139.  Anti-s are defined as having an ability to form a complex with its cognate sigma-subunit and thereby inhibit the -subunit function.  The use of anti- factors has primarily been investigated in B. subtilis (for a review see 140).  Among the seven -fators in Ec, anti- factors have been identified for three (70, F and E) 139; 141; 142. 

Another post-translation control mechanism is rate of protein turnover.  S is subject to a rapid turnover, such that levels of S are virtually undetectable during exponential growth (see Table 1.1).   The increased level in stationary phase of S (compare columns 3 and 4 of table 1.1) is partly due to the large increase in stability of the S protein.  The ClpP protease targets a 20 amino-acid region of S, located within the middle of S. ClpP is down regulated during stationary phase as the activity controlling protein RssB levels are reduced during stationary phase 82.

One of the best-studied examples of the use of alternative -factors to control gene expression is the starvation induce sporulation of B. subtilis.  It is not the scope of this work to describe every one the 17 B. subtilis -factors and the -factors particular role in the sporulation process.  However, figure 1.12 from a review by Kroos et al 143, demonstrates the complexity of the sporulation process.  Note the array of different factors used and their interdependence.
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Figure 1.12 - Regulatory network controlling factor synthesis and activation. Solid arrows indicate dependence relationships for factors and the products of genes that bring about morphological change. The two vertical lines represent the membranes that separate the mother cell and forespore after polar septum formation. Dashed arrows show signalling interactions between the two cell types that govern factor activation (short dashes) or synthesis (long dashes), from 143.
1.4 Holoenzyme Promoter Engagement

1.4.1 Promoter Localisation

Analysis of competition between promoters has indicated that downstream sequences (from the promoter) affected promoter occupancy far more than upstream sequences 144.   These observations have lead to the theory that the localisation of the DNA signal (promoter) is facilitated by linear diffusion.  Visual evidence for this method of locating promoter site by “walking” along the DNA came from scanning force microscopy studies (reviewed in 145).  

1.4.2 Promoter Engagement, E70 Closed Complex

A typical promoter recognised by E70 consists of ~60 base pairs (bp) of DNA, spanning from position –40 to position +20 with respect to the +1 position of the start of transcription 2; 146.  Such promoters contain two conserved hexameric sequences, one at –10 and one at –35.  Once E has bound 70, the promoter recognition determinants of 70 (regions 2.4 and 4.2) are solvent exposed and appropriately separated so that region 2.4 and region 4.2 can bind to the –10 and –35 promoter elements respectively, to from the initial closed complex.  The independent movement of the ' clamp/70-region 2 complex and the  flap/70-region 4.2 is essential for the fine tuning of the positioning of 70 on the –10 and  –35 promoter elements 53; 83; 84; 108; 147.  The positioning of the –35 recognition element may be further facilitated by the CTD 148 and/or activators at certain promoters (see section 1.4.3). Evidence suggests that promoter recognition of the –10 promoter element is mediated by the recognition of the non-termplate strand by region 2.3/2.4 78 ; 83; 149; 150.

In the closed complex organisation the –10 promoter element (-TATAAT-) passes through the V-shaped groove formed by regions 2 and 3 of 70 53; 83.  Region 2.4 contains the allele specific suppressors of promoter mutations in the –10 element, implicating these residues in base-specific interactions with the –10 element (75 and references therein).  Region 2.4 forms an amphipathic -helix, with the hydrophopic residues localised on the side of the helix that faces E, whilst the hydrophilic residues are all located on the other, solvent exposed face of the helix 77 that is found in the major groove of the DNA.  A less common promoter element (-TG-) that is found one base pair upstream of the –10 hexamer 151.  The TG upstream element is necessary for efficient transcription initiation from certain promoters (e.g. galP1)  152.    Region 3.0, formerly called region 2.5, is involved in contacting the element which is found in the same major groove as the –10 hexamer 83; 153.

Region 4 is involved recognition of the –TTGACA- of the -35 promoter element.  This protein-DNA interaction is mediated by the second HTH structure in region 4 83; 92.  The C-terminal helix binds of the second HTH binds in the major-groove of the DNA and makes extensive interactions with both strands of the DNA, from –30 to –38 bp, completely covering the –35 hexamer. Removal of the non-template strand –37 to –34 bp greatly impairs DNA binding {Noel Rezinkoff 2000}.

DNase I and hydroxyl radical cleavage footprinting demonstrate that the DNA is protected from –54 to –6 2; 154, but there is no protection of the downstream DNA.  Such a long downstream footprint is due to the wrapping of DNA around E70 154; 155; 156; 157. The wrapping of the DNA is caused, in part, by the binding of the DNA by 4.2, which induces a 36o bend in the DNA 83; 92.  At this stage, region 1.1 is presumed to be located in the downstream DNA binding channel, preventing the DNA from entering the channel 83; 97; 108.  In the closed complex form, the DNA remains base-paired, but is very short lived in the E70, quickly proceeding to the open complex formation (see section 1.5). 


[image: image13.wmf]
Figure1.13 – Schematic cross section of E70 (beige)closed complex.  At this stage, the DNA (green) is bound by 70 (orange), but does not enter the DNA binding channel, possibly due to the presence of 70 region 1.1.  Image taken from 108.
1.4.3 Activation of E70 Transcription Initiation

The binding of different -factors to the E to form different holoenzymes is one of the fundamental ways of controlling gene expressions in bacteria. As each holoenzyme recognises a specific set of promoters, only a specific set of genes are transcribed 80.  Bacteria have the ability to modulate the levels of different transcription factors at different growth rates, thereby modulating the relative amount of expression by different holoenzyme types.  Regulation can further be achieved by the use of accessory proteins or transcription activators.  Activation from 70 promoters predominately involves the increased recruitment of E70 on to the promoter DNA 158; 159, increasing the rate transcription initiation.  Estimates suggest that Ec contains ~150 transcription activators.  These transcription activators target one of the four subunits , , ', or , which has lead to the classification of transcription activators (see Figure 1.14).  Thus, any subunit within the polymerase can serve as a target for transcription activation.  Indeed, this theory has been tested by Dove and Hochschild, who demonstrated that a variety of protein DNA-domains fused to the  subunit could function as an artificial activator 160. At any one promoter, there is usually only one type of activator bound, but there can be two or more in some rarer cases.  
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Figure 1.14 – Based on the subunit contacted, transcription activators have been classified based on the subunit in the RNAp that they contact.

1.4.3.1 Class I Transcription Activators

Activation involving the -subunit represents the most common form of activation.  Even though the CTD can be mutated or deleted without affecting the basal level of transcription, the CTD has multiple roles in transcription activation 11; 161; 162. One type of activation by the CTD involves the direct binding of CTD to an Upstream Promoter (UP) element 2; 161; 162 (see figure 1.15A).  At such promoters, the two CTD are asymmetrically arranged on different halves of the UP element 163. At the Ec rrnB P1 promoter, (an rRNA promoter) the CTD-UP element interaction leads to a 30-70 fold increase in promoter activity 161; 164. Ec rRNA promoters can account for more than 50% of transcription in exponentially growing cells, highlighting the importance of this CTD-UP interaction.  The interaction is believed to be mediated by residues that are proximal in space from helix 1 and the loop region between helix II and IV 61; 165 ; 166] and the UP DNA minor groove bases and major groove phosphate backbone 167.  Another surface, formed by residues from helix 2 and 4, is involved in interacting with a GC rich region at the uxuAB promoter DNA.  This activation site overlaps with residues mapped to be important for Fnr and MerR (class I transcription factors) interaction 168. CTD mediated activation is involved in promoters such as galP1, but activation is not sequence specific, nor does it require the stable-interaction of the CTD with the DNA 169.
Many different arrangements for activators and the CTD have been described 162; 170; 171; 172; 173.  The presence and length of the linker connecting the CTD to the NTD is vital for many examples of such activation 13; 37; 43; 174; 175.  The linker has been demonstrated to have little, if any, secondary structure, thus flexibly linking the CTD to the rest of the RNAp.  Any secondary structure in the linker is though to facilitate the placement of the CTD on the DNA 44.  The most studied example of an CTD-activation interaction is that between the CTD and the dimeric cyclic AMP receptor (CRP) at lacI promotetres. CRP binds upstream of the 70 promoter 170.  The downstream activator subunit from the DNA bound dimer and one CTD form an interaction 162, which increases the affinity of RNAp for the promoters 176; 177 (see Figure 1.15B).  The small surface of the activator contacted in such arrangements is called activating region 1 (AR1) 170; 177.  The region of the CTD that interacts with the activator CRP was found to be between residues 260 and 270.  Different activators interact through difference interfaces, e.g. OxyR 61.

Alternative class I transcription activators employ a similar arrangements, but the activator binding DNA site varies considerably in the upstream position (-61, -71, -81 and –91) 178.  The spacing of these activator binding sites indicates that the activators all bind on the same face of the DNA.   The ability to activate from various sites, is attributed to the freedom of motion given to the CTD by it connection via a flexible linker to the rest of the -subunit.  Such promoters are known as CRP-class I promoters 170.

However, other arrangements of class I transcription activators are possible.  Again the example comes from the activator CRP.  At alternative promoters, termed CRP-class II promoters, the CRP dimer binding site overlaps with the –35 promoter hexamer.  In such cases the downstream CRP subunit interacts with NTD via another patch (residues 162- 165 of domain 2), termed AR2, whilst the upstream CRP interacts with the CTD 179. This interaction is likely to be mediated by I, given the geometric constraints of the DNA at CRP class II promoters 180.  
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Figure 1.15 -The Organisation of the RNAp and activator at activator independent and activator dependent promoters. The RNAp is drawn as in figure 1.14. A – RNAp binds to an activator-independent promoter.  The CTD binds to the DNA upstream of the –35 hexamer.  The rest of the images depict activator dependent promoters. B – A pair of activators (A) bind upstream of the RNAp, with the downstream activator making contact with one of the CTDs.  C – The activator positions the region 4 of 70 on the –35 promoter element.   D – A more complex arrangement with the activator binding both an CTD and region 4 of 70 (adapted from 171).
1.4.3.2 Class II Transcription Activators 

Class II transcription activators specifically interact with the bound  factor. Some promoters lacking a –35 promoter element or with a very divergent sequence at the –35 promoter do not efficiently bind 70 region 4 181; 182. However, 70 region 4 can stimulate the formation of a closed complex by indirectly binding the DNA via activators, such as cI 183, which binds upstream, or PhoB which binds down stream of the promoter: E70 complex 75; 184, see figure 1.15C.  More complex arrangements of activators exists that can contact multiple subunits in RNAps.  For example, the FNR dimer binds to both 70  region 4 and an CTD 179, figure 1.15D.  

1.4.3.3  Class III & IV Transcription Activators 

The least common class of activation appears to be activation mediated by contacts to either  or '.  An example of Class III activation, factors that interact with the  subunit , is DnaA.  The DnaA activators activate transcription from the lamda PR promoter by interacting with the  subunit and recruiting the polymerase to the promoter.  Although most activators work by recruitment, activation does not always work by recruitment  Miller et al have demonstrated that ' conserved region H is the binding site of N4SSB (Class IV), a single strand binding protein encode by bacteriophage N4. The method of activation is unclear, but activation is independent of DNA binding and is involved in a post-recruitment step 185.
1.4.4 Promoter Engagement, E54 Closed Complex
The closed-complex between E54 has been characterised by a series of biochemical and biophysical experiments.  As there is no structure of the E54 available, the structural relationships between E, 54 and the DNA are somewhat harder to understand. The typical promoter recognised by E54 is epitomized by the conserved GG and GC dinucleotides located at -24 and -12 nucleotides located upstream of the transcription start site, respectively (compared with the E70 -10 and -35 promoter contacts) 186.  Around the –12 GC element there are five highly conserved nucleotides with one less well-conserved residue (TTGCWNNw, where "w" represents a pyrimidine and uppercase represents those highly conserved nucleotides, the consensus GC is in bold) 186.  Similarly there are eight highly conserved residues around the -24 GG elemnt (rNrYTGGCACG, where "r" represents a purine).  The intervening 4 nucleotides separating these two extended elements demonstrate no significant conservation 186.   An array of proximity relationships have indicated that 54 adopts an N- to C-terminal orientation within the closed complex with respect to the numbering of the template strand in the 5’ to 3’ direction 187. In the closed complex, E54 protects the DNA from -35 to –5 bp.  This is somewhat shorter than the closed complex formed by E70 due to the fact that the DNA appears not to wrap around E54 188.

Mutational analyses have indicated that a putative HTH motif found in Region III may be involved in the binding of the –12 promoter element 125; 126; 127; 128; 189. In the closed complex, the –11 position base-pairing is locally distorted and induces very tight binding of either 54 or E54, involving the template strand [Guo 1999; Guo, 2000 #26] (see figure 1.16). The tight binding is itself thought to partly inhibit the formation of an open complex 190.  Furthermore, the exposure of the non-template strand is thought to have a negative effect on the extension of the transcription bubble.

Mutatgenesis of promoter DNA has indicated that the -24 GG is bound tighter by 54 than the -12 GC 125.    Recently, the invariant RpoN box of 54 has been demonstrate to be proximal to –24 promoter element and orientated in a C- to N- terminal orientation 134.  The RpoN box is predicted to adopt an -helical secondary structure, ideal for forming an interaction with the DNA in either major or minor grooves 133.   Mutations within this helix that alter the charge distribution within the helix and/or potentially exposed residues are transcriptionally inactive and impaired in promoter recognition 133 {wang & gralla 2000}.  Both regions I and III are known to be located close to the –12 promoter 115; 187 ; 191 {Wang, Gralla 2000;}.
A fundamental difference between the closed complex formed by E54 and E70 is that the E54 closed complex is a long live species that only forms an open complex after activation from a specific 54-activator that directly contacts 54 (Class II transcription activation) 111. 

 Many activator independent or deregulated mutants that can form open complexes without the need for the activator have been found.  The mutations are all found to localise in one of two regions of the 54 sequence; Region I and a set within the DNA binding segment of Region III 115; 116; 124; 130; 191; 192; 193; 194 ; 195; 196; 197.  Furthermore, promoters that allow activator independent transcription are characterised by a substitution of the –12 C nucleotide 197 {Wang, Guo and Gralla 1999;}. Biochemical and biophysical evidence have demonstrated that these three elements (region I, segment in region III and the DNA) co-localise to form a complex molecular switch 187; 191.  The conformation of the -factor in the E54 and E57-47754 are different 121. Mutants lacking the  flap are not defective in promoter localisation, but are transcriptionally defective 198.  The  flap is thought to play a fundamental role in organising the –12 promoter element, Region I and Region III in the closed complex 198.
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Figure 1.16 – Schematic of open complex formation by E54.  54E54 is depicted by the blue box.  The red circles represent the bound activator.  The DNA is represented by the black lines. The bold lines on the DNA indicates the regions of the DNA that are tightly bond by   Only after activated mediated NTP hydrolysis does the E54 undergo isomerisation to from the open complex.  This event coincides with a change in the regions of DNA bound by 54. 
1.5 Open Complex formation

1.5.1 Open Complex formation by E70
The E70 promoter closed complex proceeds via a number of transient intermediate complexes 199; 200, a process known as isomerisation.  These intermediates involve position DNA binding properties, other than region 2.4, of 70 that bind the –10 promoter element and cause initial strand separation.  The surface exposed aromatic residues of region 2.3 (Y425, Y430 and W433) are thought to intercalate with the bases and the –10 element 77; 108; 201 and bind to the non-template strands to stabilise the single-strand DNA. In the EA:fork junction DNA structure, the corresponding residues in Taq are ideally position to bind the non-template strand. Binding of these residues to the single stranded DNA produces the upstream edge of the transcription bubble.  

Two basic residues, one in the C-terminus of region 2.2 and the other in the N-terminus of region 2.3 are critical for promoter binding 201. Both of the positively charge residues are positioned to interacted with the phosphate backbone of the DNA (negatively charge) at –13/-14 positions. The initial melting and DNA binding is thought to cause unwinding of the DNA, thereby creating enough flexibility in the DNA for it to bend into the DNA binding channel and centre above the active site 202.  The entry of DNA into the channel must be coupled with the displacement of 70 region 1.1 out of the central channel 97.  When region 1.1 is actually removed from the channel is unclear, as some Ec promoters form two different closed complex arrangements.  In addition to the closed complex described in section 1.4, another species of closed complex exists where the footprint extends from –56 to +20 during the closed complexe suggesting that the DNA has already entered the channel 2.

In the final stages of open complex formation, the melted DNA extends downstream to form a transcription bubble that extends past region +1bp, to +4 bp.  The melted region extends from position –11 to +4 157.  The template and non-template strands are separated by the ' rudder. Recognition of the –12/-11 fork junction (dsDNA/ssDNA) is thought to be pivotal in open complex formation. {wang gralla 1998;} 74  Recognition is mediated by a tryptophan residues staked against the –12 base {wang gralla 1998;} 74.   The single stranded template strand is placed within a positively charged tunnel, which subsequent becomes enclosed on all sides by protein 108 { wang gralla 1998}.  The non-template strand is bound in a groove formed by the interface of the  lobes, a region that is essential for normal open complex formation 157; 203.  Region 2.3 is also strongly implemented in the binding of the non-template strand.   The downstream region of the DNA, which remains double stranded, is located between the DSL and the ' subunit 204.  The active centre is supplied with NTP via the secondary channel.  When the transcript is only a few nucleotides long, is likely to come into contact with the negatively charged A-region 3.2 loop.  This loop has been hypothesised to perform one of two roles in the early stages of initiation; the stabilization of the initiating nucleotide or maintenance of the transcription bubble.  The outcome of the interaction between the 3.2 loop and the RNA is thought to dictate the following events during transcription: displacement of the nascent RNA is thought to lead to abortive initiation, while displacement of 70 region 3.2 loop allows extension of the RNA to form a mature open complex {REFS}. 

Finally, as demonstrated by a model based on EA bound to a DNA fork junction, the mature open complex contains an nascent RNA that is ~12 nucleotides long, which base pairs with the template strand at the downstream end to form a DNA-RNA hybrid, while the upstream region is found exiting under the  flap domain, completely removing the 70 region 3.2 loop from the DNA binding channel.    In the open complex, the active site cleft is completely closed, with the template and non-template strands bound in completely separate channels.  As the –35 promoter binding region of 70  is not involved in strand separation, it is thought that region 4.2 only facilities the formation of the closed complex {REFS}.
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Figure1.17 – Schematic cross section of E70 (beige) open complex.  At this stage, the DNA has been melted, with the active template strand position in the active site, close the Mg2+ ion.  There is also a nascent mRNA (red).  The melting of the DNA allows the DNA to bend sufficiently so that it enter the DNA binding channel.  Region 1.1 70 is thought to be displaced during this process.  Image taken from 108.
1.5.2 Open complex formation by E54
The inhibition of open complex formation by E54 is both thermodynamic and kinetic, and is an event that is tightly regulated.   A stable open complex is only formed after the interaction of a surface of 54 with a 54-specific activator 137 {Cannon 2001} 119 {Cannon 2003} (see figure 1.16). The DNA bound activator (typically found ~100bp upstream) and 54 are brought into proximity by a DNA looping event, which may be mediated by integration host factor (IHF) 205; 206; 207.   The interaction of 54 with the activator is direct (via Region I) and subsequent ATP hydrolysis results in conformational first in 54 119; 137; 193, which reorganised the protein-DNA complex at the Region I/III/-12 promoter element molecular switch 187; 198.  The conformation changes in both 54 and subsequently E subunit overcomes the inhibitory non-template strand melting and reveal single strand binding surfaces in both components that all the transcription bubble to be propagated from –11 position of the promoter 121; 208; 209 see figure 1.16). The binding of –5 to –1 of the melted DNA by E appears to involve Region I, directly or indirectly, and is essential for the stabilisation of the open complex 209. This indicates that Region I dictates both the conformation changes in 54 during the early events in the formation of the open complex and the stabilisation of the open complex during the final stages of initiation.  As with 70 promoters, the upstream promoter element does not appear to be involved in strand separation, with the relationship of –24 promoter region and 54 remain unchanged during open complex formation 134.

The fundamental role of Region I in this molecular switch has been demonstrated by deletion and point mutations that characteristically display an 'activator-bypass' phenotype 116; 128; 130; 193; 194; 197; 208. Specifically, Region I mutants reveal that Region I acts as an intramolecular repressor preventing the conformational changes that is required to unmask the holoenzymes single-strand DNA binding activity 196; 210. However, Region I is not the only part of the molecular switch as other 'activator-bypass' phenotype are found in region III 211.  For example, Arg383 is close to –12 and contributes to maintaining stable holoenzyme-promoter interaction 211; 212. Conformational changes in 54 appear necessary not only for DNA melting but for positioning the downstream DNA into the DNA binding channel, as footprints of deregulated mutants protect the DNA from –35 to +20, suggesting that holoenzyme has already isomerised and that the DNA has entered the DNA binding channel {REF}.  

Region I has been shown to act as an independent domain, that can function in trans to inhibit open complex formation of the E57-47754.  Such experiments demonstrate that any conformational changes are potentially reversible. More specifically, single strand footprinting of closed complexes have indicated the presence of a hypersensitive site at position –11/-12 213, which is lost absent in E57-47754, but returns on addition of region I in trans 193.  Furthermore, when region I is added back in trans to E57-47754 bound pre-melted DNA, the binding becomes stronger.  These observations imply that Region I confers, either directly or indirectly, a local inhibitory melting effect on the promoter DNA. Subsequent conformational changes in 54 are similar to those that are necessary in E70 to overcome an inhibitory –11 nucleotide to open complex formation {Wang Gralla, Fenton, Guo}.    The emerging view is that both the formation of the transcription bubble follows similar routes; with the distinction that 54 arranges the holoenzyme so that its conformational changes are firmly prevented in the absence of activator.  This view is extended by analysis of parallel mutations in E70 and E54, which mutate the DSL, and are both defective in the late stages of open complex formation {REFS}.  

1.5.3 Antibiotic Inhibition of Open Complex Formation

Many mutations conferring resistance to the broad-spectrum antibiotic rifampicin have been mapped in the Ec  subunit 31; 214; 215.  The resistance mutations were all found to reside at four distinct locations.  From this observation, it was hypothesized that these regions, although separated in the linear sequence, were likely to be close in the protein structure of the  subunit.  This view was proven correct following the determination of the structure of Taq E and E co-crystallized with rifampicin 216.  Rifampicin binds to a deep pocket formed between the  DSL and USL, that requires the presence of the ' subunit for the formation of the pocket 217.  In this position, rifampicin is too far away from the active site to directly inhibit in incorporation of incoming nucleotides, however, it predominant effect is to directly block the pathway of the nascent elongating transcript during transcription initiation 216, regardless of the promoter or -factor bound.

1.6 Promoter escape

The transition from the open complex to elongation phase is thought to involve the release of the bound -factor.  Typically, strong promoter sites often match closely the consensus elements, but too close a match can ultimately reduce the promoter’s strength by impeding the RNAp’s ability to release its tight contacts within the promoter 218.  For E70, the release of 70 is thought to be brought about due to the release of 70 region 4 by the  flap domain which would result in the disruption of the –35 promoter binding 53; 83; 108; 147; 219; 220.  In addition, it has been hypothesised that the loop formed by region 3.2 is displaced by the nascent RNA chain 53; 83; 108.  However, recent studies have shown that the complete release of 70 is not essential for elongation, presumed to be due to the fact that the binding of 70 does not interfere with the path of nucleic acids 3 {bar-Nahum}.   The mechanism of -release is poorly understood for E54, but it is known when nascent RNA is more than 3 nucleotides long, that the relationship of 54 to the –24 promoter element changes 134.  This suggests that 54 does not remain promoter bound, but it is unknown whether or not 54 remains bound during the elongation phase.

1.7 Transcription Elongation 

For RNA chain extension, the RNAp has to form a stable complex in which the downstream DNA duplex is unwound to form a transcription bubble.  The bubble contains the DNA-RNA hybrid, which is at one end the RNA strand is growing, whilst at the other end, the RNA strand is separated from the DNA and the transcription bubble closes.  RNAps have been measured to move around the right-handed screw axis of the double helix with a rotary torque of ~5pN nm 221.  Therefore, the DNA-RNA-RNAp interactions must be incredibly stable 222.  Stability, in part, comes from the predicted closure of the ' clamp and  lobes around the DNA-hybrid 223.  Compared to the open complex, a related organisation of the components in the elongation complex is evident, but here the  is absent from the central channel.   Models of bacterial ternary elongating complex (TEC) are based on the heterogeneous model of the Taq E structure and the Ec cross-linking data 219; 220; 224; 225. A more detailed model has been developed for the Pol II elongation model based on a 3.3Å structure 68.   The bacterial, archaeal 204 and eukaryotic TEC “models” are highly consistent with each other, again demonstrating the similarity between the prokaryotic and eukaryotic transcription machinery.  As the models are so similar, the findings from both can be generalised.  
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Figure 1.18 – The TEC. The E is coloured as in figure 1.6.    The template strand is coloured red, while the non-template strand is coloured yellow.  The mRNA is coloured orange.  RNA binding residues are coloured lime green. The downstream DNA entering E is arrowed.  The upstream DNA is not shown.  The details are discussed in the text (Figure taken from 219).

The downstream end of the DNA is within a deep cleft delineated by ' and capped by 219; 220 (arrowed in figure 1.18). Effectively this structure is a sliding clamp over the DNA.  In the TEC model DSL, is believed to rotate down towards the downstream DNA, thereby clamping the DNA even more securely into the cleft.  From this cleft, the DNA enters the primary channel, formed by  and ', where the template (red in figure 1.18) and non-template (yellow in figure 1.18) DNA strands have been separated, or melted.  The template strand (outer downstream edge) undergoes a dramatic twist of ~90o so that the bases are orientated into the the catalytic centre 68; 219; 220.  The RNA-DNA hybrid is formed here, with the Mg2+ of the active site at the downstream end of the hybrid (Figure 1.18, RNA coloured orange).  Binding studies suggest that there is an RNA binding site for the last two RNA bases (at -7,-8) of the 8-9 bp hybrid of the 12-13bp transcription bubble. The front edge of the hybrid binding site appears to be formed by the 'D region, the catalytic centre and the D loop sequence. Close to the Mg2+ and front (downstream) edge, there is the formation of a secondary channel by the ' bridge helix, which functions for RNA exit during backtracking and/or pausing.  The RNA-DNA hybrid extends, back through the enzyme towards the region of the -subunit where the rifampicin resistant mutations are localised, then to region of the 'clamp containing the ' rudder, ' lid and ' zipper structures.  Different hypotheses have been proposed to the function of these structures.  Despite the DNA-RNA hybrid terminating at the ' rudder, the ' rudder has been demonstrated to be functionally important for the stability of the DNA-RNA hybrid during elongation, rather than the disruption of the DNA-RNA hybrid 226.  The other two structures are thought to maintain the upstream end of the transcription bubble 41; 68. Furthermore, a loop from the  flap domain may also help in the maintenance of the transcription bubble 41.  The RNA exit path maps to underneath the  flap.  Meanwhile, the non-template strand is held apart from the template strand by the interface between the characteristic bilobed feature of , formed by  domains 2 and 3.  Three further melted base pairs of DNA occur before the transcription bubble closes on the upstream outer edge.  It is in this region of non-hybrid, melted DNA where the DNA undergoes a bend of approximately 90o 156. This TEC model is elegantly supported by the complementary nature of the DNA/protein electrostatic charge distributions 83; 84. In the TEC, the position of upstream DNA is not well defined, and may be only weakly associated with the polymerase 219; 220..   The DNA is believed to pass out of the front of E, over the G flap, a structure implicated in pausing and termination. 

Two models of RNAp translocation have been suggest, inchworming and discontinuous.  The inchworming model is based on the idea that structural transitions in the enzyme exist and that these are brought about by flexibly connected regions of the RNAp moving about a mobile catalytic centre.  The alternative discontinuous model suggests that translocation is monotonic and discontinuous and that the enzyme moves a unit after each polymerisation step.  Niether model has been conclusively proved.  With either mechanism, the bridge helix is thought to play a central role in directing translocation.  The bridge helix binds the DNA at the downstream end of the transcription bubble.  Differences in conformations of the bridge helix between different multisubunit RNAp structures have lead to the proposal that the bridge helix acts as a molecular switch in RNAp translocation that alters with respect to it positioning to the permanent Mg2+ 37; 41; 53.

During the process of elongation, the relative angle of the DNA to the RNAp is thought to alter periodically [Zaychikov 1999]. Futhermore, the rates of transcription are not constant, with the mean rate of 50 nucleotides/sec 227.  The use of biophysical techniques has also allowed the establishment of the mechanochemical properties of polymerases, reviewed in 227.  Single-molecule measurements have been used to investigate the how the velocity of transcription alters during translocation when an opposing force is applied.  Experiments on the Ec RNAp have shown that polymerisation velocity are insensitive to force up to 25pN, when a reversible stall in elongation is induced  228.  25pN is four time the force exerted by myosin when muscle contacts 229. Similar experiments have been used to investigate whether the RNAp translocates along the DNA, or whether the RNAp remains immobilised on some sort of supper structure and the DNA passes through the core enzyme.  The classical “Miller” Christmas tree view of transcription was thought to indicate that the core enzyme was immobile.  However, transcription induced supercoiling of the DNA has been demonstrated, suggestive that the polymerase is indeed tracking along the DNA230.   If this is the case, the RNAp or other factor must employ methods for preventing the RNA wrapping around the DNA 230.   
1.7.2 Inhibition of RNA synthesis

The antibiotic streptolydigin is an inhibitor of elongation.  Initially, mutations conferring resistance to streptolydigin were only found to localize to region ​​'F [56,39, Severinov, 1998 #173]. However, resistance mutations were also found in D, leading to the hypothesis that 'F and D are proximal in space and form a discrete binding pocket for streptolydigin 32.  The homologous segment in the Sc PolII Rpb1 harbours mutations conferring -amanitin resistance. As streptolydigin and -amanitin are inhibitors of transcription elongation (despite being chemically quite different), it was hypothesised and subsequently demonstrated that the two antibiotics may inhibit transcription in their respective systems by a similar mechanism 32. Based on a structure of Sc PolII bound by -amanitin, both streptolydigin and -amanitin are thought to bind to the bridge helix, protruding into the secondary channel and connect the bridge helix to the second largest subunit.  The inter-subunit connections formed are thought to severely reduce the ability of the bridge helix to flex during translocation 231.

1.7.3 Proofreading, Pausing and Arrest
RNAps are capable to detect the incorporation of the incorrect nucleotides into the transcript and subsequently correct that error, a process known a proofreading 65.  The structures of RNAps and biochemical evidence suggests that upon incorporation of an incorrect base there is mismatching between the DNA-RNA hybrid that is likely to cause a sufficient geometric distortion that the TEC is destabilised.   The destabilising forces result in the reversing of the RNAp action, termed backtracking.  During backtracking, the RNA 3' end is removed from the active site and passes along the secondary channel after being separated from the DNA by the bridge helix.  Transcript elongation factors such as GreA/B in bacteria bind to the outer face of the secondary channel [Polyakov, 1998 #409; Severinov, 2000 #539; others].  When RNA passes into the secondary channel, transcript cleavage factors are capable of removing the incorrectly transcribed region of the transcript.  The RNA is then capable of correct base-pairing, thereby removing the destabilising forces and allowing the resumption of elongation.   
Elongation does not occur at a uniform rate 232; 233.  At certain DNA encode sites, the RNAp stops elongating the RNA transcript, then resume the process of elongation.  A well studied pausing signal is a RNA hairpin, with the stem located a 11 nucleotides from the active centre.   This hairpin is thought to cause an opening of the flap, which would then cause a loss of contact between the RNA-DNA hybrid and the flap.  The rearrangement of the TEC is thought to cause a rate limiting restructuring in the active site, significantly reducing the rate of elongation.  Only after an addition of a few nucleotides to the RNA 3’ end is the hairpin move beyond the proximity of the  flap, at which time the complex is postulated to return to the native elongating form 220.  
When pausing occurs, a fraction of the RNAp molecule become trapped at pause sites, resulting in an arrested complex that is unable to propagate or dissociate.  A group of elongation factors (e.g. GreA and GreB) have been identified that assist the escape from this arrested state.  Such elongation factors also assist the polymerase during abortive initation at some promotes.  All members of this group appear to work by inducing a hydrolytic cleavege of fragments between 2 to 17 nucleotides from the mRNA 3' end.  The 5'-terminal fragment of the transcript posses the 3'-OH group necessary for continued chain extension (234 and references therein).    Orthologs to GreA and GreB are found within the eukaryotic transcription system, for example SII {Marr /Roberts 1997}.  

1.8 Termination

At the end of the gene or operon, the transcription complex of core RNAp, DNA and RNA needs to be terminated.  Termination has not been as widely investigated as the other stages of the transcription cycle and little structural information is available, hence termination will only be briefly discussed.  The biochemical characterisation of termination has recently been review, see 235.  Termination can occur from intrinsic signals from the transcription complex, typically a specific stem-loop structure is formed by a specific sequence in the RNA (known as factor-independent termination). Another method of termination (factor-dependent termination) is via the action of termination factors (e.g. Rho).  

1.8.1 Factor-independent termination

In bacteria, the typical factor-independent termination signal occurs in the form of an RNA hairpin (encoded by a GC-rich dyad symmetry), followed by a stretch of ~8 uridine residues, at the 3’ terminus 236.  This signal leads to a rapid dissociation of the TEC.  The hairpin has been demonstrated to first inactive the TEC, before causing the dissociation of the complex 236.  A number of models suggest that the hairpin causes extraction of the RNA from the RNA binding site, whilst others suggest that the hairpin formation results in shorting of the transcription bubble.  Within the recent structural models, both mechanisms proposed for termination are possible.  Inparticular, the stem-loop of the hairpin is thought to disrupt vital contacts formed by the RNA and the ' rudder and  flap during elongation 219.  

1.8.2 Factor-dependent termination

In the case of rho-dependent termination, rho binds to the RNA and exhibits ATPase and helicase activities.  Like a number of other helicases, rho functions as a hexameric ring, binding in a sequence specific manner to the nascent RNA. It is thought that the action of the ATP dependent helicase causes the disruption of the transcription complexes, by some undetermined mechanism. After termination, whichever method of termination is used, the RNA and DNA is released by the core RNAp.  The core RNAp is then recycled and binds a sigma-factor again, thereby completing the cycle.  

NusA is a factor that is involved with both types of termination.  The NusA protein binds to the core enzyme shortly after the initiation of transcription, stimulating pausing and termination.  NusA, is thought to mediate this action by stabilising a stem loop RNA structure [Richardson and Greenblatt 1996], a factor that is increase by the interaction of NusA with the -subunits, 237. Furthermore, NusA is also involved in increasing the efficiency of  intrinsic termination factors (rho-independent).  In such cases, the terminators contain a GC-rich stem-loop in the nascent RNA transcript, upstream of the termination site, and it thought that NusA helps promote the release of the transcript by stabilising the RNA stem-loop and blocking its interaction with a single –stranded RNA binding site on the RNAp 238.

1.9 Summary

For many years, the  and -classes of -factors and the holoenzymes formed by them, have been thought of as being entirely unrelated, both at the level of sequence and function.  However, a growing body of evidence has indicated that they may be more closely related than first thought. First of all, the two classes of -factors bind to the same E to from a competent E.  Comparison of peptide fragmentation studies indicates that the interface made between 54 and 70 to E are similar 94; 138, Traviglia, 1999 #471.  The affinity of 54 with E is also similar to 70 82; 88; 90.  Although no high resolution structure is available for 54 comparison of the central fragment of 70 (resides 144-446) 77 to the small angle X-ray scattering envelope of 54, has enabled the speculation that the E binding regions are similar 239.  Futhermore, Guo et al have demonstrated that both holoenzymes use a common methodology to generate open complexes 190.  These pieces of evidence have all suggest a degree of structural and functional similarity between 54 and 70.   

Nevertheless, the holoenzymes formed by 54 and 70 have distinct properties.  Whether difference in the positioning of the mobile modules causes these properties, masking of key E DNA determinate ors specific to the 54 remain to be determined.  Although our understanding of the relationship of E70 is improving, many question remained unanswered.  One of the most intriguing question is the position and role of 70 region 1.1 in the holoenzyme and how is may perform its role in increasing the rate of open complex formation.  Also, the transitions from closed complex to open complex remain unclear.  Furthermore, the structural relationship of the CTDs to the rest of the enzyme are yet to be revealed.   The structural organisation of E54 and DNA has largely been determined by proximity relationships, which would be more meaningful if placed in a structural framework of E54.

Finally, a key question is how different are the thermophilic structures to the Ec.  Most biochemical investigation use RNAp from Ec, with the results now interpreted against Tth and/or Taq.  However, as the phylogentic trees demonstrate in Appendix A, the evolutionary distance between Ec and these thermophilies is often as great as the evolutionary distance to Sc.

The work presented herein starts to provide answers to many of these unanswered questions.
CHAPTER 2

Outline of Objectives

2.1 Objectives

As figure 1.2 shows, eubacterial transcription is a multistage processing cycle, carried out by one enzyme, the multisubunit DNA-dependent RNAp.  This single enzyme must therefore undergo fundamental changes to allow it to perform the different stages within the transcription cycle.  The RNAp must also be able to receive and respond to different signals, whether these signals are directed by other proteins (e.g. activators) or by polymeric nucleic acids (DNA and RNA).  Although during this period of work, some higher resolution crystal structures have become available for bacterial RNAp 37; 53; 83; 84, it is necessary to compare alike structures (i.e. from the same organism) through the transcriptional pathway.  Only then can functional differences be reconciled from organism specific structural differences.  Also, as the functional stages become more complex (i.e. more components) and/or kinetically more short-lived, methods other than X-ray crystallography are necessary to determine and understand RNAp.

Comparison of protein fragmentation studies have indicated that the core enzyme binding surface is conserved between the core enzyme and the two -factors investigated here are similar 107; 138.  Although 54 and 70 share no sequence similarity, low resolution small angle X-ray scattering structural investigation have revealed that the two -factors are likely to have a similar overall shape 239.  Therefore, a comparison between these two structures would allow both structural and functional insights into how these very different -factors confer very different properties onto a common core enzyme RNAp.

For many years, van Heel and others have used single particle cryo-EM to study the ribosome, amongst other molecules (reviewed in 240).   In particular, the different catalytic stages of the translating ribosome share similar levels of complexity in terms biochemistry, functional stages/forms with discrete intermediates that may be kinetically short lived.  Therefore, the technique of single particle cryo-EM was deemed potentially suitable for the investigation of transcriptional complexes.

A prelude to the work documented herein, was to determine whether RNAp was amenable to investigation using standard single particle cryo-EM techniques.  Initially, the E70 (as it was the largest complex 450kDa MW) was investigated using cryo-EM and the single particle reconstitution methodology.  The initial investigations demonstrated that RNAp was suitable for investigation using the single particle methodology.  From this point the project expand to involve the investigation of a number of the bacterial transcriptional complexes.  

2.1.1 The Escherichia coli core RNA polymerase (E)

The Ec core RNAp is unquestionable the best biochemically characterised multisubunit RNAp 42.  Therefore elucidation of a structure of the Ec core RNAp would provide an invaluable model from which to understand and enrich the interpretation of the biochemical data and allows an understanding of specific Ec functions and structures.  Furthermore, it would provide a framework for the design of functional experiments.   The phylogentic trees in appendix A demonstrate that the estimated evolutionary distance between Ec and Tth or Taq is nearly as far as Ec to Sc. Thus, a E structure would also allow verification of the thermophilic high resolution structures 37; 53; 84 as a model for eubacterial RNAps.  
From a more specific point of view, E is the simplest form of the polymerase, and provides a suitable “entry point” into the transcription cycle, from which the complexity of the RNAp increases.    Therefore, determination of the core RNAp structure and subsequent elucidation of other more complex structures would allow the identification of the additional subunits/molecules.  The combination of the core RNAp and high resolution structures of functionally homologous polymerases would also be useful for understanding polymerase function and structural conservation 37; 41. The use of a cryo-EM for structure determination may allow the identification of the location of non-crystallised structural elements.

2.1.2 The bacterial 54 Holoenzyme

The 54 class of transcription factors forms a very distinctive class.  54 confers quite different properties on core enzyme, compared to 70, the main house keeping -factor.  The primary question addressed was to identify if 54 formed any structural features that may directly inhibit transcription. Structural inhibition may be manifested as fundamentally different conformation changes or the blocking of functionally important sites in the core enzyme. Comparison of to the Ec core RNAp complexes would provide significant insights into this subject. In addition, Wignesararaj et al demonstrated that similar surfaces of the core enzyme that are in proximity to the bound sigma were similar in both the E54 and E70 138.  Thus, a structure of E54 may indicate whether just the surfaces were conserved in 3D space or despite appearing unrelated by sequence, whether these two -factors share a common architecture.   Furthermore, a comparison of E54 to the high resolution Tth EA 53 would provide clues to how E can be bound by two quite different proteins and have its properties changed by the binding.
As no high-resolution structure is available for the 54, determining of 54 specific regions within the E54 is not possible from an isolated structure.  One of the most characterised parts of 54 is Region I.  Removal of Region I (first 56 amino acids) results in the requirement for transcription activation and also prevents E54 becoming reactive to transcription activation 118; 121.  Region I is the target for at least some, if not all transcription activators 119.   Thus, localisation of Region I within the E54 may provide fundamentals clues to how this region performs the variety of functions attributed to it.  Also, comparisons of the deregulated and regulated holoenzyme may provide insights to how the different properties are conferred to the core enzyme when very similar proteins are bound.  

2.1.3 The E. coli  70 Holoenzyme
The E70 reflects the predominant holoenzyme and the best-characterised -factor 75.  The structure of E70 is representative of the whole class of 70-like factors. Such a structure would provide significant insights into how all holoenzymes from this class of -factor are likely to be arranged.  Elucidation of the structure would also provide insights to how the -factor interacts with the core enzyme, and how fundamental regions of both the core enzyme and 70 are arranged in three-dimensional space prior to promoter engagement. Comparison to the Ec core enzyme would provide an insight to any conformational changes between the two structures. Furthermore, comparisons to other holoenzymes 53; 84 would indicate points of structural conservation and variations between them.  The N-terminal domain of A (region 1.1) was absent in both the Tth and Taq EA structures 53; 84, but is functionally important, as it has been demonstrated to increase the rate of open complex formation at certain promoters 85; 241.  Region 1.1 undergoes significant conformational changes during the formation of an open complex 86; 97. Thus, comparisons to both Taq and Tth holoenzymes may allow identification of the N-terminal domain and indicate any structural variation due to the absence of the N-terminal region of the -factor.  In addition, the Ec contains a large insertion compared to A in  Taq and Tth.  The function of the insert may be evident from the E70 structure.  Also, as with the core enzyme, some regions of the enzyme were not crystallized, but the use of a different technique may allow the establishment of where these structural elements exist.

2.1.4 Characterisation of Escherichia coli PspFHTH
A recent structure has shown that the 54 activator PspF homolog, NtrC forms a heptamer in the oligomeric state 242. However, Jovanovic et al 243 indicated that PspF forms multiple complexes with differing stoichiometry from gel filtration experiments.  Nevertheless, work in the Buck laboratory 119 indicated that a mutant form of this activator, lacking the DNA interacting helix-turn-helix domain (HTH), could be trapped into a single multimeric ordered species 119.  Gel filtration of the trapped complex does not give a definitive answer to the stoichometry of the complex, but suggests the oligomer contains approximately 12 protomers.  The proposed size of the trapped PspFHTH complex made it suitable for the investigation by Cryo-EM and single particle analysis.  Therefore, as in the case of the portal protein 244, cryo-EM combined with MSA analysis 245 can be used to determine the stoichiometry and symmetry (if any) of the PspFHTH complex. Determination of these feature may allow an initial investigation into the three dimensional structure of the activator.  

CHAPTER 3

Materials and Methods

3.1 Working Conditions
Health and safety regulations were observed during all procedures undertaken.  A facemask was worn when weighing out hazardous material or dispensing volatile liquids.  Exposure to ultraviolet radiation was minimised by wearing a full-face visor and gloves.  All waste materials and media were autoclaved prior to disposal in accordance with Imperial College safety regulations.  Strict sterile techniques were practised when handling bacterial cultures and during biochemical experimental work.  

Radioactive isotopes where handled behind approved screens, wearing double gloves (disposable), goggles and a laboratory coat.  Working areas were monitored with a hand-held Geiger Müller counter and a personal exposure film-badge.  Radioactive waste was disposed of in accordance with Imperial College safety regulations.

Liquid nitrogen was always handled wearing protective gloves and a face visor or safety glasses.  Liquid ethane, which is highly explosive, was always used in a spark proof fume cupboard, whilst wearing a protective visor.  

Care was taken to avoid direct observation of the Class III laser beam during analysis of electron micrographs in the diffractometer.  Good health and safety regimes were practiced when using the computing resources to minimise the risk of repetitive strain injuries.  These included taking regular breaks, ensuring a good seating position and adequate surrounding working space.

3.2 General Biochemical Methods

The methods detailed below describe the purification of E, E70, (54 and 57-477(54.  The core enzyme (E) and holoenzyme (E) purification is based on Burgess et al 246, (54 and 57-477(54 purification is based the methods described in Gallegos and Buck 130 and Cannon et al 116.

3.2.1 Growth media

All bacterial growth media were sterilised by autoclaving for 20 min at 120 oC.  The types of media used, and their composition per litre, are shown below in table 3.1.

	Media Type
	Composition
	Application

	Luria-Bertani (LB)
	10 g tryptone, 5 g yeast extract, 5 g NaCl, adjusted to pH 7.3 with 1M NaOH
	General

	Luria-Bertani Agar (LA)
	10 g tryptone, 5 g yeast extract, 5 g NaCl, 20 g agar, adjusted to pH 7.3 with 1M NaOH
	General

	2xYT Medium
	16 g tryptone, 10 g yeast extract, 10 g NaCl, adjusted to pH 7.3 with 1M NaOH 
	Protein Overexpression


 Table 3.1 – Growth media used for bacterial cultures.

The sterilised media were supplemented with the appropriate antibiotics (see table 3.2) to select for the bacterial strains/plasmid of interest and nutrients to enhance growth and expression.  Unless otherwise stated, inoculated agar plates and liquid media were incubated at 37 oC.  The liquid media was typically placed in a shaking incubator, shaking at 200 rpm.

	SUPPLIMENT
	Preparation of Stock
	GROWTH MEDIA Concentration

	Ampicillin
	200  mg in 1 ml of sterile water to make a stock solution at 200  mg/ml
	100 g/ml

	Kanamycin
	50  mg in 1 ml of sterile water, to make a 50  mg/ml stock solution
	50 g/ml

	Glutamine
	50  mg into 1ml of sterile water, to make a 50  mg/ml stock solution.
	50 g/ml


 Table 3.2 – List of growth media supplements and concentrations used.

3.2.2 General Laboratory Reagents and Solutions

Below is a list of solutions commonly used.

	Acrylamide (PAGE) Solution II:
	1.5 M Tris-HCl, pH 8.8, 0.3% (w/v) SDS

	Acrylamide (PAGE) Solution III:
	0.5 M Tris-HCl, pH 6.8, 0.4% (w/v) SDS

	Coomassie Blue Stain:
	0.5% (w/v) Coomassie blue, 50% (v/v) methanol, 7.5% (v/v) acetic acid

	De-stain:
	45% (v/v) methanol, 10% (v/v) acetic acid

	Laemmli Buffer x10:
	60 g Tris base, 280 g glycine, 20 g SDS (For 2L)

	TBE Buffer x10:
	540 g Tris base, 275 g boric acid, 200 ml 0.5M EDTA, pH 8.0 (For 2L)

	TE Buffer, pH 8.0:
	10 mM Tris-HCl, pH 8.0, 1 mM EDTA, pH 8.0

	Tris-glycine Buffer x10:
	30.3 g Tris base, 150 g glycine, pH 8.6. (For 1L)

	TGED, pH 8.0 (x1):
	10 mM Tris-HCl, pH 8.0, 0.1 mM EDTA, 5% (v/v) glycerol, 1 mM dithiothreitol (DTT).

	STA Buffer
	25 mM Tris-acetate, 8 mM magnesium acetate, 10 mM KCl, 1 mM DTT, 3.5% (w/v) polyethlyglycol (PEG), pH 8.0.


3.2.3 Bacterial Strains and Plasmids

All bacterial strains and plasmids used in this work are listed in tables 3.3 and 3.4 respectively.
Table 3.3 – List of bacterial strains used during these studies. 1- Expression means that the strain is a (DE3 lysogen, i.e. it carries the gene for T7 RNAp under lacUV5 control. It is therefore suited to expression from T7 promoters.

	Strain


	Genotype
	Application
	Reference

	Ec B834(DE3)
	F- ompT hsdSB(r-Bm-B) gal dcm met (DE3)
	General  Expression1 Host
	Novagen

	Ec TH1
	(rpoN2518 endA1 thi-1 hsdR17 supE44 (lacU169
	General  Expression Host
	Oguiza et al., 1997 247


	Ec MRE600
	F-, RNase I deficient
	Wild type
	246

	Plasmid
	Background
	Application
	Antibiotic Resistance
	Reference

	pWVC93025
	pET7a
	wild-type Klebsiella pneumoniae (54 overexpression

	Amp
	Cannon et al, 1995 115

	pMB7.7:160
	pET7a
	K. pneumoniae (57-477 overexpression
	 Amp
	Cannon et al, 1995 115


Table 3.4 – List of plasmids used for the over-expression of the peptides studied.  The plasimid backgrounds and together with the antibiotic resistance conferred are described, as well as the peptides encoded.

3.2.4 General DNA Methods

3.2.4.1 Purification of Plasmid DNA

Plasmid DNA for transformation of competent cells (see 3.2.5.1) was obtained using the alkaline lysis method.  Typically, 2 ml of culture was grown overnight to saturation, pelleted and the supernatant discarded.  The pellet was then resuspended in 100 l of ice-cold lysis buffer A (50 mM glucose, 25 mM Tris-Cl, 10 mM EDTA).  Subsequently, 200 l of lysis solution B (0.2M NaOH, 1% SDS) was added to break open the cells.  Finally, 150 l of ice-cold lysis solution C (Stock of 5 M potassium acetate (60 ml), concentrated acetic acid (11.5 ml) and (28.5 ml) H2O) was used to precipitate the protein component.  The precipitate was removed by centrifugation.  An equal volume of phenol and chlorophorm was added to the lysis solution to improve the removal of the protein component.  This layer was then removed with a Gilson pipette.   Subsequently, the DNA was precipitated by the addition of ethanol.  The resulting mixture was stored at –20 oC for 30 min.  The DNA was pelleted by centrifugation, followed by removal of the ethanol by evaporation. The DNA was then resuspended in TE buffer and its contents analysed using agarose gel electrophoresis (see 3.2.4.3).

3.2.4.2 Restriction Analysis of Plasmid DNA

Restriction enzyme digests were carried out in a total reaction volume of 10 μl.  Typically, a reaction consisted of 5 μl of the plasmid DNA to be digested (prepared using the method described in section 3.2.4.1).  To this, 0.5 units of restriction enzyme (or enzymes) and 1 μl of reaction buffer was added with the remaining volume made up with sterile water.  The reaction was then incubated at 37 ˚C for 1 hour and the results analysed using agarose gel electrophoresis.  A negative control was also constructed containing all elements except the enzyme, to demonstrate the running of the complete plasmid.  The enzymes and buffers used were all from New England Biolabs.  Typically, 10 μl of reaction was mixed with 2μl of x6 agarose gel loading dye (10 mM Tris-HCl, pH 7.5, 50 mM EDTA, pH 8.0, 10% (v-v) glycerol, 0.4% (w/v) orange G).

3.2.4.3 Agarose Gel Electrophoresis

A 1% (w/v) agarose (Merck) gel prepared in x1 TBE buffer was used for all restriction digest analysis.  After loading the samples, the gel was run at 60 volts in x1 TBE for approximately 30 min.  Once finished, ethidium bromide (Sigma) was added at a final concentration of 10 μg/ml to allow visualisation of the DNA using a UV transilluminator.

3.2.5 Protein Purification
3.2.5.1 Preparation of Competent Cells

Competent cells were prepared for transformation by heat shock using the calcium chloride method.  A single colony was used to inoculate a primary culture of 5 ml of LB media containing the appropriate antibiotics and grown at 37 ˚C overnight to saturation.  This primary culture was then used to inoculate a further 100 ml of LB media, again supplemented with the appropriate antibiotics, and grown until the cells had reached mid-log phase (OD600nm of 0.5).  After such a time the cells were harvested by centrifugation at 4000 g for 10 min at 4 ˚C.  The supernatant was discarded and the cell pellet re-suspended in 25 ml of ice-cold calcium chloride solution (50 mM calcium chloride, 15% (v/v) glycerol) and left on ice for 10 min.  The cells were then harvested once again by centrifugation at 4000 g for 10 min at 4 ˚C.  The cell pellet was re-suspended in a further 25 ml of ice-cold calcium chloride solution and left on ice for 10 min.  At this point the cell suspension was centrifuged, as above, before being resuspended for the final time in 2 ml of the calcium chloride solution.  These competent cells were then stored in 100 μl aliquots at –80 ˚C.

3.2.5.2 Transformation of Competent Cells

For transformation of a bacterial strain, typically 100 μl of competent cells were mixed, on ice, with 5 μl of plasmid DNA for 40 min.  The cells were heat shocked at 42 ˚C for 2 min before being transferred back to ice for a further 5 min.  After such time, 1 ml of LB media was added to the cells, which were then incubated at 37 ˚C for an hour, before plating 200 μl of the cell culture onto a LA plate containing the appropriate antibiotics.  The plates were then incubated at 37 ˚C for 12-16 hours.  

3.2.5.3 Protein Overexpression

The Expression System

The pET system. The pET (plasmid for expression by T7 DNA-dependent RNAp) (Novagen) contains a T7 promoter site which is recognised by the bacteriophage T7 DNA dependent RNAp with high affinity. The multiple cloning sites in all three reading frames into which the target DNA can be inserted, is directly under the control of the T7 promoter. The pET7a plasmid has an AmpR gene, conferring ampicillin resistance to the transformed bacterial cell.  The antibiotic resistance is used to select transformed colonies of Ec expression strains on agar plates containing ampicillin.  

Induction and overexpression of target protein from the pET plasmids occurs as follows: transcription from the lac promoter is controlled by the lac repressor, the product of the lacI gene. In the absence of the inducer, IPTG, the lac repressor inhibits transcription from the lac promoter by binding to the operator site, thereby preventing the binding of RNAp molecules to the promoter region, thus transcription of the lac genes does not occur. However, there remains a low basal level of transcription from the lac promoter, due to the dynamic equilibrium, which exists between the bound and unbound forms of repressor molecules (hence the operator site is not always occupied by the lac repressor). 

In the presence of IPTG, the conformation of the repressor protein is altered such that it is incapable of binding to the operator region. As a consequence, transcription of the lac genes will increase several fold. The T7 DNA dependent RNAp is under the control of the lac repressible lacUV5 promoter. The lacUV5 promoter contains a mutation within the consensus region of the promoter that increases promoter strength, and therefore is used in preference to the wild-type lac promoter. In the presence of IPTG, high-level expression of the T7 RNAp consequently results in the overexpression of the target protein from its pET7a plasmid.  

3.2.5.4 Ec MRE600 Growth Protocol
The production of E and E70 was not achieved using an expression system.   Instead, a specific strain of Ec was used, the MRE600 strain.  To achieve a good yield of polymerase, the MRE600 cells were grown to mid-log phase in a 200 L fermentation, courtesy of Dr John Drumond at the John Innes Centre Norwich.  The cells were grown in LB, at 37 oC, with constant agitation to maintain an aerobic growing environment. The cells were harvested and immediately flash frozen in liquid nitrogen.   

3.2.5.5 Isolation of RNAp from the Cell Extracts

From the fermentation harvest, 250 g of the frozen cells were taken and resuspended in a lysis buffer solution (TGED containing 200 mM NaCl) containing a cocktail-tablet (1 tablet / 50 ml of lysis buffer solution) of protease inhibitors (consisting of pancreas extract (0.015  mg/ml), pronase (0.0015  mg/ml), thermolysin (0.0008  mg/ml), chymotrypsin (0.0015  mg/ml), trypsin (0.0002  mg/ml) and papain (1  mg/ml); Boehringer Mannhein). The cells were lysed using a French press. Cell lysis is achieved in this system by placing the cell sample under high pressure (1400 kg/cm3) followed by a sudden release into atmospheric pressure. The rapid change in pressure causes the cells to burst. The lysate (L) was sampled for later use in SDS polyacrylamide gel electrophoresis (PAGE) analysis, before being centrifuged at 4 °C for 45 min at 18000 g. The supernatant (S1) was collected in a fresh tube and stored at 4 °C. The pellet (P1) was then resuspended in lysis buffer, sampled for SDS-PAGE analysis and centrifuged at 4 °C for 45 min at 18000 g. The resulting supernatant (S2) was collected in a fresh tube and stored at 4 °C. The pellet (P2) was resuspended in lysis buffer and sampled for PAGE analysis. All samples were subjected to PAGE analysis to determine the presence of the RNAp.  

The RNAp was predominantly found in the S1 phase and was subsequently treated with polymin P (polyethylenemine).  This is a critical purification step. Polymin P selectively precipitates DNA, RNA, proteins bound to DNA or RNA and acidic proteins and is a stoichometric titration, so the same amount of polymin P is required to precipitate a given amount of DNA/RNA/protein and is independent of concentration.  Furthermore, the complex of DNA/RNA/protein and polymin P is salt dependent, a feature that was utilised to further remove unwanted contaminants.  RNAp is known to be displaced from the DNA at about 0.7 M NaCl 246, so polymin P was first added to S1, to a final concentration of 0.35%.  The resulting mixture is then stirred for 30 min.  The precipitate is then pelleted by centrifugation at 18,000 g for 30 min at 4 ˚C.  The supernatant is discarded and the pellet is resuspended in TGED containing 400 mM NaCl, a step that selectively solublises many of the unwanted contaminants.  The resulting suspension is centrifuged as before.  The supernatant is again discarded and the precipitate is resuspended in TGED containing 1 M NaCl.  The 1 M NaCl displaces RNAp (and other proteins) from the polymin P, whilst other contaminating proteins and the nucleic acids remain bound to polymin P.  As the polymin P remains in solution after displacement by the salt, the solublised proteins need to be removed from the solublised polymin P.   The soluble proteins are removed by first removing any insoluble material by centrifugation as before, followed by ammonium sulphate precipitation. Ammonium sulphate was added to a final concentration of 50% over a 30 min period to the supernatant, whilst at 4˚C.  After centrifugation of the resulting mixture at 18,000 g for 40 min at 4˚C, the polymin P is found in the soluble fraction and the ammonium sulphate precipitated proteins are located in the pellet.  The pellet was then re-suspended in TGED containing 200 mM NaCl and dialysed against this buffer for 12 hours to remove the ammonium sulphate.  The sample was now ready to run on an ion exchange column (see 3.2.5.8).

3.2.5.6 Expression Protocol and Product Isolation of Over-Expressed Proteins
Colonies from freshly (overnight) transformed plates were used to inoculate 2x YT media containing the appropriate antibiotics. Typically, 50 colonies were used to inoculate 1 L of media. The cells were pre-grown in a 37 °C shaking incubator for 2-3 hours until the culture reached mid-log phase (OD600 nm of 0.5). The cells were then shifted to a 25 °C shaking incubator and the culture cooled for 30 min. The cells were then induced with 1 mM IPTG and left to grow for a further 4 hours. Finally, the cells were harvested at 4°C by centrifugation at 10000 g for 10 min and the pellet resuspended in a lysis buffer solution containing a protease cocktail-tablet.  The lysis buffer was as described above, but contained only 50 mM NaCl. The cells were lysed using a French press and the lysate (L), was fractionated into S1, P1, S2 and P2 as described above.  The overexpressed protein ((54 or 57-477(54) was found predominantly in the S1 fraction.  Streptomycin sulphate precipitation was used to remove the DNA from the sample.  Streptomycin sulphate was added to a final concentration of 50%, which precipitates out the protein but not the nucleic acid.  The resulting suspension was centrifuged at 18,000 g for 40 min at 4 ˚C.  The pellet was resuspended in TGED containing 200 ml NaCl and dialysed overnight into the same buffer to remove the streptomycin sulphate. Finally, ammonium sulphate was added to the sample to a final concentration of 70% over a 30 min period, whilst at 4 ˚C.   The sample was then centrifuged at 18000 g for 40 min at 4 ˚C.  The pellet was then re-suspended in TGED containing 75 mM NaCl and dialysed against this buffer for 12 hours to remove the ammonium sulphate.  The sample was then ready to run on an ion exchange column (see 3.2.5.8).

3.2.5.7 SDS Polyacrylamide Gel Electrophoresis (SDS-PAGE)
	Component
	5%
	7.5%
	10%
	12.5%
	15%
	20%

	Acrylamide
	1.7 ml
	2.5 ml
	3.25 ml
	4.1 ml
	5.0 ml
	6.7 ml

	Acrylamide Solution 2
	2.7 ml
	2.5 ml
	2.5 ml
	2.5 ml
	2.5 ml
	2.5 ml

	Water
	5.7 ml
	5.0 ml
	4.2 ml
	3.4 ml
	2.5 ml
	0.8 ml

	10% (w/v) APS
	100 µl
	100 µl
	100 µl
	100 µl
	100 µl
	100 µl

	TEMED
	10 µl
	10 µl
	10 µl
	10 µl
	10 µl
	10 µl


All protein samples were analysed by SDS-PAGE using the BioRad mini-protean gel II system. The percentage of gel chosen for SDS-PAGE analysis depends on the molecular weight of the protein of interest. Tables 3.5 and 3.6 summarise the composition of the SDS gels used in this study.

 Table 3.5 Compositions of the 2x SDS-PAGE separating gel and different percentages used.
	Component
	Volume to add

	Acrylamide
	0.75 ml

	Acrylamide Solution 3
	1.25 ml

	Water
	3.0 ml

	10% (w/v) APS
	50 µl

	TEMED
	5 µl


Table 3.6 - Compositions of the 2x SDS-PAGE stacking gel.

In preparation for loading the protein samples onto the SDS-gel, the samples were mixed with 2x SDS sample buffer (Sigma), heated at 95 °C for 5 min and microcentrifuged at full speed for 10 min. The gels were run at 200V in x1 Lamaelli running buffer and stained with Coomassie blue stain (minimum sensitivity: 30ng protein).  All gels were run with the molecular weight markers 17S, 7L and 6H (sigma), see table 3.7.  

	Name
	Molecular Weight of Markers (Da)

	17S
	16,950
	14,440
	10,600
	8,160
	6,210
	3,460
	2,520

	7L
	66,000
	45,000
	36,000
	29,000
	24,000
	20,100
	14,200

	6H
	205,000
	116,000
	97,400
	66,000
	45,000
	29,000
	


Table 3.7 - Size of molecular weight markers, all values are in Daltons.

3.2.5.8 Protein Chromatography and Purification

All proteins purified for this work and the purification methodologies applied are listed in table 3.8. A detail description of the purification method is given below. 

	CHAPTER(S)


	Protein


	Plasmid
	Purification Step 1
	Purification Step 2
	Purification Step 3

	4,5 & 6
	E
	-
	Q-sepahrose
	Hep
	BioRex70

	5
	wt (54
	pWVC93025
	Q-sepahrose
	Hep
	Mono-Q

	5
	57-477(54
	pMB7.7:160
	Q-sepahrose
	Hep
	Mono-Q

	6
	E(70 
	-
	Q-sepahrose
	Hep
	BioRex70


Table 3.8 List of proteins used in this work. The PspF(HTH used in assays and chapter 7 was purified by Ramesh Wigneshweraraj.  Only the proteins purified by myself are discussed.  Q-sepharose anion exchange column; Hep (Heparin affinity column); and Mono-Q (Mono Q ion exchange column) were bought from Pharmacia.  BioRex-70 cation exchange column was from BioRad.

Q-sepharose Chromatography
Principle: Q-sepharose is an anion ion-exchange (IEX) chromatography.  All IEX chromatography methods separate proteins on the basis of their electrostatic charge. Solvent exposed charged groups on the protein interact with oppositely charged groups immobilised on the IEX medium (solid phase).   In the case of the Q-sepharose column, the solid phase IEX medium consists of functional groups that have a positive charge (cationic).  This medium is therefore used for separating negatively charged proteins.  Binding of proteins to the IEX medium occurs when the salt concentration, or cationic strength, of the mobile phase is sufficiently low to allow the target molecules to act as counter ions (anions) for the cations on the solid phase.  Elution of the bound target protein occurs at such a time when the ionic strength of the mobile phase counter-ions are at sufficient strength to displace the bound protein molecule, releasing the protein back into the mobile phase.  Once back in the mobile phase, the salt molecules co-ions (in the case of Q-sepharose the cation) bind to the charged groups of the target protein, preventing the target molecule from re-attaching to the solid phase, hence elution occurs.  Thus, in Q-sepharose, elution of the target protein occurs when the Cl- ions (counter-ions) bind to the IEX medium, and the Na+ ions (co-ions) bind to the protein.

Protocol. For Q-sepharose IEX chromatography the protein solution was dialysed into buffer AQ-seph (20 mM Imidazole, 200 mM NaCl, 1 mM DTT, 0.1 mM EDTA, 5% (v/v) glycerol, pH 7, filter sterilised).  Prior to the chromatography, the protein solution was centrifuged at 18000 g for 45 min at 4°C and loaded (at a flow rate of 1 ml/min) onto a 10 ml Q-sephrose column (Pharmacia)  previously equilibrated with 5 column volumes (CV) of buffer A, 5 CV of buffer BQ-seph (same as buffer AQ-seph, but with final concentration of 1M NaCl) and 10 CV of buffer AQ-seph. The flow-through (FT) during the loading phase was collected and the column was washed with 5 CV of buffer AQ-seph. The washes were collected as 20 ml fractions. The protein was eluted with a stepped NaCl gradient (shown in table 3.9) at a rate of 2 ml/min. Elution fractions of 5 ml were collected and analysed by SDS-PAGE for the presence of the target protein.

	% Buffer B at Start
	% Buffer B at end
	Elution Volume (No. of Column Volumes)

	0
	5
	2

	5
	35
	70

	35
	50
	8

	50
	100
	8


Table 3.9 - Q-sephrose IEX column chromatography gradient used for elution.  The column used was a 10ml coloumn.
Heparin Column Chromatography

Principle. Heparin is used as a high capacity cation exchanger, due to the solid IEX medium containing large numbers of anionic sulphate groups. For the elution of bound target molecules a salt gradient is used, as described above for the Q-sepharose IEX chromatography, except, the role of the two ions is reversed, with Na+ ions acting as the counter ions and Cl- ions acting as the co-ions and thus binding to the target protein.

Protocol. For heparin chromatography the protein solution was dialysed into buffer AHEP (10 mM Tris-Cl, 200 mM NaCl, 0.1 mM EDTA, 5% (v/v) glycerol, 1 mM DTT, 10 mM MgCl2, pH 8)‍‍‍. The dialysate was centrifuged at 18,000 g for 45 min at 4°C and loaded (at a flow rate of 1 ml/min) onto a 5 ml heparin column previously equilibrated same before. The FT was collected and the column was washed with 10CV of buffer AHEP. The washes were collected as 2 ml fractions. The protein was eluted with a three step NaCl gradient.  The salt gradient was as follows; first, 0% to 20% buffer BHEP over 5 CV, followed by 20% to 70% buffer BHEP over 50 CV, finally 70% to 100% buffer BHEP over 5 CV, all at a rate of 1 ml/min. Elution fractions of 1 ml were collected and analysed by SDS-PAGE. 
Mono Q IEX Chromatography
Principle. Mono Q, like Q-sepharose is an anionic IEX chromatography method. Mono Q is a strong anionic exchanger based on a beaded hydrophilic resin with a very narrow particle size distribution, designed for high resolution. A quaternary amine group, -CH2N+(CH3)3, is attached to the resin, which binds positively charged molecules. As with Q-sepahrose chromatography, elution of the target molecule occurs when the Cl- ions (counter-ions) bind to the Mono Q matrix, and Na+ ions (co-ions) bind to the protein, thereby displacing the protein from the matrix. 

Protocol. Before Mono Q chromatography the protein sample was dialysed into buffer AMonoQ (10 mM Tris-Cl, 50 mM NaCl, 0.1 mM EDTA, 5 % (v/v) glycerol, 1 mM DTT, pH 7, filter sterilised). The centrifuged protein solution (18000 g for 45 min at 4 oC) was loaded at a flow rate of 1 ml/min onto a 1 ml Mono Q column (Pharmacia).  This column was equilibrated with 5CV of buffer AMonoQ, 5CV buffer BMonoQ (same as buffer AMonoQ, but with 1 M NaCl), and 10CV of buffer AMonoQ. The FT was collected and the column was washed with 5CV of buffer AMonoQ. The washes were collected as 5 ml fractions. The protein was eluted with a linear NaCl gradient of 0% to 100% buffer BMonoQ over 40 CV, at a rate of 1 ml/min. Elution fractions of 1 ml were collected and analysed by SDS-PAGE.  During purification of 54 proteins, the salt concentration was decreased to 50 mM NaCl.

BioRex-70 Column Chromatography

Principle. BioRex-70 is a cation exchanger, specifically used for the separation of E and E70 forms of the RNAp 246. The elution of bound target molecules occurs by a salt gradient, as described above for Heparin chromatography.  

Protocol. For BioRex-70 chromatography the protein solution was buffer exchanged (dialysed) into buffer A (10 mM Tris-Cl, 200 mM NaCl, 0.1 mM EDTA, 5% (v/v) glycerol, 1 mM DTT, pH 8, filter sterilised). The dialysate was centrifuged at 18000 g for 45 min at 4 °C and loaded (at a flow rate of 0.2 ml/minute) onto a 3 ml column containing BioRad BioRex-70 resin, previously equilibrated.  The FT was collected and the column was washed with 10CV of buffer A. The FT and washes, which contained the E70 form of RNAp were collected as 0.5 ml fractions. The protein was eluted with a NaCl gradient of 0% to 50% buffer B over 40 CV, at a rate of 1 ml/minute. Elution fractions of 1 ml were collected and analysed by SDS-PAGE. 
3.2.6 Protein Handling & Storage 

All purified proteins, after concentration determination and complex formation with other proteins (where appropriate), were immediately vitrified on holey carbon grids (see section 3.3.1.1), ready for cryo-EM analysis.  Excess protein was stored for activity analyses.  In such storage cases, the E, E70, 54 and 54(57-477) were buffer exchanged into storage buffers (10 mM Tris-HCl, 0.1 mM EDTA, 1 mM DTT, 50%(v/v) glycerol, pH 7, then 200 mM NaCl for the RNAp complexes and  50 mM NaCl for the 54 proteins)  at 4 °C. Subsequently, 10l aliquots of the protein solutions were flash frozen in liquid nitrogen and stored at –80°C. 

3.2.7 Measuring Protein Concentration by the Bradford Assay

The protein concentration of the protein samples was estimated using the Bradford assay technique.  This method is a rapid and reliable dye-based assay for determining protein content in solution. Prior to measuring the concentration of the target protein, a standard curve is produced using a protein of known varying concentrations.  Bovine serum albumin (BSA), the most commonly used standard protein, was used.  The standard curve is essential for the quantitative assessment of protein concentration.  The absorbance values for the increasing range of BSA concentrations (1.0 µg/ml to 10 µg/µl) were used to generate the standard curve by plotting the absorbance (at 595 nm) values against BSA concentration. Repeating the dye-based assays and comparing the absorbance readings to the standard curve allowed the estimation of the protein concentrations of the purified RNAp samples.  In all cases, ranges of dilutions were made for each of the RNAp samples and those giving readings equivalent to between 5-700 µg/ml, were used to calculate the mean concentration of each RNAp sample.

3.2.8 Verification of the RNAp Composition, Purity and Yield

The purity, presence and integrity of ,  and ' subunits were verified by SDS-PAGE analysis.  The purified Ec E and E70 samples were compared to a commercially available sample (Epicentre Technologies) and these were used as standards to test the stochiometry of the purified complexes by running equivalent protein amounts of commercially available RNAp next to the newly purified samples. The protein samples were estimated to be ~99% pure.

Jorg Schumacher verified the presence of the -subunit in both the core enzyme and E70.  Briefly, the -subunit was isolated using low percentage SDS-PAGE analysis.  The protein gel band believed to correspond to the -subunit was then cut out from the SDS-gel.  The denatured protein contained within this band was then recovered by depolymerising the gel followed by centrifugation.  The recovered protein was then N-terminally sequenced to verify the identity of the protein.  Finally the total amount of purified protein recovered from each cell culture was estimated as a percentage of the total protein to give the yield (see table 3.10).  

	PROTEIN
	YIELD (%)

	E
	0.36

	E(70 
	0.58

	(54
	0.07

	57-477(54
	0.02


Table 3.10 – The percentage yield of each protein after the purification process.

3.2.9 Core RNAp Binding Assays

Native gel holoenzyme assembly assays were used to detect complexes forming between E and (54 based on the different mobility of free core RNAp versus E(54. Reactions were carried out in a Tris-based buffer (40 mM Tris-HCl, 0.1 mM EDTA, 1 mM DTT, 100 mM NaCl, 10% (v/v), pH 8). Ec core RNAp  (400 nM) and differing amounts of the (54 protein were mixed together and incubated at 30 °C for 10 min in a total reaction volume of 10 µl.   The reactions were stopped by the addition of 5x native loading dye (STA buffer with 50% glycerol and 0.05% (w/v) bromophenol blue). Samples were loaded onto a 4.5% native polyacrylamide Bio-Rad Mini-Protean II gel and run at 50V for 2 hours at room temperature in x1 Tris-glycine buffer. Complexes were visualised by Coomassie blue staining. This assay was repeated for 57-477(54.  Similar reactions were used to generate the holoenzymes for cryo-EM (see table 3.10).

	Protein
	Ratio to E
	Final Protein Concentration

	(54
	1:2
	0.3  mg/ml

	57-477(54
	1:2
	0.3  mg/ml


Table 3.9 – Stochiometry of complexes used for the cryo-EM sample preparation and the final protein concentrations.
3.2.10 DNA Binding Assays

Principle: Gel mobility shift assays were performed to ensure that the RNAp samples maintained their DNA binding activity, DNA binding assays were carried out. A 32P end-labelled double-stranded DNA fragment consisting of the –60 to +28 S. meliloti nifH promoter sequence was used as a template for the gel mobility shift assays (see below). 

Size purified oligonucleotides (supplied from Sigma Genosys) were kinased with [(-32P]ATP. For preparing the labelled double stranded DNA, unlabelled complementary strands to the labelled strands were heated at 95 °C for 3 min in TM buffer (10 mM Tris-HCl, 10 mM MgCl2, pH 8) and then chilled rapidly in iced water for 5 min to allow duplex formation (unlabelled strand present in a twofold molar excess 10 pmoles in 20 µl). The DNA duplex was then stored at –20 °C.  

The 10 µl binding reaction consisted of 16 nM DNA and 100 nM holoenzyme in STA buffer.  These reactions were incubated at 30 °C for 10 min. Unbound DNA was separated from holoenzyme/(54 bound DNA on 4.5% polyacrylamide gels run in x1 Tris-glycine buffer. The gel was run at 60 V for 80 min and complexes were visualised and quantified by phospho-imager analysis.

3.2.11 Core Enzyme Catalytic Activity
Principle: The catalytic activity of the E was determined by its ability to bind in a non-specific manner to and transcribe from a poly (dA-dT) template (from Sigma). The results are analysed by thin layer chromatography (TLC). The poly-nucleic acids are bound at the point of application to the polyethyleneimine-cellulose TLC plate, while un-incorporated nucleic acids are separated away at the solvent front during the chromatography.

The core enzyme catalytic activity assay used was based on the method described by Borukhov and Goldfarb 248.  Briefly, the reaction mixture contains 3.4 l of ATP (30  mg/ml), 40 l of poly(dA-dT) (0.5  mg/ml), 4.5 l of DTT (0.1 M), 390.1 l of H2O, and 562 ul of master mix.  The master mix was composed of 5 ml of 1 M Tris-HCl (pH 8.0), 0.125 ml of 0.1M EDTA, 0.5 ml of 1 M MgCl2, 0.5 ml of 0.1 M KPO4, 62.5 g of BSA and 35 ml of H2O. 

The poly(dA-dT) transcription reactions (10 µl final volume) were performed with a range of E concentrations, (250 nM, 25 nM and 2.5  nM), to which 2 g/ml, and each reaction then left for a further 10 min.  After such time, the reactions were moved to 4 oC to stop further UTP incorporation.  After the reactions were stopped the transcript products were analysed by spotting 2l of each reaction mixture on a strip of polyethyleneimine-cellulose TLC plate, 8 mm from the bottom.  Once the spots had dried the bottom 5 mm of the plate was immersed in 2 M HCl and left until the HCl had chromatographed to the top of the plate.  These plates were then analysed and quantified by a phosophimager.  The purified Ec E catalytic activity was compared to the commercially available Ec E from Epicentre Technologies, which was used as a control.-P32-UTP was added.  After 10 min, unlabelled UTP was added in excess, 50 Ci of 
3.2.12 Transcription Assays

The E54 and E57-47754 were assayed to determine their ability to initiate transcription.  The template used was the supercoiled plasmid pMKC28, which contains the S. meliloti nifH promoter 191. Transcription reactions (10 µl final volume) were performed in STA buffer containing 100 nM holoenzyme (unless otherwise stated, which corresponds to a ratio of 1 E molecule to 6 (54 molecules), 10 nM supercoiled plasmid template, 50 µg/ml BSA, 10 units of RNasin (Promega) and 4 mM ATP and 4 µM PspF(HTH. The reaction mixture was incubated for a further 15 min at 30 °C to allow initiated complexes to form. The remaining NTPs (100 nM), 3 µCi of (-32P UTP and heparin (100 µg/ml) were added and incubation continued for a further 15 min at 30°C. 4 µl of x3 formamide loading buffer (3 mg xylene cyanol, 3 mg bromophenol blue, 0.8 ml of 250 mM EDTA in 10 ml of deionised formamide) was added to stop the reaction. 7 µl of the samples loaded onto denaturing 6% sequencing gels. The dried gel was analysed and transcripts were quantified by phosphoimager analysis.  The E70 transcription activity was assayed as above, except that a pFC50 plasmid containing the Ec wild-type and mutant glnHp1 promoter were used as a template 249 and the activator (PspF(HTH) was omitted. 

3.2.13 PspF(HTH Trapping

Purified His6-PspF(HTH forms a stable, highly ordered complex in the presence of AlCl3, NaF and ADP, which form an ADP/ATP transition complex 119.  A 20 µl reaction mixture containing 3 mg/ml PspF(HTH, trapping buffer (25 mM Tris-acetate, pH 8, 8 mM MgAc, 10 mM KCl ,1 mM DTT) was incubated at 25 oC for 5 min.  After incubation AlCl3, NaF and ADP were added and the resulting mixture microcentrifuged at full speed for 10 min.  The reaction was left at 25 oC for a further 10 min, before applying the supernatant to a holey carbon grid.

3.3 Electron Microscopy

There are three main methods employed to study protein structure; X-ray crystallography, nuclear magnetic resonance (NMR) spectroscopy, and cryo-electron microscopy (cryo-EM).  Each of these methodologies have their own advantages and disadvantages.  X-ray crystallography has been used to analyse a wide range of biological specimens, from short engineered peptides to large complex assemblies such as the ribosome and viruses. The major disadvantage of this technique is the need to have highly ordered crystals.  Crystallisation procedures usually require large quantities of sample, which are normally produced by purifying an overexpressed protein.  Many proteins cannot be overexpressed in a native state using standard expression systems.  Having obtained the appropriate quantity of protein, the sample must be stable for long enough to allow crystal growth. Finally, the appropriate crystallisation conditions have to be found that provide homogenous crystals.   However, once good, well ordered crystals have been achieved, high resolution structural information (better than 3.5Å) is available that allow the unambiguous positioning of amino acids.  X-ray crystallography represents the most common method of protein structure determination.  NMR allows the study of molecules up to about ~40kDa (which is its main disadvantage), requiring relatively small quantities of protein compared with X-ray crystallography.  One of the largest protein structures determined by NMR is the maltodextrin binding protein 250. Data collection is performed over a period of hours, and protein must be soluble and its motion must be unconstrained. The NMR methodology can also be used to studied protein dynamics and protein-protein interactions. However, NMR does require a homogenous population of molecules in a single state and only produces an average model.  Very flexible proteins or regions of proteins lead to poor average models, but generally reliable high-resolution structures are produced.  Finally, Cryo-EM is a relatively new tool that can be used to study biological specimens. Note, the term Cryo-EM encompasses three quite different structure determination methodologies depending on the order of the specimen; 2D-crystals, 1D helical arrays or single particles. For example, samples of bactiorhodopsin have been studied as 2D crystals revealing structural information to 5Å 251; 252.  The method of studying membrane bound proteins by 2D electron crystallography is very common as the sample is already constrained in 2D by the membrane lipids, which are typically dialysed out to produce 2D crystals 253.  However, 2D crystals have the same problem with their production as 3D crystals and they lack the third dimension. Also, 1D helical arrays/crystals have been studied using cryo-EM 254.   Most significantly, cryo-EM can be used to study samples without the need to crystallise them (single particle analysis, the technique use herein).  Furthermore, only a few microlitres of sample, at a relatively low concentration is required (~1 mg/ml, compared to crystallography that typically requires a few millilitres of sample in the region of 10mg/ml). Single particles in solution are randomly orientated and it is these random orientations that are utilised to reconstruction the structure. Some molecules have symmetry, for example an icosahedral virus has the 532 point group symmetry, whilst others samples are asymmetrical.  The order of symmetry leads to a reduction in the size of the dataset required.  Cryo-EM and single particle analysis has been used to study molecules that are only several hundred kilodaltons 255; 256 (the latrotoxin dimer is ~250 kDa in size) to macromolecular assemblies that are megadaltons (for example the Herpes virus is 200 MDa 257).  Another advantage is that cryo-EM and single particle analysis is adaptable to studying dynamic mechanisms and/or mixed populations of molecules 255.  

The combination of information from all three-techniques of structure determination (X-ray crystallography, NMR and cryo-EM) allows the study of large complexes at medium to high resolution.  Work by Ho et al, indicate that large macromolecular complexes are the norm 258. Understanding the interactions of individual proteins within these very large complexes is one of the fundamental goals of the post-genomic era, with cryo-EM becoming increasingly important 259.

Transmission Electron Microscopes (TEM)
A TEM is comprised of the following basic components: an electron source, an evacuated column, a series of condensing and magnifying lenses, a specimen holder and a camera and/or viewing screen.  At the top of the column there exists a means of generating electrons, the electron gun. The standard electron source is a tungsten filament.  Recently, a new type of the electron source has been developed that produces a more coherent electron source 260; 261, called a field emission gun (FEG).  In the FEG system, the coherent electron source is derived from applying a high electric field through a fine platinum wire that heats the wire to produce electrons. The emitted electrons are then accelerated through a potential difference, typically 200 kV.   To maintain this coherent beam, the column is under a high vacuum (vacuum of 10-3 Pa, maintained by pumps).   In a typical TEM there is a vertical column containing six electro-magnetic lenses; two condenser lenses that are used for focusing the electrons onto the specimen, two objective lenses used  for magnification and two projector lenses used for projecting the image onto a plate camera, charge couple device (CCD) or a phosphorous screen.  All of these lenses govern the direction and motion of the electron beam, due to the lenses being electromagnetic-coils. Altering the magnitude of the current flowing in the coils varies the strength of the magnetic field, hence the direction of the electrons, so that the image of the specimen can be focused and magnified.

As the electrons pass through the column the condenser lenses change the trajectory of the electrons so that they focused on the specimen.  After passing through the specimen, the objective aperture removes widely scattered electrons, while the remaining electrons are focused onto the image plate or CCD camera by the projector lens.  In the former case the film is developed as micrographs, which can then undergo image analysis and processing.
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Figure 3.1 - left, a schematic diagram of a TEM showing location of the FEG and electromagnetic lenses. Right,  electron diffraction and image formation in the TEM.  1 - Transmission function, 2 - diffraction pattern, 3 -contrast transfer function, and 4 - Image amplitude (microscope schematic take from the Philips CM-200 user handbook).  

Wavelengths and Resolutions 
An important concept of using a TEM is the maximum resolution attainable. The Abbe equation (1) allows the calculation of the minimum resolvable separation (d) of an object.


d = 0.61 (/A   



(equation 1)

( -  wavelength of the illuminant

A - size aperture of the lens used to view the object
The speed of the electrons is directly proportional to the accelerating voltage (() and thus the wavelength for the electrons can be presented by the formula (based on the de Broglie equation, 1924):

(=h/(2me()1/2 


(equation 2)

h - Planck's constant

m - Electron mass

e - Charge of the electron

(​ - Accelerating voltage
Thus, for an accelerating voltage of 200 kV the maximum attainable resolution for the microscope is 1.4 Å.  However, to achieve such a resolution for biological samples is very difficult, as the nature of the sample does not lend it to the imaging conditions (see below).

3.3.1 Sample Preparation

Unfortunately, TEM does not allow the direct observation of biological samples in their native aqueous environment, as an unstained/unprotected specimen would be destroyed (and vaporise) within fractions of seconds due to radiation damage.  Radiation damage is not a single process, with its effects affected by the specimen chemistry, electron energy, specimen temperature and total electron dose 262.  During the process of the beam interacting with the specimen, electrons can be scattered either elastically (deflected) or inelastically (pass through the specimen, losing energy).  Radiation damage is primarily caused by inelastically scattered electrons, which impart energy into the sample, resulting in heating of the specimen.  Secondary effects of electron energy loss include radiolytic mechanisms.  Finally, the physical vacuum within the column would result in a liquid sample being sucked out of the column.  Therefore it is necessary to immobilise and protect the sample.

A common method of protecting the sample is the use of negative staining.  Negative stains, such as uranyl acetate, form a metal cast around the sample (with details up to ~10Å preserved) 263.  Under careful imaging conditions the biological sample within the cast can still be analysed. However, damage is caused during conventional negative stain procedures due to drying, adsorption of the sample onto the support film and by the staining medium 264; 265.  Nevertheless, negative staining procedures form an important role in the study of biological specimens.  Indeed, a combination of cryo-techniques (described below) and negative stain using a holey carbon support film have been applied to samples to provide enhance contrast that is free from drying and adsorption artefacts.  An excellent example of where such a technique was applied is keyhole limpet hemocyanin 1, where ammonium molybdate and glucose were used as a high-contrast embedding material 266.  

The study of unstained fully hydrated thin film specimens in vitreous ice using TEM began in the 1970s 267.  Taylor and Glaeser (1974) demonstrated that freezing catalase crystals could preserve information up to 3Å resolution.  However, freezing approaches did not become routine for non-crystalline samples until Dubochet discovered the method of freezing a sample in a thin film in the early 1980s 268.  Dubochet and co-workers developed a method of cooling water so quickly that if forms a vitreous solid (glass like) without the nucleation of disruptive ice crystals.   The vitreous ice immobilises the sample and cold temperature slows the radiation damage 268.   
When the sample is held at near liquid nitrogen temperatures within the microscope, structural features in the range of 10 to 40 Å are unaffected by electron doses in the 10-20 e-/ Å2 range 262.  This is 5 to 10 times more than if the sample were held at room temperature 269.  However, a higher dose directly leads to proportionally higher signal-to-noise ratios (SNRs) in the electron micrographs. However, for the tolerable levels of electron exposure (5-20 electrons/Å2) the images are extremely noisy. The SNR differs at different spatial frequencies. At higher spatial frequencies (small details) the SNR is close to one, whereas low spatial frequencies the SNR is less than one. To overcome this inherent noise problem in electron microscopy of biological macromolecules one is forced to image a large number of molecules, under "low-dose" conditions, and then to apply some form of averaging to improve the data (the image processing, see section 3.4).  The methods used for the cryo-EM of the transcription complexes are described below.

3.3.1.1 The Support Film - Holey Carbon Grids 
Principle: The specimen layer needs to be very thin for two reasons: to produce a monolayer of the sample and due to the poor penetrating power of the electrons. However, the production of a thin film of water is opposite to water’s tendency to minimize the surface-to-volume ratio (due to high surface tension).  Thus, to achieve a thin specimen layer, a thin carbon (50-200 nm) support film, perforated with holes, is used. The carbon film is suspended on a standard EM grid (a copper square mesh, ~5mm in diameter).  The carbon film must be clean and hydrophilic to prevent contamination and promote adherence of the sample to the grid  

Protocol: Glass slides were cleaned in acetone, air-dried and immersed in a 0.5% aqueous solution of Osvan (Alkylbenzyldimethyl-ammoniumchloride) for 30 min, rendering the slide hydrophobic. The slide was then rinsed in distilled water and air-dried again.  Subsequently, the slide was placed onto a pre-cooled metal block (–20 oC) for 15-20 seconds, which results in the condensation of tiny water droplets onto the surface of slide. Subsequently, 2 ml of 0.5% Triafol (Cellulose Acetobutyrate) was pipetted onto the slide.  This formed a film containing minute holes due to the inability of Triafol to penetrate the water droplets. Once, the Triafol solidified, the slide was submerged in Pellex (diocytl sulfosuccinate sodium salt) for one hour making the film hydrophilic. The film was then detached from the slide by inserting the slide into distilled water. The water penetrates between the glass slide and the Triafol film, leaving the film on the water surface.  Next, standard copper EM grids (400 mesh) were taken and cleaned by sonication for 2 min in acetone. These grids were placed on to the floating film. The grid-covered film was then remove from the water and placed grid side down on another clean glass slide. The filmed covered grids were then air-dried. 

At this point the grids were carbon coated. To do this, the grids on the film were placed in a carbon coater (film side up) and the carbon coater subsequently evacuated to at least 2x10-5 Torr, (see figure 3.2).  The carbon coater consists of a sharply pointed carbon rod and a flat-ended carbon rod separated by a very small gap.   The electrodes are turned on and the voltage is turned up until the pointed carbon tip becomes white-hot.  At this point the carbon sublimes and the gaseous carbon atoms condense onto the Triaflor film of the grids, thereby generating a carbon cast. The thickness of carbon can be monitored by the amount of carbon deposited on the filter paper.  For RNAp, fairly thin carbon films were used due to the small size of the molecule. Prior to use, the Triaflor film was dissolved from the grids (by placing them in ethyl acetate), leaving just the perforated carbon. Prior to use, the holey carbon grids were then glow discharged, which rips off carbon molecules from the surface at a rate of 5Å sec-1, thus exposing clean carbon that is hydrophilic.  This process was carried out in an inert atmosphere of argon.  These procedures are adapted from those outlined in 263.
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Figure 3.1B - Carbon coater used for coating the grid covered with perforated Triafol.  See text for details.  

3.3.1.2 Sample Concentration

The concentration of the sample for cryo-EM and single particle analysis is critical. The ideal sample concentration is one that is high enough that the images of the molecule are separated by a distance of double the size of the molecule. Sample concentrations are typically 10x that needed for negative staining 264.    For RNAp, negative staining procedures were initially used to determine the appropriate sample concentration for cryo-EM studies.  A serial dilution from 2 mg/ml to 0.01  mg/ml was carried out and indicated that a sample concentration of 0.03  mg/ml was appropriate for negative staining.  Therefore, it was estimated and subsequently verified that samples with a concentration of ~0.3  mg/ml were required for cryo-EM studies. A similar procedure was applied to determine the appropriate concentration of the PspFHTH sample for cryo-EM, and also found to be 0.3mg/ml.

3.3.1.3 Protein Buffers and Cryo-EM

Principle: Another problem faced when working with protein solutions is that many aqueous protein samples require high concentrations of buffer salts (>100 mM) or solutes such as glycerol (5 to 10%).  Without 200 mM NaCl, RNAp aggregates over time 270.  

Protocol: Prior to freezing, the quantities of the solutes were reduced by floating the holey carbon grid on a drop (~40ul) of distilled water.  This washing technique works due to rapid diffusion of the solutes away from the sample 271, which if thought to be held close to the air/water interface.  

3.3.1.4 Blotting

Principle: The thickness of the vitrified specimen depends entirely on the blotting time, the hydrophilic properties of the support film and the humidity near the sample 264.  Insufficient drying leaves a sample layer that is too thick, thereby resulting in very poor image contrast.  Alternatively, excessive drying rapidly thins the specimen causing the molecules to migrate towards the periphery of the hole.  Finally, evaporation can lead to drastically increased solute concentrations and/or dehydration 272.  All of these phenomena can lead to distortion of the structure and must be avoided.   To enhance the spreading of the specimen the holey carbon film covered grids were glow-discharged.  

Protocol: For all the RNAp complexes and PspFHTH  4ul of sample was applied to a freshly glow discharged  holey carbon film for approximately 30 seconds and blotted for 2-3 seconds to remove excess solutes.
3.3.1.5 Vitrification of Samples
Principle: The methods for preparing biological macromolecules for cryo-EM studies have been well established, examples include Milligan et al (1984) 273 Chiu (1986) 274, Dubochet et al (1988) 268, and more recently by Baker et al 275 and van Heel et al 240. Vitrification of water rather than crystallization occurs only when cooling of the sample is very rapid (greater the 104 oC/s, 276).  Thus, the thermal conductance between the cryogen and the sample needs to be very efficient.  Liquid nitrogen cannot be used due to the fact that is has very low heat conductivity 268.  To circumvent this problem, liquid ethane or propane cooled to liquid nitrogen temperatures is used as a cryogen 268. A spark proof fume hood should be used for preparation of the cryogen as both ethane and propane are potentially very explosive.

Protocol:  A 4l aliquot of purified sample, at ~0.3  mg/ml, was applied to an EM grid coated with a holey carbon support film and washed (section 3.3.1.3).  The grid is secured with a pair of forceps and placed in a plunging device and suspended over a bath of ethane slush (figure 3.3).    The ethane is maintained close to its freezing point by a surrounding bath of liquid nitrogen (Figure 3.3).   Prior to vitrification the sample is reduced to a thin film by blotting (section 3.3.1.4).   The plunger is then released and the grid is rapidly immersed in the cryogen, vitrifying the sample.  
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Figure 3.3 - Vitrification of sample.   A small receptacle of ethane is placed in a liquid nitrogen bath.  The bath maintains the liquid ethane at near liquid nitrogen temperatures.  Forceps, holding the sample loaded holey carbon grid, are position in a plunger device just above the liquid ethane.  When the plunger is triggered, the sample is submerged in liquid ethane that vitrifies the sample. Adapted from original image by Holger Stark.
3.3.2 Cyro-EM of transcriptional complexes
As the name suggests, cryo-EM is quite different from conventional TEM.  The main differences are that the sample should be maintained below the devitrification temperature (~-140 oC), minimisation of the electron dose and low contrast of the unstained proteineous specimens 268.   These features place many additional demands on the microscope and microscopist.   Some of these constraints, their impacts and solutions (where appropriate) are outlined below.

3.3.2.1 Maintance of Low Temperature 

The vitrified specimen must always be maintained below the devitrification temperature in order to prevent conversion of the amorphous water in the sample to a crystalline state 277.  Special cryospecimen holders have been designed to maintain the low temperature of the specimen (see figure 3.4) 264.  The cryo-specimen holder used in this work was a Gatan side-entry cryo-holder system.  A schematic of such a holder is shown in figure 3.4.  Cooling of the sample is achieved by thermal conduction along a copper rod (grey in figure 3.4) that spreads into finely divided copper leaves in the liquid nitrogen 264.
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Figure 3.4 – Schematic representation of a Gatan side-entry cryo-holder, modified from 268.  The temperature of the specimen (T2) is maintained by the balance of the liquid nitrogen (-176 oC) in the dewer (T3), acting as a temperature sink cooling the sample via a copper rod (grey), and the surrounding environment (T1) which includes gas conductance and radiation that warm the sample.  The black lines represent the position of the anticontaminator rings around the sample, adapted from 277 .

Cryo-spceimen holders are often very unstable during imaging, mainly due to the huge temperature gradient between the microscope (at room temperature ~20 oC, marked T1 in figure 3.4) and the specimen (~-170 oC, marked T2) and the dewers at ~176 oC, (marked T3) 264.  To help reduce the instability, the specimen was placed within the microscope and left to stabilize for a minimum of one hour.

3.3.2.2 Contamination

Another draw back of the specimen holder is that it has to be rapidly transferred through the air to the microscope.  When this process is performed, there is condensation of water vapour on the rod and more importantly the grid 277.    In addition, the low temperature of the specimen and Gatan-holder makes it an excellent sink for contaminants.  Thus, to reduce the amount of contamination, an auxiliary anticontamination device was always used 278.  The anticontamination device used is known as the blade-type anticontaminator (figure 3.4).  The circular anticontamination device sandwiches the specimen between two pieces of cold copper, cooled externally by liquid nitrogen (see figure 3.4, notice the anticontamination device does not interfere with the path of the electrons).  This extensively reduces the amount of contamination, thereby allowing the specimen to be in the microscope for a few hours.  

3.3.2.3 Low-dose Imaging Conditions
As the vitrified sample is unstained, it is extremely sensitive to the effects of electron irradiation 262.  Therefore, the microscopy must be performed in such a way as to minimise the specimen exposure required to record a micrograph with the appropriate optical density.  Specific methods are employed that enable the capture of images with the minimal electron dose.

Focusing is carried out 2-3m away from specimen, primarily to minimise the radiation damage.  A further preventative measure includes the under exposing of the film, followed by its over development.

Searching for a suitable area 
The EM grid was searched for suitable areas for imaging at very low magnification (x3,000) and hence at a very low electron irradiation level.  (Estimates suggest that this is in the region of no more that 0.05 e-/Å2/s).  Areas were assessed for ice thickness, ice contamination and the appropriate concentration of the sample levels within the hole.  To assess the sample in detail, a suitable hole was chosen from a particular grid square, then at high magnification the hole was imaged using the CCD camera.  An added advantage of using the CCD is that it allows the performance of online Fourier transforms (FT).  From the FT the imaging conditions were assessed (astigmatism, drift and defocus, see below). 

Cryo-TEMs normally have a three-state system that makes searching, focusing and recording much easier.   When the microscope is used in TEM low dose mode, there is the option to allow the fast switching between low magnification for searching, high magnification for focusing and intermediate magnification for recording images (see figure 3.5).   
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Figure 3.5 – Focusing the electron beam under low dose conditions.  A suitable hole containing the vitrified sample is selected at very low magnification.  The beam is then moved to the side by 2-3 (m, focused and any astigmatism corrected (at high magnification).  The image outlined (grey box) is then taken of the sample using a very short exposure time at the desired magnification.  

Once a suitable specimen area had been located at low magnification, the image is switched in low dose mode to the highest, focusing magnification.   At this stage, the beam is actually moved by ~3m from the imaging/hole area, onto the surrounding carbon film.  When at high magnification, adjustments to the focal position are made in order to find the point of minimum contrast or “true focus” (see figure 3.6, middle).  At, true focus, one can also eliminate as much astigmatism as possible. Astigmatism is caused by difference in focus between the x-axis and y-axis.  Without the correction of the astigmatism, the image, and therefore the structural information, of the sample would be fundamentally distorted.  Then the image is under focused (termed defocus) by an appropriate amount (see figure 3.6, left and right of centre).  
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Figure 3.6 – Focusing and defocusing.  The central image shows an image of carbon at focus, taken at  higher magnification (120K x) and after correction of astigmatism.  Notice there is minimal contrast in these images.  The left image shows the same area taken at 1(m underfocus (defocused) and the right image 1(m overfocused.
Several factors determine the imaging conditions used (magnification, defocus, electron dose), the most significant factors are the dimensions of the object that is being imaged, the resolution required and the requirements of image processing.  All of the transcriptional complexes studied were imaged at 50,000x, with a range of defocus set on the microscope between 2 - 3 m and an electron dose of about 12 e-/ Å2.    The electron dose is determined by the magnification and the exposure time of the camera.  The camera exposure time at 50,000x magnification was set to 1 second.  

3.3.2.4 Characteristics of  Cryo-TEM Images
Contrast

As cryo-EM images thin samples, with the specimen comprised largely of low atomic number atoms, the samples are too thin to absorb electrons or deflect the electrons at large enough angles so they are removed by the objective aperture.  Therefore, most electrons are only weakly scattered by the specimen.  Thus, image contrast is generated by phase contract rather than amplitude contrast.  Only 5% on the contrast in a cryo-EM images arises from amplitude contrast, which is unaffected by CTF.  The remaining 95% of the image is comprised of phase contrast.  The relationship between the image of the specimen and the specimen itself is described by the contrast transfer function (CTF), which affects both the amplitude and phase contrast (see section 3.4).  The precise effect of the CTF is particular to the microscope and the imaging conditions; the spherical aberrations, present in all electromagnetic lenses, vary as a function of the objective focal setting and operating voltage.  

Drift

Drift is simply the movement of the specimen during the capturing of the image 277. Drift in cryo-EM images is common place (often due to the instability of the holder a feature that can frequently be eradicated by slightly warming the tip of the holder). Movements can also be minimised by maintaining a constant temperature, soundproofing and allowing sufficient time between entry of the specimen and image recording (personal observation) 
Charging
Charging is a poorly understood phenomenon 279.  During exposure, there is a stream of electrons passing through the specimen.  Most electrons are elastically scattered.  However, a few electrons are inelastically scattered, imparting some of their energy on the specimen.  The energy transfer eventually builds up to such an extent that electrons are emitted by the specimen.  The electron emission results in the specimen having a net positive charge that acts, at a very local level, as an electrostatic lens causing a local focusing change and blurring of the sample 279.   Using higher electron accelerating voltages reduces the amount of inelastically scattered electrons and therefore the amount of charging. Charging has also been noticed to be reduced by the inclusion of carbon film in the image 279
3.3.3 Development of the Negatives

The final step of the microscopy was the development of the negatives.  As part of the minimisation of the electron does, negatives are typically under exposed followed by over development.  The negatives (Kodak SO163) were developed in undiluted D19 (Kodak) for 12 min and then rinsed in water for 1 min at 20oC, such that an optical density between 0.4 and 1.2 resulted 263.  The washing procedure was then repeated. The negatives were subsequently transferred to fixer for 15 min.  Finally, the negatives were thoroughly washed in water multiple time and air dried.     

3.4 Image Analysis  and 3D reconstruction

Images of biological samples, using the cryo-EM methodology outlined above, are 2D projections of the object.  In the case of non-crystalline samples, each 2D projection is randomly orientated. In addition, as the specimen is unstained the images have poor SNR.  Image analysis is performed to combine these randomly orientated 2D projections of the objects into a representative 3D model of the object.  However, many thousands of images have to be averaged due to the poor SNR.  Thus, computational methods are applied to relate the 2D projections with respect to each other, so that they can be combined into the 3D model. Due to the different order of samples, many software packages have been produced that perform the task outline above.  The image-processing package used for this work was the IMAGIC software package 280. The main focus of this section is to describe the image analysis performed using IMAGIC, with only passing reference to other packages where appropriate.

Fourier Analysis

The use of analogue or digital image analysis enables an assessment of the image quality.  A common place tool for the analysis of a digital image is the Fourier Transform (FT).    The FT may be described as the frequency analysis of the image.  The image is considered to be the sum of a set of sinusoidal waves of varying frequency.  The higher the wave frequency the finer the details in the image.   This variation of intensity can be describe as :

j(x) = ∫J(R)exp-2πixRdR



(equation 3)

where j(x) is the image, R is a vector in n dimensions and J(R) are the Fourier coefficients representing the weighting factor given to a particular sine wave of frequency v = h/l.  A small value of h corresponds to a slowly varying sine wave (low frequency information), whilst a large value of h corresponds to fine (high resolution information).    Any measurement of v can be related to a spacing r in the image by r = 1/v.  Thus, there is an inverse relationship between the image and its FTs.  Small spacings r correspond to high frequencies v.  Thus, the transform of an image gives immediate  information of the frequency distribution.    A numerical transform, after digital conversion of the images, gives both J and ( (phase shift).

Weak Phase Approximation
Thin samples of biological specimens can be considered as weak phase objects 281.  In this approximation, the Coulomb potential distribution in the specimen,  V(r, z) affects the incident electron wave.  r refers to the (x, y) co-ordinate in the plane of the specimen.  The images of the specimen records V(r, z) or the 2D projection of the object as an intensity j(r).  In the weak phase object approximation, the electron wave function after transmission through the specimen is;

(0(r) = exp [-i((r)]


         (equation 4)

where ((r) corresponds to the phase shift in radians, relative to the incident beam and proportional to the Coulomb potential distribution V(r, z) along the z-axis, which is parallel to the optical axis. The term exp(-i() is representative of a phase shift cos ( - i sin (.  ((r), the phase shift, is related to the Coulomb potential distribution for a specimen of t thickness, by an integration in the z direction {ef sexton}.
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      (equation 5)

Where ( is a constant for electron with a wavelength (.  

Equation 5 and the approximation used to relate ((r) to the image intensity j(r) assumes a number of factors:

i. Coherent illumination is used

ii. The effect of inelastic scattering on (o is neglected

iii. The specimen is thin, therefore the phase shift ((r) is small enough to present the term exp[-i((r)] as an approximation 1- i((r)

[image: image22.jpg]ooooooooooooooooooooooooo





Figure 3.7 – Electron microscopic contrast transfer function (CTF).  The images demonstrate the effect on the sinusoidal amplitude modulation by continuously increase phase contrast, which leads to periodic changes in contrast.  Top – Graphically shows the effect of the PCTF at two difference defocuses.  Bottom – the effect on images of PCTF on an image (left) at two different defocuses.
However, the transform of an image of a thin specimen is the product of the transform of the specimen structure (()(equation 4) and a microscope CTF (equation 6).  This is why the correction of the CTF has become paramount in image processing as the specimen mage can become severely distored (figure 3.7).  The value of spherical aberration is approximately constant for a given set of imaging conditions (i.e. 200 kV, 50000x magnification and defocus).  Thus, as the effect of the spherical aberration (Cs) is considered to be constant, the altering the defocus ((f) alters the image seen on the micrograph (figure 3.7).  However, the phase shift induced by the CTF is necessary as it is this shift that allows the weakly scattered beam to interact with the unscattered beam to cause interference, which produces the necessary amplitude contrast to see the object, as phase differences can not be directly observed.   
C(v) = exp[-i((v)]B(v)        

(equation 6) 282
Where the phase shift ((v) is given by,

((v) = 2(/( {(Csv4(4/4)-((fv2(2/2)}      

(equation 7) 282
B(v) corresponds to objective aperture function, where all electrons scattered at angles greater than aobj= (max (the semi angle subtended by the objective aperture at the specimen) are stopped by the aperture and do not contribute to the image, v spatial frequencies, (f is the defocus, ( is the electron wavelength, and Cs is the coefficient of spherical aberration

3.4.1 Digitisation of Micrographs

3.4.1.1 Choice of Negatives

An exordium to the computer processing of images was the selection of the very best micrographs.  This was achieved via a two-step process, assessment by eye and optical diffraction.  Through these two processes it was possible to order the negatives in terms of quality.  A quality negative would have no charging or drift and be stigmatic.  In addition, the particle should be arranged such that there is an even monolayer.  Also, careful inspection of the cryo-EM images allows recognition of characteristic views and assessment of the different orientations of the molecules.  In all cases of the protein complexes studied, a good distribution of orientations was found.  

3.4.1.2 Digitisation 

The digitisation is of primary importance, as distortion of information within the negative will result in misrepresentation of the sample.  The Raleigh sampling theorem states that one should scan the micrograph at a step size, which is at least twice as fine as the resolution desired {REF}.   Two different scanner systems were used, an Image Science patchwork densitometer and a Leafscan 35 (see table 3.12).  The Image Science pathwork densitometer scans a negative as a series of overlapping images, where as the Leafscan 35 is a line scanner.  The Leafscan (used for the digitisation of the PspFHTH), although inferior in terms of resolution, was much easier and quicker to use than the Image Science patchwork densitometer and was sufficient for an initial analysis of the PspFHTH complex.

Image Science patchwork densitometer
The Image Science patchwork densitometer is a CCD based densitometer system 240; 283.  A CCD chip comprises a grid of light sensitive elements that are termed pixels, which detects the light transmitted by the negative being digitised.   The Image Science patchwork densitometer comprises a fixed camera, which contains the CCD chip. Below the camera, there is a moveable x-y table that holds the negative, beneath which there is a light source.  The light source is interactively adjusted such that there is no saturation of the CCD chip by light transmitted through the negative.  To reduce errors during the data collection process, introduced by the non-uniform light source and sensitivity of the CCD chip, a series of calibration steps prior to use are performed to estimate the lack of uniformity. The patchwork densitometer splits the negative up into ~650 overlapping 500 x 700 pixel patches.  Overlapping patches are required to compensate for the small errors in the movements of the x-y table.   The individual patches are recorded by moving the x-y table that holds the negative in a grid pattern so that the whole negative is imaged.  After each image capture, the inaccuracies of image capture are corrected.  Once all of the patches have been collected, a post processing step reassembles the micrograph as a single image. The micrograph is now in a digital format that can undergo computational image processing.

The pixels forming a micrograph have a specific size or scale, which varies depending on the magnification of the microscope and the magnification of the camera lens used to digitise the image. Therefore, the division of the step size of the camera (the area of the negative that each pixel corresponds to) by the magnification of the TEM will give the scale of each pixel.

Step Size/Magnification = Real Pixel Size 

(equation 8)

All RNAp images were taken at a nominal magnification of 50,000x were digitised with a 5.0m step size.  Calibration experiments of the TEM revealed that the nominal magnification of 50,000x was in reality 48,600 (Gowen B, unpublished data). Substituting the known values into the equation above indicates that each pixel represents 1.05 x 1.05 Å at the specimen level.  Having calculated the sampling frequency (real pixel size), it is possible to calculate the maximum resolution achievable from the digitised image.  This maximum resolution or Nyquist frequency is given by the Nyquist theorem {REF} and is simply twice the sampling frequency.

To reduce the noise of the digitised micrograph, the image is “coarsened” by a factor of 2. Therefore, each pixel represents 2.1 x 2.1 Å at the sample level and the data has a Nyquist frequency of 1/4.2 Å.  

The Leafscan 35

The Leafscan 35 works in a similar manor to a common computer flat bed scanner (i.e. CCD-line array detector), albeit at much higher resolution.  The micrograph is held in a “leaf” with the light source above the leaf and the detector below.  The micrograph is then scanned line by lined.  The Leafscan 35 digitised the image at 10 m per pixel, thus the sampling frequency at the specimen level is 2.1 Å per pixel, such that the Nyquist frequency was also 4.2 Å.

3.4.2  Data Extraction

Principle:  The principles of data extraction are to collection as many single particles as possible.  Particles must not be touching as this restricts their orientation and prevents separation into individual particle images. Statically significant data sets are required such that as many different views of the molecule are present and so that only very alike images are averaged together (see below) 284; 285.  The dataset should also contain a variety of defocus values, which provide information at all spatial frequencies in the final reconstruction.  All of the RNAp datasets were statistically significant (table 3.12), containing a range of defocus values in the range of 3-5μm. Unfortunately, those micrographs containing the most information are those closer to focus, but these have the lowest contrast. As, RNAp is small (380-450 kDa) and completely proteinatious, it has relatively poor electron scattering properties (see figure 3.6).  

	Data Set
	No. Scanned Micrographs
	No. of Particles
	Scanner Used

	E
	16
	25,000
	Image Science

	E70
	6
	10,000
	Image Science

	E(54
	5
	10,000
	Image Science

	E57-477(54
	5
	10,000
	Image Science

	PspFHTH
	8
	2,500
	Leafscan35


Table 3.12 – List of the size of each data set used to reconstruct the different macromolecules.  The final column indicates the scanner used to digitise the negatives. 
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Figure 3.8 - Image of an untreated negative, containing core RNAp molecules.  The SNR is very poor, but after treatment (not shown) the location of individual RNAp molecules can be identified (circles on red).  The diameter of the circle corresponds to 160Å.

3.4.3 Image Processing

Overview and Principles: The method of angular reconstitution exploits the random orientations that molecules assume within a solution 240; 286.  The images of the individual particles in solution have 6 degrees of freedom that need to be taken into account when calculating a 3D structure (see figure 3.7).  The first degree of freedom, (z), is ignored, as the image taken of the molecule is in a plane perpendicular to the electron beam.

The molecules can be located anywhere in the micrograph, (x,y), and their exact (x,y) position needs to be determined. Furthermore, at a particular (x,y) position, a molecule can have any orientation in terms of an in-plane rotation, referred to as the (-angle orientation. In the object centred co-ordinate system, the three rotational degrees of freedom (three Euler angles) of the molecules are the in plane α rotation and the out of plane a rotation ( around the z-axis, followed by a rotation about the y-axis, ( (Figure 3.9). Reference free and multi reference alignment procedures are used in order to eliminate these three in-plane degrees of freedom (x,y,(). 
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Figure 3.9 – The 6 degrees of freedom of a particle.  See text for details.

After alignment, molecules still have two further degrees of freedom, the out of plane rotations, ( and (.   Aligned images undergo an automatic classification procedure and averaging to produce characteristic views.  The characteristic views are then assigned Euler angles by the angular reconstitution technique.  Subsequently, the 3D reconstruction can be calculated using a 3D reconstruction algorithm (e.g. exact filtered back projection) that corrects the weight of unevenly distributed characteristic views.  There are alternative ways of achieving the final 3D reconstruction as shown in figure 3.10.  Regardless of the precise methodologies used, all procedures are carried out iteratively until the data converge on a stable structure (see figure 3.11).

3.4.3.1 Contrast Transfer Function Determination and Correction

Principle: Contrast in cryo-micrographs arises largely from phase contrast.  This is formed by the interference of scattered and unscattered electron waves.  The relationship between the object and the image is described by the CTF 282.  As a result of the CTF certain spatial frequencies, originally present in the object, are inverted in the image of the object, thus the image of the object becomes distorted (see figure 3.7).  As mentioned previously, the elastically scattered component of the CTF is a function of spatial frequency.  Mathematically, this is expressed as in equation 6.
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 Figure 3.10 – The different ways of combining 2D images to achieve a 3D reconstruction.  A – images are combined into sets of 3D reconstruction, the 3D reconstructions are then merged to produce a final 3D.  Such a procedure was typically used when CTF correction was applied on the 3D reconstruction, thereby allowing the combination of several sets of images taken at different defocuses to produce a representative 3D reconstruction.  Also, this method is used for combining data from several conical tilt series. The second method, B, shows the procedure used in the work presented in this thesis.  Alike 2D images are combined to give an improved image or average image that has a much better SNR.  The relative angles of these images with respect to each other are determined and subsequently the images are combined to produce a final 3D reconstruction. Finally, the third example C, shows the method whereby the relative angle of each image is determined by aligning to a reference images with a known angle.  These images are only combined in the in final 3D.  The angles of the raw images are usually determined by projection matching rather the angular determination described here.  Image taken from 287.

For 2D crystal objects, both the diffraction pattern and the FT of the object are used to precisely determine the CTF prior to the 3D reconstruction.  However, for single particle analysis, the determination of CTF is less straightforward.  Previously, the limit of resolution that could be achieved for a reconstruction by the single particle methodology was dictated by the first zero intensity position of the CTF, which was determined by the defocus used.
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Figure 3.11 – Single particle Cryo-EM by angular reconstitution.  An overview of the iterative refinements is presented in this figure.  Starting at the top and working in a clockwise fashion each step will be briefly outlined.  The sample is imaged, and the quality of the sample is assessed, a process which may take several iterations to obtain the perfect monolayer.  After imaging, the better micrographs are digitised.  Individual particles are then interactively selected from the micrograph to produce the data set.  These images then undergo CTF correction and alignment, followed by MSA and classification procedures to produce characteristic view or class averages of the data set.    The class averages are then used to improve the alignment (during the initial phases of processing only) or are assigned Euler angles by angular reconstitution.  These Euler angels are then used to calculate a 3D reconstruction.  Having obtained a 3D structure, the density map is reprojected into (a few) Euler angle directions to create an anchor set of images that are used to refine the angle determination of the class averages.  This is repeated until a stable 3D reconstruction is produce.  Once this is achieved, the 3D reconstruction is projected many times to produce a set of reference images for multi-reference alignment.  The whole cycle is repeated until the data converges on a final 3D reconstruction.  Finally, after the determination of the final 3D reconstruction, the structure undergoes analysis and interpretation.  The interpretation is then followed by another macromolecular complex or altered conditions.  The magenta backdrops for certain stages represent the more CPU intensive procedures of the image processing cycle.
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Figure 3.12 – Example of an image power spectrum generated from a negative of core RNAp molecules taken far from focus.  These rings of brightness are known as Thon rings and are maxima of the CTF (arrowed green).  The regions of black between the rings, indicate points where the CTF has caused severe or complete attenuation of the signal at that particular spatial frequency (minima are arrowed yellow).  Note, the low frequency information is found at the centre of the image, whilst the high frequencies, invisible after about 5A are located as the outside edges.

However, due to the large amount of defocus used to record images of RNAp (3-5m defocus) this would limit the reconstructions to, at best, 25 Å. To achieve useful structure-function relationships a higher level of resolution is ideally required.  This is achieved by correcting for the CTF introduced by the EM.  To correct for the CTF, it is necessary to accurately determine the precise defocus used during the imaging.  The determination of the defocus is a multi-step process, which is further complicated in the case of RNAp by its relatively small size.  As such, automatic algorithms for CTF correction cannot be used 288.  This is primarily due to the fact that RNAp has very weak scattering properties and was at a relatively low concentration compared to the sample used to develop the algorithm.  Thus, an alternative method was derived to determine the defocus.  The method devised uses elements from many other methods of CTF correction methodologies 288; 289; 290  (the source code is presented in Appendix B).  CTF correction has been historically applied either at the beginning of the image analysis, on the raw image data, or at the end of the 3D reconstruction procedure 288 and references there in.  In all cases, the method of CTF correction was applied after digitisation and particle selection.

The first step of the CTF correction method devised was to generate an unambiguous power spectrum, best observed after rotational averaging (see figure 3.11).   Such power spectra allow the estimation of the positions of the zero intensity caused by the CTF. The power spectrum is generated by averaging overlapping power spectra as follows, (see 289).  In all cases, the negative was divided into four areas.  Within each area, 20 512 pixels2 square patches were picked with an average overlap of ~30%.  Subsequently, these images were Fourier transformed and the modules of the intensities taken to form a power spectrum. After summation of the 20 power spectra to generate a mean power spectra (MPS) for each region, followed by rotationally averaging the 2D MPS (see figure 3.12).  The rotationally averaged MPS is then low-pass filtered to remove small variation related to CTF.  Final, a line from the centre to the outside was take to produce a smoothed 1D power spectra.  This 1D MPS is then extracted in a numerical format within IMAGIC.

To further assist the estimation of the defocus, the program carries out a number of additional processing steps. The CTF depends of the envelope functions due to specimen thickness 275, accelerating voltage and a spatial frequency-dependent noise distribution. The background of the profile was removed before zero position estimation, by working out the linear gradient of the curve and subtracting this gradient from the measured CTF 290; 291. The user also needs to input the range of spatial frequencies represented in the MPS and parameters relating to the microscope used, such as accelerating voltage and spherical aberration coefficient.  The program then locates minima and classifies the minima as long-range (usually relating to real zero positions) or short range minima (usually noise, but sometimes relating to poorly represented zero positions).  Estimation of minima and their classification is important as observed minima can arise from either the structural factors of the specimen or from the CTF.  Both sets of minima are subsequently displayed, from which the user verifies the positions of the suggested true zeros positions (spatial frequency) and their corresponding order (i.e. the first, second or third zero).  The program also incorporates a weighting option (from 0 to 1, with the default set as 1).  Such a weighting option is useful when a MPS is particularly poor and there are ambiguities of multiple zero positions, but where the ambiguous zeros are required to estimate the defocus. Both the zero order/omission and weighting options are important factors as there can sometimes be difficulties in distinguishing minima arising from structural factors and those arising from CTF.

Finally, the program uses a least-squares method to fit the experimentally determined minima to those zeros in equation 7, to determine the precise defocus used.  The top five defocus fits are then returned, together with the standard deviation of the fits of the experimentally determined zeros and the mathematically determined zeros for the estimated defocus.  The user can then compare the MPS with the theoretically calculated CTF to ensure the correct defocus is used during the CTF correction.

The CTF correction is performed on single particle images within IMAGIC-5.  Initially images are boxed off, typically in 128 x 128 patches.  These images are then normalised and have a mask, with a 60 pixel radius and a soft edge (Guassian function) over four pixels imposed.  These images were then frames in 512 x 512 boxes.  The “negative” phases were then flipped using standard IMAGIC commands within the Transfer package.  Framing of the images in 512 x 512 patches enables a more precise flipping of the high spatial frequency phases, as the correction is implemented in Fourier space.  After CTF correction, the images are cropped into 128 x 128 pixel arrays.

For a given defocus, the CTF results in the incorrect contrast (where the intensities of the CTF are negative) and a series of zero information at specific spatial frequencies (see top panel of figure 3.13). Flipping of the phases corrects the general contrast of the images, but at the zero positions of the CTF, information is lost (bottom panel, figure 3.13).   To obtain information at these the zero information positions one must combine images taken at different defocus values (bottom, figure 3.13), as the zero positions occur at different spatial frequencies for different defocus values the combination of images at different defocus values means that there must be information at all spatial frequencies. 
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Figure 3.13 – The use of multiple defocuses.  The influence of the CTF results in periodic changes in contrast.  The x-axis represents spatial frequencies and the y-axis represents the intensity. Top -   Two different defocus values produce two different phase shifts, with zero intensity positions. Bottom - After precise CTF correction, there is no longer phase reversal, but at spatial frequencies zero intensities.  However, by adding images taken at the two defocus values there are no overlap zero intensity. 

3.4.3.2 Pre-Alignment Procedures

The CTF corrected images were then normalised and band-pass filtered 292.  The normalisation process sets the mean density to zero, with a variance of three standard deviations (user defined).  The band-pass-filtering suppresses the disturbing low frequencies and very high spatial frequencies.   The low frequency components removed by filtering are often associated with density ramps and their presence would disturb the alignment procedure. The band-pass filter is the product of a wide Guassian low-pass filter, to cut at only the extremely high spatial frequencies and a narrow high-pass filter to cut away the disturbing low frequencies 292.  In general for RNAp, a low frequency cut-off of 0.005 Å-1 and a high frequency cut-off of 0.9 Å-1 were used. The low-pass and high-pass cut-offs were not absolute; transmission values were set to 5%.

3.4.3.3 Alignments of Images in the Plane

Principle: The purpose of an alignment is to bring a common motif present in two or more images into a common position between the images 288.  

Reference Free Alignments

During the initial stages of working on a novel specimen, with no knowledge of the overall structure there is a need to align the images without using references to enable an unbiased assessment of typical views.  Alignment of images of the sample embedded in ice, with respect to a reference image using correlation procedures can lead to bias towards the reference images (primarily due to the poor SNR) 293.  Reference-free alignment is an iterative procedure.  The molecular images are centred by translational alignment relative to the rotationally averaged total sum of all images in the dataset.  The translationally aligned images are summed together and rotationally average to provide a reference for the second alignment.  This method is repeated several times, until no further improvement of alignment can be made.  The data then undergoes a multivariate statistical classification (MSA) procedure (see below), which is used to find similar rotational orientated images.  These views are then used as unbiased reference images with which to start the multi-reference alignment procedures.  The reference free alignment and MSA procedures also allow the unbiased identification of any symmetrical properties of the molecules 255; 294.

Multi-reference Alignments

Principle: It is virtually impossible to achieve a high quality alignment of a large dataset of randomly orientated images using a single reference image 292.  This is primarily due to the fact that a 3D structure projected at different directions normally yields very dissimilar 2D projection images.  For accurate image alignments of large data sets containing a wide variety of projections of the structure, an extensive reference set is required.  

Prior to the multi-reference alignment the reference images were normalised and band-pass-filtered.  These images are then aligned to the first reference image.  The alignment algorithm takes the first raw image and converts this image and the first reference image from their usually Cartesian co-ordinate system to a polar co-ordinate system.  These transformed images are then subjected to 1D FT along the angular co-ordinate.  FTs of the reference and image are conjugate multiplied with each other.  The rotational cross correlation coefficient (RCCC) is obtained by integrating the inverse FT of this product over the angular co-ordinate.  The molecular image is then rotated by the angle ( at which the RCCC is found to have its maximum.  Subsequent to the rotational alignment, the translational alignment is performed.  This alignment is achieved by searching for the position of maximum cross-correlation function (CCF).  The rotated molecular image and reference images are FT and the 2D FTs are conjugate multiplied by each other.  The inverse Fourier transform finds the CCF from this product. The rotated image is then shifted by ((x, (y) to the position of maximum translational overlap.  This procedure is carried out iteratively up to five times.  The above procedure is repeated for each individual raw image in the dataset until they are all aligned with respect to reference 1.  The dataset is then subsequently aligned, with respect to reference 2.  For each image, if the correlation is better with the second reference the program aligns the image to the second reference; else the program will leave the alignment with respect to the first reference 295.  This procedure is then carried out with reference image 3 and so on 288. 

3.4.3.4 Multivariate Statistical Analysis (MSA)

Principle: Due to the fact that images of biological specimens are very noisy, alike images need to averaged together to improve the SNR before further image processing.  For near identical images to be averaged, similar views of the biological specimen need first to be aligned.  The aim of the alignment is to remove three of the degrees of freedom in their orientation (x, y,).   After aligning the images of single particles they need to be sorted into groups of similar images.  Although the human eye is an excellent tool for distinguishing between unalike objects, when one is dealing with large data sets (>3000 images), this is unfeasible.   MSA is thus a vital component of the image processing technique.  The first use of MSA to classify noisy images of biological macromolecules was in the 1980s 296; 297; 298.  The MSA technique takes a dataset of n images, with each image having p pixels, and places them in a matrix X.  Each image forms a row of the matrix.  Thus, the matrix X, has p x n elements Throughout the image processing 128 x 128 pixels was a typical image size, thus the images in these data sets were represented in 16384-dimensional space!  This matrix is then modified in such a way that each row is now described as a linear combination of the main eigenvector (eigenimages).  This main eigenvector is defined by the representation of each image or row within the matrix, as a point in p-dimensional space, spanned by the pixel densities and finding the main statistical characteristic of the cloud of n points.  The underlying principle of defined the cloud of point is the power procedure 299: that a randomly chosen vector, when iteratively multiplied through the data will gradually yield the first eigenimage of the system.  Then a set of eigenimages can be obtained by making sure that after every iteration that all subsequent eigenvectors are orthogonal to the proceeding eigenvectors (see figure 3.14).  

The data is largely described by the first few eigenvectors, which represent the large proportion of the variance present with in the data set.  This is reflected by the fact that they have the largest eigenvalues.  The user specifies the number of co-ordinates used to describe an image.  For the larger RNAp datasets, 64 eigenvetors were used to describe each image.
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Figure 3.14 – Schematic representation of the estimation of eigenvectors.  The underlying principle of the MSA algorithm is the “power” procedure.  A randomly chosen vector, when multiplied through the data, as indicated, gradually yields the first eigenimage of the system.  A whole set of eigenimages can be found by making sure that after each iteration, each subsequent eigenvector is orthogonal to the preceding eigenvectors.  This procedure is indicated by the orthonormaliastion step.  Combined with this step is an over-relaxation procedure that is a mathematical method to make sure the algorithm converges on a solution more rapidly.  The over-relax procedure exaggerates the differences found between successive round, thereby trying to predict the final solution. 

3.4.3.5 Classification

Principle: After MSA, an automatic hierarchical ascendant classification was performed.  This algorithm groups similar images into classes, which are in turn grouped into larger classes until eventually all classes are merged into one large class 245; 288; 297; 300.  The classification hierarchy is normally cut at a user-determined level. Images are partitioned into classes by searching for local minima of internal class variance.  The procedure is further aided by allowing members of classes to migrate to different classes provided that the variance criterion is met.  The classification therefore aims to minimise the amount of internal variance of each class, whilst maximising the variance between classes.  Typically, each class contained 10-20 individual images 284.

During the classification 10% of the total number of images in the dataset were discarded based on their large variance contribution.  This produced classes with an even lower internal variance.  Overall, this methodology of classification produces classes with varying amounts of internal variance, with lower internal variances corresponding to better classes.  After the classification step, the aligned images in each class are then averaged together.  This averaging step leads to a significant improvement in the SNR.  The SNR improves proportionally to the square root of N, where N is the number of images added together (assuming all signals from the molecules within a class are identical) 301. These classes can then be used as references in further rounds of MRA to refine the alignment 292.  After several rounds of MRA/MSA classification, good, stable classes were achieved, which can then undergo angular assignment.

	Complex
	No. Images
	No. Classes
	No. assigned Angles 
	No. Class in 3D

	E
	25,000
	2,000
	1,000
	750

	E54
	10,000
	1,000
	
	500

	E57-47754
	10,000
	1,000
	
	500

	E70
	10,000
	1,000
	
	

	PspFHTH
	2,500
	140
	140
	


Table 3.13- The number of 
3.4.3.6 Angular Reconstitution

Overview: The class averages resulting from MSA and classification represent 2D projections of a 3D structure in different projection directions.  These projections provide a lot of information related with structural features of the molecule, but they do not describe the three-dimensional density distribution.  To restore the 3D density distribution, one has to find the angular relationship between the projections.  In 1968, DeRosier and Klug published the first 3D reconstruction of a biological object, a phage tail 302.  However, it was not until 1974 that an asymmetric molecule was reconstructed from its 2D projections {ref}.  The principle of generating a 3D object from its projections is derived from Radon’s theorem 303, which states that an object can be reconstructed uniquely from its line projections when all of its line projections are known.  Radon’s theorem is closely connected to the projection theorem, which states that any 2D projections have at least one 1D projection in common.  The common lines between pairs of projections can be easily shown in Fourier space.   The FT of any 2D projection is a central section of the 3D in Fourier space.  Therefore, two different projections of the same object, represent two central sections in Fourier space that are crossing each other along the line through the centre (origin) of Fourier space.  The FT of that line corresponds to the 1D projection that two projections have in common to both 2D projections (figure 3.15). 
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Figure 3.15 – Diagram representing the projection theorem and its use in 3D reconstitution.  This procedure can be carried out in real space or in Fourier space depending on the soft ware package used, image taken from 287.  

Angular Determination
Principle: The class averages represent 2D projections of a 3D structure from different directions 286.  Thus, relating back to the projection theorem, there is always one common line between any pair of 2D projections from the same 3D object (see figure 3.14).  This has given rise to the common line methodology of angular determination.  The search for the common lines can be carried out in real space (IMAGIC, 286) or in reciprocal space (see figure 3.14) (MRC, 304).  The real space searches involve the formation of sinograms 286 (see figure 3.16, A and B). A sinogram is effectively a table of 1D projections of a 2D projection (figure 3.16, C and D).  As a simple model, two projections can be geometrically related by their common central section, or common line.  The common line is found by comparing every line in the sinogram of projection 1 to every line in the sinogram of projection 2 (figure 3.16, E).  The comparison is performed using a cross-correlation function (see below) for all angles or 1D projections 286.  Once the common line is found between projections 1 and 2, a third image is required for determination of their absolute orientations, providing it is not planer with either of the other two projections.  This is simply because projections 1 and 2, although related by a common line, can still move in an unconstrained manor about the common line (see figure 3.17).   Once a third projection is added it will constrain the movement and lead to a complete determination of relative angles between the three projections (see figure 3.17).

In reality, the search is slightly more complex.  To find the common line projection between two 2D projections (projection 1 and 2), their sinograms are compared line by line using “ sinogram correlation functions” (sinCF) 240.  At the position of a common line, the sinCF reaches a maximum, thereby allowing the assignment of an Euler-angle orientation.  If the molecules possess symmetry, a number of sinCF maximums exist related by symmetry operations.  SinCF are performed using amplitude square root filtering and normalisation to reduce the weight of the low frequency components.  Identification of maxima in the sinCF (figure 3.15, e) allows the  identification of the common line between a pairs of sinograms.  Further projections are added (projection 3 and so on) by comparing the new sinogram to the previous sinograms 240.  The search system over all possible orientations leads to testing of values of peaks in predicted positions in all the sinCF matrices of all earlier projections.  The normalised standard deviation of the peak heights serves as an internal quality control.  This standard deviation was also used to remove poor classes during refinement.  This procedure was repeated several times between different classes to obtain a reliable initial model for the structure.  Obtaining the initial model is particularly difficult in the case of an asymmetric molecule, such as RNAp because the classes are relatively poor, as alignments have only been carried out on a relatively small set of reference.  Nevertheless, once self-consistent angles are obtained, it is possible to produce a first approximate 3D structure.

[image: image28.jpg]



Figure 3.16 – Sinograms and Cross Sinogram correlation functions.  Two class averages are shown, A and B. Each line of the sinogram images (C and D) is generated from the 2D projection images by taking all the 1D line from the class average.  Each point of the sinogram correlation function contains the correlation of the two lines of the sinograms that are being compared (E).
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Figure 3.17 – The principle of common lines.  Two projections of the same object represent central sections of the FT of the object.  These sections intersect along a common line, which runs through the centre or origin of the Fourier space.  Along that  space line the projection lines are identical.  After the combination of sections along a common line, the images are not fixed (left).  Only after the addition of a third section (right), are the projections (sections in Fourier space) have fixed common lines.   

Three Dimensional Reconstruction

Principle: Use the 2D projections of an object to generate a 3D object.  The algorithms used are based on the projection and Radon theorems 303.  Having defined the angles of the projections, it is possible to restore the 3D map of densities using the 2D projections. Forward projection produces a 2D image from a 3D object, back-projection produce a 3D object from a 2D image by translation into the direction normal to the plane of the image (Figure 3.18).  The simplest way is back projecting all 2D projections through the 3D reconstruction volume, but this would lead to a “blurred” reconstruction.   To compensate for the smearing effect of back-projecting van Heel and Harauz 305; 306; 307, van Heel, 2000 #544 applied exact-filtering procedures to the projections that were individually tailored to the distribution of projections, thereby compensating for the lack of uniform distribution associated with vitreous ice preparations.

Although these algorithms are excellent for generating 3D objects, they will not compensate for larger regions not represented in the input projections 240.  Thus, when refining the RNAp reconstructions, a low error in Euler-angle assignment was sort, as well as with a widespread distribution of projections over the unit Euler sphere, even at the expense of including projections with slightly higher Euler-angle assignment errors.  During the refinement of the large datasets, a 3D structure would be calculated from ~50 input projections.  The final 3D reconstruction was calculated from at least 50% of the total available projections with determined Euler angles.
Angular Determination Using Anchor Sets

Once an initial, but stable 3D reconstruction of a molecule was available, this object was used to create an “anchor set” of reprojections over different Euler-angle directions 240; 308; 309.  This method of angular determination has major advantages as re-projections from a common 3D density are necessarily consistent with each other and contain less noise than 2D projections (or classes) due to the implicit averaging taking place during the 3D reconstitution algorithm.  In addition, a mask can be applied around the 3D object, removing noise. Thus, instead of comparing subsequent class averages with every other input projection, the Euler-angle search is performed with respect to the anchor set projections.  The anchor-set Euler-angle assignment is more sensitive and more precise 240.  Further improvements to the angular determination were made during the later stages of image processing.  These include centring of classes with respect to the corresponding reprojection of the 3D reconstruction.  Second, the individual classes can be masked, removing more surrounding noise and thus enhancing the angular determination.
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Figure 3.18 – Schematic of the back projection methodology of 3D reconstruction.  The density distribution of the projection is smeared out in the projection direction to from a back projection body.  There is the central section problem, causing a overweighting of low spatial frequencies.  Thus, specific Fourier weighting of the projections are used prior to the back projection, to down weight the low spatial frequencies, thereby giving a balanced reconstruction, from 287.

Iterative Refinements

Iterative refinements are common approaches in structural analyses.  In angular reconstitution the major refinements involves the extraction of the best classes for the reconstruction, improvement of alignment of the images and subsequent refinement of the orientation angles.  The Euler-angle-assignment is based on an anchor set of reprojections (less than 40).  The classed with refined angular assignment are then used to refine the 3D.  The next stage is to improve the alignment of the individual images.  This is achieved by reprojecting the 3D of the molecule many times over the asymmetric triangle (typically 250 reprojections) to produce a reference set for the mutli-reference alignment of the full data set.  This is then followed by MSA and classification and the iterative cycle is complete, outlined  in figure 3.11.

3.5 Data Interpretation

3.5.1 Resolution determination and Filtering

3.5.1.1 The Fourier Shell Correlation

Determination of resolution is achieved by a methodology known as Fourier Shell correlation (FSC) 310, reviewed in 240.   To carry out the FSC, the final data set of class averages is split into two halves.   From each of these two datasets a 3D structure is generated.  These two 3D structures are then compared in Fourier space, where the 3D FTs are compared shell by shell 310.  The cross-correlation of each shell is then plotted. A threshold known as 3 (three standard deviations of noise) determines the level below which the cross-correlation is deemed to be insignificant. This threshold is necessary as it takes into account the number of voxels within each shell.   Other resolution criteria exist, such as the 0.5 threshold are used 311; 312, but this is considered an inferior means of testing the resolution 240.  Nevertheless, the 0.5 threshold is widely accepted and can be considered a very conservative criteria. For the RNAp, derived homology models were low-pass filtered to assess the accuracy of the FSC 313; 314. This aspect is discussed further in subsequent chapters and at length in 315 and 240.

When symmetry is present, the 3 threshold is multiplied by the square root of the number of asymmetric units 240.  The reason for this multiplication is that the number of independent voxels in the two Fourier-space 3D shells one compares is lower for symmetric particles then asymmetric particles.

3.5.1.2 Filtering of the 3-Dimensional Structure

The aim of filtering is to give a more equal weighting to the very low frequencies and very high spatial frequencies 288.   This is necessary because during the imaging process, the power of the high frequencies is severely reduced.  The typical Fourier-filter used for the presentation of the final 3D structure is shown in figure 3.19.  Note, that at no point does the filter affect the information content as the signal and noise are multiplied by the same amount 288. The low frequencies, from the origin to half the final resolution, are suppressed by up to 70%.  There is a smooth drop off between the unmodified spatial frequencies and those modified. The high frequencies beyond the determined resolution are removed from the structure, as structures arising from these spatial frequencies are not reliable and can lead to noise in the final 3D-structure. 
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Figure 3.19 – Graph representing the filter typically applied to the final reconstructions.  The x-axis represent spatial frequency, whilst the the y-axis represents the multiplication factor.  R represents the estimated resolution.  Thus, a 10 Å structure high frequencies are completely removed at 6 Å, whilst the low frequencies start to become suppress at 20Å.

3.5.2 Homology Modelling

Principle: The aim of homology model is to produce a 3D structural model for sequence with an undetermined structure, based on the structure of one or more homologous structures.  These models can then be used to address scientific problems such as the likely cause of mutations without the need to determine the structure itself.  The accuracy of the homology model depends on a number of criteria, the most important being the amount of similarity between the template and query sequences.  In this work, the homology models were used to help analysed the cryo-EM structures of RNAp, and in turn the RNAp density map could be used to assess the quality of the model at the domain level.

Multiple sequence alignments (between Ec (unknown structure), Taq and yeast Pol II (the known structures)) for each of the Ec core RNAp subunits using secondary structure profiles to guide the sequence alignments were produced using ClustalX 316.  These alignments where then manually verified and edited.  The edited sequence alignments were used to carry out homology modelling using MODELLER6a 317 (see figure 3.20). Briefly, the modeller routine defines a series of spatial constraints, based on conserved regions found in both the template structures and multiple sequence alignment.  The structure of the query sequence is modelled base on these structural constraints.  The model finally undergoes an iterative procedure of energy minimisation, followed by verification against the spatial constraints, until a final model is produced.  For each RNAp subunit, ten models were made to identify poorly modelled regions, as these show greater variability when all ten structures are superimposed.   These are typically found in regions of inserts/deletions when compared to the model sequences. For each subunit, from the ten models produced, an average model lacking the poorly modelled region was produced.
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Figure 3.20 - Schematic of the homology modelling of the 70 HTH.  The sequence template model (in this case NarL) and the target are aligned using clustaX.  The alignment and structure are used as inputs to model.  From the structure and sequence alignment MODELLER6a estimates the spatial constraints. Then via an iterative process of rotation and energy minimisation those spatial constraints are satisfied to the best solution.

3.5.3 Docking of a Homology Model into a Density Map

Principle: Docking of a homology model into a density map provides the best spatial fit for the model in the density.   By combining atomic structures of component domains or subunits with cryo-EM 3D density maps, provides structural information about the complete complex that approaches the level resolution achievable from X-ray crystallography 259; 318.  However, it is noteworthy that the combination of high resolutions structures with lower structures only yields a model, with areas of density still subject to inconsistent interpretation 288.  The fitting procedure can be carried out in real or Fourier space using manual or quantitative techniques 319.  Differences between the models and the map allows the identification of conformational flexibility and/or functional differences 320; 321.

The docking procedure used for the models of the Ec RNAp subunits in the Ec electron density maps employed a mixture of manual and quantitative techniques.  First,  a quantitative Fourier space fitting procedure using the program XPLOR 322.    The obtained fit allowed the identification of structural domains that required individual manual improvement of the fitting.  Domain fitting by small translational and rotational movements was achieved manually and in real space using the “O” software package 323.  Regions of poor fitting model (where the model did not fit the density map) were completely removed from the model.  Loops that protruded through the density were accepted, as these would not be resolved at the current level of structural resolution. The structural domains were then reconnected and underwent an energy minimisation procedure using the electron density map as a restraint.  The model was then globally refitted in Fourier space as before.  The fitting procedure was carried out iteratively until a best fit was achieved. (Overall, the process described above is not unlike the way atomic models are built in X-ray crystallography). 

3.5.4 Difference Maps

Difference maps were generated from either a homology model and a density map or between two density maps.   To generate a difference map with a homology model, the PDB-like file had to first be converted into a density map.   Difference maps between the density maps, either from the homology model or reconstructions, could then be generated using the same methodology.   The first step was to low-pass-filter the two maps being compared, such the two maps were approximately the same resolution.  Subsequently, the density maps were normalised so that they both contained equivalent density distributions.  Map 1 was then subtracted from map 2 to produce to produce the difference map.  This difference map threshold was set such that it only contained positive densities, thus representing the additional density in map 2 that are absent in map 1.  The procedure was then repeated by subtracting map 2 from map 1 to give the additional densities in map 1 that are absent in map 2.

3.5.5 Illustrations

The illustrations in chapters 3 to 8 were generated using the IRIS Explorer 324 or VMD package 325 and rendered using the Tachyon package (http://jedi.ks.uiuc.edu/~johns/raytracer/). All surface representations were displayed at a threshold level corresponding to ~90% of the expected volume. This volume was calculated assuming a mass of the complex and a specific density of 0.833 kDa Å-3.  Rasmol was also used in chapter 1 326
CHAPTER 4

Structural Organisation of the Escherichia coli core RNA Polymerase in Solution

4.1 Overview

The mechanochemical action of RNA polymerases (RNAps) is vital in the process of transcription and hence gene regulation.  Multisubunit RNAps are highly conserved enzymes in terms of both sequence and structure.  In this chapter the cryo-electron microscopy (cryo-EM) structure of the Escherichia coli (Ec) core RNAp (E) in solution is discribed.  An -carbonbackbone model for 75% of the residues has been derived by combining homology modelling and fitting procedures constrained by a 12Å resolution electron density map.  The model includes the CTDs, a known site of transcriptional activator interaction. Previously undetermined due to flexibility within the linker sequence, it has been possible to show the arrangement of the CTDs with respect to the NTDs.  It has also been possible to locate the sites of the dispensable regions; the three large sequence insertions found within the  and ' subunits.  There roles are still relatively unknown, however it was observed that the position of the structure of ' DR is homologous to the position of the Rpb1 jaw domain of yeast Pol II.  

4.2 Introduction

Transcription, the process whereby DNA is copied into RNA requires the mechanochemical action of DNA-dependent RNA polymerases (RNAps).  It is a critical step, in terms of regulation, within the cascade of biochemical control reactions essential for accurate adaptation in response to ever changing environmental stimuli 79. Hence, RNAps are a major target for many regulators of gene expression 327. The multisubunit bacterial core RNAp (2') is catalytically competent, but it is incapable of binding specifically to promoter DNA in the absence of the -factor, which binds to the core enzyme to form the holoenzyme (2')1.

Multisubunit RNAps are evolutionarily and structurally conserved enzymes.  Structurally it has been observed that bacterial and eukaryotic RNAps share a remarkable correspondence in subunit arrangement and form 17; 19; 41. Indeed, the structural conservation is greater than that of the sequence conservation 17; 41.

The -dimer of RNAps is a particular target for regulatory proteins controlling the activation of transcription 12; 173.  Briefly, the -subunit is comprised of two independently folded regions, termed the N-terminal domain (NTD, domains 1 and 2, residues 1-235) and the C-terminal domain (CTD, domain 3, residues 249-329) 5, which are connected by a short flexible linker 43; 44 (see figure 1).  Within the -dimer, the NTDs form the dimerisation interface and together form a stable platform for subsequent polymerase assembly 5; 6, where -NTD binds the subunit and -NTD binds with ' 15; 37.   Interestingly, both the  and ' interacting surfaces are located on the same face of the NTD 11; 15; 37; 45. The crystal structure of the Ec isolated NTD dimer revealed a flat elongated structure. The CTD plays a role in transcription activation, although its removal does not alter basal levels of transcription 5; 161. The structures of the Ec CTD revealed a compact fold of four short helices 61, Benoff, 2002 #771, which is highly conserved amongst the bacterial RNAps 62. However, the CTD has no obvious counterpart within eukaryotic RNAps, and is thus thought to be unique to bacteria.  The previously determined structure of the Thermus aquaticus (Taq) bacterial core RNAp failed to reveal the arrangement of the -dimer, since the CTDs were disordered (probably due to flexibility about the linker sequence 43; 44) within the crystals 37.  
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Figure 1 – Domain organisation of the core RNAp subunits. Conserved primary sequence regions are marked by solid black boxes 19; 20; 328. Grey boxes mark structural domains, inferred from Taq 37, Sc 41 and Tth structures53. For the  subunit, the black bars denote the two regions, NTD and CTD. The coloured boxes on the schematic indicate the three dispensable regions (DRs) and relate to the colour coding used in figure 5.  The coloured bars below each subunit schema signify the regions that are represented in the Ec C- model (colour coded as figure 3).  

Sequence alignments demonstrate that the  and ' subunits have a number of distinct regions of high sequence conservation (black boxes, figure1), interspersed by regions of poor sequence conservation 19. Alignments have also shown that Ec has three large sequence insertions; one in the ' subunit and two in the  subunit (coloured boxes, figure1).  Similar insertions are observed in other proteobacteria, although they are somewhat variable in length and amino acid composition 19; 20; 328.  The insertions have been termed dispensable regions (DR), as they appear to be non-essential for polymerase functionality 22; 25; 40.   Furthermore, both DRI and DRII in the  subunit can be deleted or tolerate multiple mutations implying that these sequences are likely to form individual, surface exposed, structural domains 40; 329.  Although neither DRI nor DRII play an essential role in RNAp assembly or catalytic activity 22, the presence of these insertions in bacterial RNAps suggests that they play some functional or structural role.  Indeed, DRI is targeted by the T4 bacteriophage protein Alc, which selectively induces premature transcription termination 21; 22. A role for DRII remains unclear, but the insertion is found between two key determinants of polymerase assembly 48.

Cryo-electron microscopy (EM) 240; 268 has been used to determine the structure of the widely studied Ec core RNAp. A previous study of the Ec core RNAp established the overall architecture of the enzyme 330. In this chapter, a refined 12Å resolution (figure 2) electron density map of the Ec core enzyme from a dataset of ~22,000 particles is presented (figure 3).  This structure allowed the locations of the different polymerase subunits to be determined by the docking of a homology model of the Ec core enzyme into the cryo-EM density map.  Homology modelling and fitting procedures, restrained by the core enzyme density map, enabled a C-backbone model, which includes the CTDs and the three DRs of the  and ' subunits, of the Ec core RNAP to be determined. Thus, this more complete model of the Ec core enzyme should provide a valuable basis for future structure-function studies.
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Figure 4.2 – Resolution of the 3D reconstruction as determined by Fourier Shell Correlation (FSC).  The first cross-overs with the 3 threshold curve (solid line) indicates the resolution of the final structure.  The FSC function measures the normalised cross-correlation between two independent 3D reconstructions as a function of spatial frequency.  The FSC from the Ec core RNAp reconstruction (dashed line) crosses the 3 curve at a spatial frequency of  0.12 Ǻ-1, indicating a resolution of 8.5 Ǻ (compare with the resolution obtained in Finn et al 330).  However, low-pass filtering of the C- model structure indicates that the level of structural detail between the model and density map is comparable to a resolution nearer 12Ǻ, discussed further in the text. Bottom, a series of ~15Å thick sections to display the quality of the fit.  (A) A section through the -dimer.  (B) Section through the tips of the pincers, bisecting the  USL,  DSL and ' clamp.  Similar to the middle orientation shown in figure 5. (C) Section through the I  and the proximal domains from  and '.  Notice in all cases there are internal details that have been resolved, supporting evidence for the claimed resolution. 

4.3 Results & Discussion

4.3.1 General Architecture

The overall structure of the Ec core RNAp (as shown in figure 3) is as reported previously and resembles a crab claw shape 51; 330, with one pincer comprised of the  subunit (cyan) and the other pincer the ' subunit (pink).  The pincers are connected at one end by the 2 dimer (yellow/green).  Improvements within this structure are attributable to an increased size of the dataset (from ~10,000 to ~22,000 particles), which resulted in enhanced convergence of the structure during the iterative refinement procedure. The resolution of the final structure presented here was determined using a FSC, shown in Figure 2, to be 8.5Å.  However, low-pass filtering of the homology model has suggested that the resolution is more like 12Å.  Note, although this is higher than the 3 threshold, it is significantly below the 0.5 threshold  311; 312, indicateding that the best method of determination of resolution is by experimental validation. Furthermore, the latter value is more consistent with the level of internal structural detail present in the map (Figure 2). Given that the cross-correlation function remains only marginally above the 3 threshold from approximately 12Å (right of the solid vertical line, figure 2) it seems that although structural details up to 8.5Å are present they are not reliable.  The dimensions of the core RNAp are as reported previously (120Å x 150Å x 115Å) 330, with the central DNA binding channel ~25Å in diameter.  Many distinctive structural features can be identified such as the ' clamp domain, the  lobes and  flap domain(figure 3) . 

The Ec core RNAp C- backbone model was produced by generating homology models of individual domains, which were then docked within the EM density map.  The coloured bars under each subunit schema in Figure 1 represent the regions of the Ec sequence that are represented in the final model.  
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Figure 3 – Two overviews of the Ec core RNAp.    Left, a solid surface representation of the density map.  Right, a similar view but the density map, which provides the primary restraint for the domain positioning, is shown as a transparent surface. The C-backbone of the model is represented by a tube.  The I, II,  and ' subunits are coloured yellow, green, cyan and pink respectively. The details of the fittings are discussed chapter 2.

4.3.2 Structural arrangement of the -subunit domains

The overall shape of the NTD within the Ec core enzyme appears more curved (due to domain 2 of each NTD being rotated towards the DNA channel) than that of the NTD dimer structure 15.  A similar curved arrangement is observed for the Taq NTD dimer in the core enzyme 37.  

Most noticeably, after the docking process for all subunits, two separate regions of density associated with the -subunits were clearly visible.  Both of these regions are located towards the opposite face of the NTD to the  and ' subunits binding sites. Since all density attributable to either  or ' subunits had been accounted for within the vicinity, it was investigated whether they corresponded to the CTDs.  Manual placement of the Ec CTD solution structure 61 within the regions of unoccupied density,  using no geometric constraints, revealed that these densities were both large enough to accommodate, and conformationally similar to the CTD (coloured orange in left panel, figure 4A and 4B). The arrangement of the CTDs  was such that one CTD was found to predominantly interact with domain 1 of I,  whereas the other CTD was found  to interact with domain 2 of II.   Based on the length of the linker and therefore the maximal distance between the termini of each of the CTDs and NTDs, that the C-terminus of I-NTD (labelled CI) and the N-terminus of CTD (labelled Na) must form one -subunit and hence II-NTD (CII) and CTD (Nb) must form the other (see right panel, figures 4A and 4B).  This result implies that there may be interactions between I and II extending beyond the hydrophobic core of the dimerisation interface15.

4.3.3 The ' Dispensable Region (DR)

An insertion within a region of evolutionary hypervariable sequence exists at the C-terminal region of ' in Ec 19 (figure 1). The insertion has no known function and has been termed a “dispensable region” (DR).  After docking of the models a large region of unassigned density (marked in pink, figure B) proximal to the downstream lobe (DSL) of  (labelled “DSL”) was identified.  This extra density is located closer to the ( subunit than was observed by Darst and co-workers 51, which is likely to relate to flexibility within this region.  
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Figure 4 – Legend over the page

Figure 4 – Two orientations demonstrating the localisation of the CTDs within the density map. (A, Top) Left - shows the Ec NTD dimer docked (represented as space fill, all atoms) into the electron density (white transparent surface). The colour coding of the model is as in figure 3. After docking of the NTD dimer into the density map, two regions of unassigned density were evident.  Both of these regions were appropriate in size and shape to accommodate one CTD (orange).  The positions of the NTD C-termini and CTD N-termini are marked. Right, the complete a-subunits, with I-NTD C-terminus linked to the Na-terminus of the CTD and II-NTD C-terminus linked to the Nb-terminus of the CTD (see text for details).   The NTD and CTD were linked up using a 14 amino acid poly-alanine model, that underwent energy minimisation to provide a possible route for the linkers  (B, Bottom) The view is then rotated by ~50o in a clockwise direction about the vertical axis in panel.  The organisation of the views is as for (A).

Interestingly, the location of this extra density is very similar to the position of the Jaw domain in the yeast Pol II structure.    Sequence alignments indicate that the DR in ' shows weak similarity to the jaw domain of Rpb1 from yeast (30% similarity and 16% identity between residues 1180 and 1293 of the yeast Rpb1 and DR residues 1153 to 1269).  Given the similarity between the structural position and that the sequence similarity is sufficient to indicate that they at least adopt similar folds, the structural domain of Rpb1 was taken as a fold template for the DR. Manual fitting of the model for DR found good complementarity between the model (labelled “jaw” in figure 5) and the density in the Ec core enzyme. As suggested for the jaw-domain in Pol II 41, the presence of the ' DR could increase the complimentarity of the primary DNA binding channel and DNA.  Given the positional similarity and weak sequence similarity between the Pol II jaw-domain and ' DR, is seems plausible that the Ec ' DR and jaw domain of Rpb1 are derived from a common ancestor and have related functionality. 
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Figure 5 – Three views demonstrating the location of the three Ec DRs.   From left to right, the views are related by a rotation of 80o around the vertical axis in a counter-clockwise direction. The subunits are colour coded as in figure 3.  In these views, the subunit is shows as a space fill representation to help the delineation of the density  attributable to the DRs.    The density attributable to the three DRs is colour coded as in figure 1, with DRI coloured pale green, DRII dark blue, and ' DR (jaw)  pink.   Left –  View of the downstream edge of the core enzyme.  From this view, the position of  DRI between the DSL (DSL, domain 2) and  domain 4 is clear evident.  The ' DR or Jaw extends the upper pincer in the direction perpendicular to the plane of the page. Middle - View of the front of the DNA binding channel, the view clearly shows the distinctive pincers, with the upper pincer being comprised of the  subunit, the lower pincer of the ' subunit. The USL and DSL (DSL, domain 2) of the bilobed subunit are marked.  Here the position of the Jaw at the downstream edge of the DSL is clearly visible.  The position of DRI forming an additional connection between the Jaw and the DSL is apparent.  DRII can be clearly seen in this orientation.  DRII is located between the back of USL and the -dimer. Right – View of the upstream region of the DNA binding channel.  The position of  DRII behind the USL is more apparent in this view.  While 75% of the structure has been modelled, it was not possible to obtain a good fit for all domains.  Although these regions are not modelled, it is possible to identify the location of many of these domain in the Ec E structure.  The major regions that have not been modelled are labelled (grey).    For example, it has not been possible to dock the -subunit within the Ec core enzyme density map, although it was clearly present (but not necessarily stoichometrically) within the protein preparation used in this work 330. Failure to locate ( is not entirely obvious given the sequence similarity and conservation of fold when compared to the Taq and yeast Pol II Rpb6 33; 37.  Omega was also not located at all in the EM reconstruction of the Ec core enzyme from helical crystals 51. Extension of the C-terminus of the Ec ' subunit (compared to Taq) might displace and/or that instability in this region of the Ec core RNAp leading to a poorly defined -subunit density. The absence of both and 32% of ' subunit explains why the lower pincer appears to be only partially occupied by the model.
The Rpb1 jaw domain has been observed to position downstream DNA 331. Previously, a difference in downstream DNA footprint protection between Pol II (~20bp) and the bacterial RNAp (Ec ~14 bp) 219; 225 was believed to be due to the absence of the jaw domain within the Ec core enzyme. However, the extended footprint in the eukaryotic enzyme may be accounted for by the fact that the Pol II enzyme possesses the DNA binding Rpb5 subunit, absent from the Ec enzyme.  Furthermore, the Ec RNAp protects the downstream DNA by ~5 extra base pairs compared to Taq RNAp, which lacks the inserted jaw domain 219. The region of Ec modelled as the jaw domain has been proposed by others to be the bacterial equivalent to the yeast jaw domain 219; 332. Moreover, Ederth et al. have demonstrated that this region is important for transcription initiation and pausing 332.   A further piece of evidence suggesting that the jaw may be involved in transcription pausing is that the elongation factor GreB binds in a proximal position to the jaw 60 and may even displace the jaw domain ( Finn et al, personal observation). 
4.3.4 The  subunit Dispensable Regions (DRI and DRII)

Within the ( subunit of Ec there exists two large insertions centred on residues 300 and 900. Since these sequences can be deleted without affecting polymerase functionality, they have been termed dispensable regions (labelled DRI and DRII respectively). Moreover it would appear that some of these autonomous domains are a target for regulators, such as T4 Alc terminator protein (in the case of DRI) 21. An earlier study by Darst and co-workers identified the location of DRII and partially DRI within a 15Å electron density map of Ec core RNAp obtained from helical crystals 51. The findings presented here are consistent with those reported previously.

4.3.4.1 Dispensable region I (DRI)

After docking the models of , ' and the 'DR within the Ec core enzyme density map, a prominent region of density located within the upper pincer remained unassigned (coloured pale green in figure 5). The density lies between the  DSL (arrowed DSL) and the ' jaw (arrowed jaw) and extends towards the (-dimer side over the  DSL.  The location of the density coloured pale green is similar to where Rpb9 is found within the yeast Pol II crystal structure 41.  Rpb9 and DRI are very similar in size (in terms of primary sequence length, 122 aa in Rpb9, as opposed to 115 in DRI), yet appear to have insignificant sequence similarity.  The Rpb9 subunit does not dock into this density as a rigid structure, suggesting that the two structures are different. 

The location of DRI is consistent with this region forming a structurally autonomous, surface exposed domain.  In such a position,  DRI if freely accessible for binding by proteins such as bacteriophage T4-Alc - which mediates selective premature termination. Since  DRI is involved in open complex formation 15, it is possible that T4 Alc acts by inducing a signal which disrupts the DSL/jaw interface, thereby changing the positioning of the DNA by the jaw domain and hence causing the closure of the transcription bubble 37; 203.
The similarity in location of DRI to Rpb9, abutting the DR of ' and  DSL, indicates that DRI and Rpb9 may have related functionality. Hence, the function of DRI could be to increase conformational stability between the DSL formed from domain 2 of  and the jaw domain (DR) of '.  Interestingly, a deletion in the  subunit (436-445) that removes the downstream edge of the  DSL, a site that also corresponds to the jaw-interfacing region, has a shortened open complex downstream potassium permanganate footprint. The same mutant is sensitive to heparin 4; 333. Yet, a mutation removing residues 186-433 (DRI) from the  subunit, which gave the same footprint with respect to the DNA complexes, was found to be insensitive to heparin 333.  Thus, it seems plausible that residues 436-445 (conserved region C in figure 1) include important determinants for heparin resistance and by inference, protein elements important to isomerisation and open complex formation333. The shortened downstream footprint may be due to the deletions causing a disruption of the ' jaw interface, thereby inhibiting the jaw/lobe module’s ability to grip and protect the downstream melted DNA from re-annealing or by effecting the modules ability to extend the transcription bubble in a downstream direction. The shortened downstream footprint phenotype is recovered after the addition of rNTPs, presumably initiation stabilises the jaw/lobe/DNA interactions.  This function would also be consistent with the inhibitory role that T4 Alc confers on Ec RNAp. 

4.3.4.2 Dispensable Region II (DRII)

An additional region of unassigned density is located between the upstream lobe (USL) and the I-NTD, on the opposite side to the DNA binding face of the the USL.  This extra density is close to the insert site of DRII and in a similar position to where DRII had been previously localised and to where an artificial insertion into DRII was found, hence implying that the remaining unassigned density could be attributed to DRII 40; 51.   Although in a similar area, the density that is attributed to DRII appears to have shifted from an extreme upstream postion to a more central position.  This suggests that DRII forms an autonomous, mobile domain.  The function of DRII remains unclear, but in the position shown is suggests that is may be involved in stabilinsing intra-subunit domain interactions of the  subunit.
4.3.5 Shape of the  subunit

The  subunit has a bilobed shape, with the USL formed by  domains 1 and 3 and the DSL by  domain 2. In the Ec structure, the two lobes are found closer together than are the corresponding lobes in the Taq structure (motion marked by arrows in figure 6A). The Taq bilobed shape has a distinctive groove between the modules, but in Ec the groove has been “filled” by domain 2 rotating ~7o towards the other lobe (as indicated in figure 6A). The overall change in this area is only modest, and it may not have any significant effect on the polymerases catalytic activity. However, communication between these lobes does appear to be important during transcription initiation 333. The ' jaw (DR) and/or  DRI (absent in Taq) may be responsible for the compacting of the  bilobe shape.  Furthermore, movements in  domain 2 are thought necessary to improve the complementarities between the core enzyme and DNA during the elongation phase of transcription 219.
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Figure 6 – Domain movements compared to Taq core enzyme.  (A) Confromational changes in the mobile domains of the  subunit.   Left, the  lobes (mauve) and  flap domain are highlightwed within context of the core enzyme.  The view is down the upstream DNA binding channel.  Right, the corresponding domains Taq are represented by a semi-transparent worm.  The Ec domains are shown as in the left panel.   The position of the tip of the  flap domain, which has not been modelled, is indicated by the dashed line. In Ec the two  lobe domains have rotated towards each other.  The flap domain appears to be rotated in towards the DNA binding channel in Ec.  The direction of the domain movements are indicated by the arrows.      
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(B) Movement of the ' clamp domain. Left, view of the Ec core RNAp with the ' clamp highlighted as mauve and boxed.  The arrow indicates the direction of rotation.  Right, the ' clamp rotation in detail.  The Taq ' clamp domain is represented by  a semi-transparent pink tube and the Ec ' clamp domain as a solid, mauve tube.  The direction of rotation is mainly in a clockwise direction in the plane of the page.  However, there is some rotation down through the plane of the page as many areas shows that the semi-transparent Taq ' clamp domain is above the Ec  ' clamp domain.
4.3.6 The Position of the ' Clamp Domain 

Comparisons of the ' clamp domain, which comprises the N terminus of ' and the C terminus of  of Taq and Ec core RNAps clearly demonstrate a difference in positioning (see figure 6B).  The repositioning  of the ' clamp is not surprising as structures of other multisubunit RNAps show great variation in the position of the ' clamp domain. 16; 41, Darst, 2002 #663; 52; 53; 83; 84. Figure 6B, right, shows that the general direction of the movement of the ' clamp in Ec (coloured mauve)  compared to the corresponding domain in Taq (semi-transparent, pink). The general direction of the rotation is a clockwise motion in the plane of the page and a rotation down through the plane of the page.  This motion enlarges the very upstream end of the DNA binding channel, the region were 70 binds. However, this motion also appears to partially restrict the size of the downstream end of the channel.  This solution structure of the Ec core RNAp confirms the findings from the helical crystal structure that the Ec ' clamp is a mobile domain, possibly affecting non-specific DNA interactions, and in particular allowing entry of DNA into the DNA cleft and subsequent transcription elongation processivity 51. 
' interaction with II subunit

The Taq structure indicates a weak interaction between ' domain 4 and domain 2 of II (figure 7) 37. As indicated previously 330 and shown in greater detail here,  a larger interaction interface between ' domain 4 and domain 2 of II exists within the Ec core structure. The ' domain 4 - II domain 2 interacting interface has little sequence conservation amongst all multi-subunit polymerases and has thus been thought of as unimportant in polymerase assembly 37. However, two mutations isolated in II domain 2 (K86A and V173A, indicated in blue in figure 7 and arrowed as “mutants”) which inhibited ' incorporation to the 2 complex both localised to the same interacting interface of domain 2 where ' domain 4 interacts.  The ' has also been shown to be able to stabilise the interaction of 2 with mutant  subunits, which is thought to be a consequence of independent interaction with II 48. Thus, it is reasonable to conclude that the interacting regions from domain 2 of II and domain 4 of ' are necessary for fully efficient core enzyme formation.   
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Figure 7 – Stereo-view of the interaction between ' domain 4 and domain 2 of II, in the context of the electron density map. The two arrowed blue side chains (“mutants”) correspond to K86 and V173, the two residues implicated in ' binding by II.  These two residues are on the same face of the polymerase as the ' domain 4 interaction interface. The black arrow indicates the direction of motion of 'domain 4 compared to the corresponding structure in Taq.

4.4 Conclusions

In summary, a model of the Ec E structure has been determined using homology modelling constrained by its cryo-EM density map.  Many of the observations have confirmed and extended the understanding of mulitsubunit RNAps, the most significant of which is the identification of the positions of the CTDs.  The arrangement of the -subunits presented here indicates that there are additional inter-subunit interactions beyond the NTD dimerisation interface.  Consistent with the arrangement of the a subunit domains, the activating regions, AR1 and AR2, are orientated such that they are capable of interacting with the CRP dimer with little or no conformational change.  Hence, the relative positions of the (CTD and (NTD may be conserved during holoenzyme formation to facilitate binding of some transcription activators, which is readily accounted for by the arrangement found in the core enzyme.  The organisation of the CTDs is appropriate to make the additional known protein-protein and protein-DNA interactions that occur during transcription initiation.  

The structure presented here has enabled the accurate localisation of the three non-conserved sequence insertions found within the largest subunits of Ec RNAp.  The locations of these insertions have enabled putative functions to be assigned.  Interestingly, the position of (' DR shows significant homology to the position of the yeast Rpb1 “jaw” domain, located on the downstream edge of the ( DSL.  Based on the positional similarity the jaw domain was used as a fold template for the ('DR and found remarkable complementarity between the density assigned to DR and the domain fold model.  Hence, one possible role of the (' DR would be to increase the complementarity of DNA for the primary DNA binding channel.  This once again extends the view that RNAps are more structurally conserved than expected by sequence similarity.

The ( subunit DRI was localised to a region of density found between the ( DSL and the (' DR, while DRII was situated in the groove formed by the ( USL and (I subunits.  Although their conformations differ slightly from those stated by Darst et al (2002) 51 they are compatible to the positions of the sequence insert sites.  Alterations in their positions may be due to the different experimental methodologies employed for structure determination, the large number of charged amino acids and/or they are surfaced exposed modules that show a degree of conformational plasticity.  Alternatively, is could simple be that the DRs are associated with the mobile domains that frame the active site. Thus, the relative positions of these two DRs may have a role in inter-domain stabilisation.  

Structural similarities between the Ec core RNAp and the crystal structures of yeast Pol II imply that the Ec core RNAp is more closely related to the yeast structure than previously anticipated. Therefore the DRs, whilst forming structurally autonomous domains not required for basal transcription, do perform roles reminiscent to the positionally similar, smaller subunits within eukaryotic RNAps. 

CHAPTER 5

Structures of the bacterial enhancer-dependent 54 RNA polymerase holoenzyme 

5.1 Overview
The 54 containing RNA polymerase (RNAp) holoenzyme functions in enhancer dependent transcription. In this chapter, the cryo-electron microscopy structures of the E54 and E54, a deletion form lacking regulatory Region I that is capable of enhancer independent transcription. Detailed structural comparisons of the bacterial E54, E54, Tth EA and E are made. Such comparisons demonstrate that the interface between 54 and the core enzyme subunits is large, with the primary interface being formed with the ' clamp domain.  Overall, the structural organisation of 54 is analogous to the EA.  However, there are differences in the position of the ' clamp and  flap, both significant domain movements.  Interestingly, only minor structural differences relating to Region I were found between the wild-type E54 and E54.  Overall, the results demonstrate that -factors are likely to dictate the final spatial organisation of the holoenzyme and that this organisation, together with specific -factor properties, affect the holoenzymes ability to produce open complexes.  Based on these results and other, it has been possible to propose a self-consistent model for the structural organisation of 54 holoenzyme in the closed complex and propose reasons for E54 inability to form open complex.  

5.2 Introduction

Multi-subunit DNA-dependent RNA polymerases (RNAp) are key enzymes that allow the regulated expression of genes necessary for cell adaptation, differentiation and growth 75; 327. In bacteria the core enzyme (E; 2', 449kDa in Ec) is catalytically competent, but must bind one of several different specificity factors, termed -factors, to form the holoenzyme (E), to enable promoter specific initiation of transcription 1; 75. The seven -factors of Ec are divided into two classes based on primary sequence and functional properties []. The 70-like class forms a holoenzyme that is transcriptionally competent and is activated by increased promoter occupancy 171. The 54 class forms a holoenzyme that functions in enhancer-dependent transcription 80; 111; 334. 
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Figure 5.1 – Schematic representation of the domain organisation of 54 and 57-47754, which lacks region I.  54 can be divided into three separate regions based on sequence alignments.  Region I is involved in interactions with activations and has been demonstrate to weakly bind the E.  Region II is highly variable.  Region III contains the main core RNAp and DNA binding determinates.
54 can be divided up into three segments, termed Region I, II and III 334 (schematically represented in Figure 5.1). Extensive analysis has demonstrated that the mutant 57-47754 holoenzyme, lacking Region I, no longer has the requirement for an activator during open complex formation 193.   Region I has also been demonstrated to be proximal to the RNAp catalytic centre  and –12 position (the origin of DNA melting) of the promoter 134; 187. This nucleoprotein complex is the target for the activator 119; 187.  

The activator hydrolyses ATP after a DNA looping event that allows contact between the activator and 54. The hydrolysis of ATP causes confromational changes to take place in E54 that allow the promoter DNA to be fully melted 111; 334; 335. This melting reaction is an intermediary in the pathway leading to the formation of an open promoter complex 111. Little structural detail is available to help understand the structure-function relationships that underpin the specialised properties of the 54 holoenzyme 138; 239, Wigneshweraraj, 2001 #677, Burrows, which resemble in some ways those of the enhancer dependent eukaryotic Pol II enzyme 112.

Previous studies have demonstrated the conformational changes that occur in the core enzyme upon binding 70 {refs}. In this chapter, the structures of the E54 and E57-47754 holoenzymes determined by cryo-electron microscopy are described. These two structures provide insights into the binding pocket occupied by 54, the positions of the DNA binding elements and how 54 may inhibit open complex formation.  Additionally it has been possible to consolidate and extend the view that conformational changes occur during holoenzyme formation and primarily involve the ' clamp domain irrespective of which -factor is bound. Finally, an -carbon model for the core enzyme subunits in E54 has been determined.
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Figure 5.2 – Resolution of the E54 and E57-47754 3D reconstructions as determined by Fourier Shell Correlation (FSC).  The FSC from the E54 reconstruction (red line) crosses the 3 curve (blue) at a spatial frequency of  0.11 Ǻ-1, indicating a resolution of ~9.5 Ǻ.  However, low-pass filtering of the C- model structure indicates that the level of structural detail between the model and density map is comparable to a resolution nearer 14Ǻ.Using the 0.5 threshold criteria, the resolution is estimated at 15Å.  This, the reconstruction is assessed to have a resolution of ~14Å. Similarly, the FSC from the E57-47754 (purple line) was assessed to have a resolution of ~17Å.
5.3 Results
5.3.1 Overall structure of E54
The structure of E54 comprised of Ec E subunits and 54 from Klebsiella pneumoniae.  Although this is not a native structure, the K. pneumoniae 54 is 97% identical to the Ec 54 and is there near identical to the native Ec E54 structure.  The structure of the E54, resolved to 14Å (refer to the Fourier Shell Correlation; FSC, Figure 5.2) is shown if figure 5.3 240; 310.  The overall dimensions of E54 are 156 x 118 x 120Å (see 5.3 for details), which are similar to those of EA (150 x 115 x 110Å). The global architecture of E54 is highly reminiscent to the high resolution multisubunit RNAp structures 37; 38; 53; 84; 336 with no gross rearrangements of the core subunits.  As with the core RNAp cryo-EM structure (chapter 4), an iterative docking procedure restrained by the experimentally derived E54 density map was used to generate a C- backbone model for the core subunits (2').  This model corresponds to 72% of the C- backbone for the core subunits (see table 5.1). By comparative analyses and difference mapping to E, it has been possible to identify the position of insertions and areas where the model is absent.  This procedure allowed the accurate delineation of density that must be largely attributable to the bound -factor (coloured blue in figure 5.3).  However, this density is also comprised of the density attributable to the unmodelled regions of 'A and 'B, which are intimately associated with 54.  To understand how the E54 structure relates to the E and the EA structures, a series of detailed pairwise comparisons were made. These comparisons clearly demonstrate, as observed for EA, that differences exist between both core enzyme and holoenzyme structures. Such comparisons have revealed that EA and E54 are structurally quite similarity to each other.  Structural differences may well point to important functional differences. 
	Subunit
	Segment
	% Coverage

	AI
	1-329
	100

	AII
	1-329
	100

	B
	23-103, 125-132, 154-215, 370-506, 564-734, 750-804, 831-891, 914-1342
	70

	B
	88-248, 262-328, 360-547, 558-695, 756-927, 1050-1118, 1214-1384
	67

	W
	-
	0

	Total
	
	72


Table 5.1 – Segments of the Ec core enzyme subunits in the E54 the final modelled.
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Figure 5.3 - Three views of E54demonstrating the location of 54.  The model for the C- backbone of the core subunits (represented as a worm) is shown docked into the E54 density map (predominantly grey).  The core subunits are colour coded as in the key: I, II, , and ' subunits are coloured yellow, green, cyan and pink respectively. From the docked model it was possible to generate difference maps that indicate the position of the ' jaw (pink density), the two insertions in , termed dispensable region I (DRI, pale green density) and  dispensable region II (DRII, coloured pale orange) and density attributable to 54 and the unmodelled parts of the ' clamp domain and  (coloured blue).  From the distribution of densities and where the unmodelled regions of the core subunits are likely to be found, restrictes the 54 density to be density delimited by the dashed line. From left to right, the views are related by a rotation of ~70o around the vertical axis in a counter-clockwise direction.  Left –  View of the downstream edge of the core enzyme.  From this view, the position of  DRI between the downstream lobe (DSL, domains 1 and 3) and  domain 4 is clearly evident.  The positions of the ' jaw, ICTD are clearly marked.   These domains and  DRI are found in very similar positions to their positions within E.  Indeed, this face of RNAp remains very stable between E and E54. Notice the density that we attribute largely to 54 forms a large interaction with the DSL and less so with the USL. Middle - View of the front of the DNA binding channel, the view clearly shows the distinctive pincers.  However, the ' clamp is found is a lower position than in the core enzyme (see figure 5.4).  The nevertheless, the distinctive shape of the clamp can be clearly locate within this region.  In this view and the right hand view, the density that corresponds to 54, forms a upside down, horseshoe shape around the clamp domain.  The density likely to correspond to  and 'F are marked. In this view, DRII can be seen located on the upstream edge and slightly behind the upstream lobe (USL).   The density forming the tip of the flap domain can just be seen making an interaction with the 54 density (also see figure 5.6).  Right – View of the upstream region of the DNA binding channel.  In this view, the density that we expect and demonstrate to be 54 is found forming a horseshoe shape around the ' clamp domain. In this view, there is a region of 54 density connected to the majority of 54 density by a probable thin linker.  This density, as described in detail in the text, is likely to correspond to the –24 binding element.  No regions of the core subunits are unmodelled in this region.  The position of the DRII can be more clearly seen in this view.  The position of the IICTD, as with ICTD, is found in a very similar position to that found in E.
5.3.2 Position of 54 within the Holoenzyme 

Having located the positions of the ,  and ' subunits, it was straight forward to locate the density attributable to the ' jaw, DRI and DRII base on their positions in the core enzyme.  Having taken these domains into account, a difference map was generated between the density map and modelled/assigned regions of E54.  The remaining density must be largely assignable to 54, but also includes parts of the N-terminal of ' (conserved regions A and B).  Although local distortions of the fold of ' clamp domain caused by the interaction of 54 cannot be discount, it is likely to adopt roughly the same fold.  Therefore, it is possible to estimate which regions of the blue density correspond to the unmodelled regions of the core enzymes subunits, even though some of the domains are reposition in E54 with respect to their position in E.  Based on this conjecture, it has been possible to tentatively delimit the region of the blue density that is most likely not to correspond to regions of core enzyme subunits and that is most likely to correspond to 54 (dashed lined on blue density in, figure 5.3). The majority of the density assigned to 54 in this way resides between the ' clamp and the  lobe domains, with 54 forming a horse-shoe shaped region of density that hooks over the ' clamp.  The overall position of 54 density within the holoenzyme is strongly confirmed by protein footpriniting studies Burrows; 107; 138.    

The predominant region of 54 density completely covers the coiled-coil structure within ' clamp domain, demonstrated both biochemically and structurally to be the main docking site for 70 {refs}. It is interesting to note that a short region of sequence similarity found between 70 and 54 are both implicated in E binding {Gralla}.   From the interface between the 54 density and the ' coiled-coil, 54 extends towards the lobes.  Here, 54 forms a large interface with the other pincer, primarily interacting with the downstream lobe.  In detail, the 54 density forms a long flat region of density that extends from the domain interface between the downstream and upstream lobes, proximal to the location of the rifampicin cluster {refs}.  The density then extends along the DNA binding channel edge of the downstream lobe, finishing just before the interface formed between the downstream lobes and the ' jaw.  The density in this region is also found to interact with 'F/G, which is part of the molecular switch that also involves the bridge helix.

A further, yet distinct, core enzyme interaction is made by a region of 54 density and the  subunit.  On the most upstream-edge of the 54 holoenzyme (with respect to the DNA in the RNAp), there is 54 density protruding from body of density that interacts with the region assigned to -conserved domain G, which includes the  flap.  Although it was not possible to model the -flap, there is additional independent evidence of an interaction between 54 and the -flap [Wigneshweraraj et al 2003]. 

Finally, there is some addition density located next to ' subunit, that could not be attributable to regions unmodelled segments of the core enzyme.  Intriguingly, this density is connected to the main body of 54 density and is in a similar location to the position of A-region 4 in the thermophilic holoenzyme.  A region 4 corresponds to the upstream, -35 promoter binding domain.  Although different to A, 54 also make an interaction with an upstream promoter element centre at –24.  Given that the start sites of transcription occur in the same position regardless of the /DNA complex in the holoenzyme, a region of 54 would be expect to occupy a similar position to the A –35 binding element.  Recent proximity studies have demonstrated that the RpoN box is located proximally to the –24 binding site, so it is probably that this region of 54 corresponds to the C-terminal of 54 (which includes the RpoN box), as with A.
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Figure 5.4 – Domain movements in the common subunits during the formation of E54 from E. Top, left – Comparison of the mobile domains in the subunit.  The subunits are coloured as in figure 5.3.  The lobes are coloured dark blue and the flap domain brown. Top, right – the specific, coloured domains have been extracted and compared to the corresponding domains from the globally aligned Ec E (semi-tranparent blue).  The lobes and the flap domains all occupy very similar location in both the E andE54.  Bottom, left - E54 with the ' clamp coloured magenta.  The core subunits are coloured as in figure 5.3.  Bottom, right - E54 ' clamp domain, in the same orientation as left, with the position of the ' clamp in the core enzyme shown as a semi-transparent pink.  The ' clamp has swung away (in an upstream direction) and down from the DNA binding channel by 20o. This is the most significant difference in domain repositioning between E and E54.

5.3.3 Formation of 54 Holoenzyme from Core Enzyme 

To compare the core enzyme to E54, the Ec core enzyme model was structurally aligned to the corresponding subunits in E54.  Given the resolution of the density map, the search for conformational differences was limited to large conformation movements (shifts greater than 10Å).  The supposition of the E and E54 structures demonstrated that, as with the EA holoenzyme 53; 84, those  and ' domains binding to, or immediately adjacent to, the -dimer are found in identical or closely similar locations in both structures.  These domains include the domains that from the active site, indicating the catalytic core, as with EA, remains unaltered during the holoenzyme formation with 54.  Interestingly, the CTD are also found in very similar positions between the forms of RNAp (arrowed in figure 5.3).  The three insertions are found in similar positions to the core RNAp, suggests that at least under these experimental conditions that the domains are relatively stable.   Significantly, the position of the  flap domain is similar in E and E54, unlike EA where the  flap is found further away from the central channel, where it interacts with region 4 of A (see below and chapter 6).

The most prominent difference is, as was the case in EA, the position of the ' clamp domain 53; 84. The ' clamp domain rotates, by approximately 20o, in a direction that is both upstream (in accordance with the DNA binding pathway) and down away from the DNA binding channel.  Within the E54the ' jaw and  DSL and USL have undergone modest repositioning (<6Å), when compared to E. However, whether these are significant movements in the model or difference in the interpretation of the map due to the resolution is difficult to reconcile. 

5.3.4 Comparison of the 54 and A Holoenzymes

5.3.4.1 Comparisons of common core enzyme subunits
To compare the E54 and EA structural alignments were performed between the core subunits of E54 (template) and EA.  Searches for conformational differences were limited to large significant changes as before. When both Tth and Taq EA are compared the majority of conformational differences (when compared to the taq core enzyme and each other) were located at the tips of the pincers, primarily in the ' clamp,  flap and  lobe domains 53; 84.  Unsurprisingly, it is only the aforementioned domains that demonstrate variability when E54 is compared to EA.

The ' clamp undergoes a significant repositioning in both the E54 and EA compared to the core enzyme.  However, the repositioning is not equivalent in the two different holonezymes.   In both holoenzymes, both clamp domains have rotated in an upstream direction.  However, the angle of rotation is less in E54 compared to EA.  However, the rotation of the ' clamp in the E54 is coupled with a rotation away from the central channel, that is through the plane of the page in figure 5.4. This opens up the upstream edge of the DNA binding channel.

As mentioned before, the flap occupies a similar position in both the Ec E and E.  In EA the flap has been demonstrated to be important for the position of region 4 of A and occupies a distinctly different position to E.   Although the tip of the flap has not been modelled, the position of the flap is distinct from EA.  The  USL occupies a distinctly different position in the two holoenzymes. However, the precise nature of the movement is unclear.  The lack of clarity with respect to the direction of movement arises from the poor modelling is in this region.  The model is poor for two reasons: the lack of distinct structural features in the density and that the USL makes a significant interaction with However, a rigid docking of the  USL from EA does not fit the density (data not shown).
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Figure 5.5 - Differences in domain organisation between EA and E54.  The core subunits of the E54 model are colour coded as in figure 5.3. Top, left – Context of the ' clamp domain, highlighted magenta in E54.  Top, right – Close up of the clamp domain in E54 (solid, magenta) the corresponding domain in EA (semi- transparent, pink).  Bottom, left – A view looking roughly on top of the pincer formed by the  subunit.  The USL is coloured dark blue, and the region of the  flap domain modelled is coloured brown.  Bottom, right – Close up view of the domains highlighted in the left panel.  The dashed line indicates the connections to the tip of the  flap domain that was not modelled.    As above, the corresponding domains in EA are shown as semi- transparent cyan.  In the EA both the USL and  flap domains have rotated in an upstream direction, compared to E54.  
5.3.4.2 Positional Comparisons of 54 and A in their holoenzymes

The structurally aligned common core subunits from E54 and EA enabled the position and interactions formed by the 54 density to be compared to the position and interactions of A within the holoenzymes. Both -factors form large contacts with the ' clamp domain and also make significant interactions with the lobes flap and 'F domains.  As shown in figure 5.7, 54 and A bind to a very similar pocket within the core enzyme. The size and surfaces bound by region 2 A are very similar to and 54.   There is also 54 density adjacent to region 4 of A.  Regions 2.2 is the major E binding determine within A.  Regions 2 and 4 both contain the promoter DNA binding elements.   Regions 2 and 4 correspond to the most conserved sequence segments in the 70-class. Thus, it is striking that these regions appear to be conserved between the holoenzymes, despite the lack of sequence conservation between the two holoenzymes.  Interestingly, the interaction formed by A region 3 and the USL is not conserved in E54.  Region 3 is absent in many alternative -factors and is not an essential core binding determinate.  Another region of A that has no corresponding structure in E54 are the non-conserved region found between region 1 and region 2 in the primary 70. The auto-inhibitory region 1.1 of 70 is thought to form an interaction with the DSL before promoter engagement.  From the structure presented here, 54 forms a distinctive interaction with the downstream lobes.  Overall, it appears that more of 54 is found within the DNA binding channel compared to A, even accounting for the absence of region 1.1.  

5.3.5 Comparison of Enhancer Dependent and Independent 54 Holoenzymes

The mutant form of E54 lacking Region I, E57-47754, was resolved to 18Å.  Overall, the E57-47754 displays a near identical shape to E54  (Figure 5.5).  Difference maps were generated to identify significant structural differences between the two holoenzymes structures (figure 5, the common density is coloured red, additional E54 densities shown in green.   The common region of 54 is coloured blue).  All of the observed differences between E57-47754 and E54 were located in surface exposed areas with no internal differences apparent. Figure 5.5 clearly demonstrates that the removal of Region I did not induce any large conformational changes in E57-47754 when compared to E54.  The difference map demonstrates that there are two areas of divergence between the two holoenzymes (labelled D1 and D2 in figure 5.5). D1, the larger area of different, is associated the common region of 54, between the region of 54 that is involved in binding to the ' clamp and the  flap domain.  The mass calculations of this density estimate that it is approximately 7kDa, which is the approximate size of the deletion in 57-47754.    The assignment of D1 as Region I is confirmed by recent findings that have clearly demonstrated that Region I is close to the –12 187. Furthermore, the flap domain plays a functional role in the organisation of the neculeoprotein complex formed between Region I and the –12 GC element 198. By analogy to the E70-DNA complex  the DNA would be expected to wrap around the polymerase, placing proximal to the –12 hexamer (the origin of DNA melting) in the proximity of the unique density 83; 97.  As Region I can be added in trans and revert the mutant E54 back to an enzyme conferring wild-type properties 193.  Thus, it would likely that region I is at least partially surface exposed.  The position of the unique density is consistent this hypothesis. D2, the smaller area of difference, is located exclusively behind the  USL.  This indicates that removal of Region I may have an indirect effect on the structure of the USL lobe.  Also, in this region, it would be difficult to position Region I near the –12 promoter element.
However, hydroxyl radical foot-printing experiments have implied that there is a conformational difference in the carboxyl terminal region when Region I is deleted when compared to E54 121, but no large conformational changes are detected.  One possibility is that the removal of Region I has exposed a more sensitive patch to hydroxyl radical cleavage, not evident in our structures. 
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Figure 5.6 – Two views of the combined difference maps demonstrating the density differences between E54 and E57-47754.  The right view is a 65o counter clockwise rotation about the vertical axis of the left view. In both views, the common density is coloured red.  The common region of 54 density is coloured blue.    There were no significant additional E57-47754 densities.   Significant E54 densities are shown in green, and are restricted to two areas of difference between the holoenzymes, marked D1 and D2. The main difference (in terms of mass) is found at D1. In the body of the text, the reasoning for assigning Region I to the density labelled D1 is described.  Those domains discussed in the text are indicated. Also notice in the left view that the area of density assigned to the  flap, touches, or is very close to 54.

5.4 Discussion

Numerous different proteins interact with the core RNAp to influence its functionality. Determining the structures of these complexes is a major part of enabling the complete understanding of the process of RNA transcript formation. For bacterial RNAp the structures of two different holoenzyme complexes formed with different -factors can now be compared. 

5.4.1 A Common Mechanism of Holoenzyme Formation

The overall shape of the E54 is similar to structures of other bacterial RNAps, especially the two thermophilic EA.  Having established the position of the core enzyme subunits within the density map, difference mapping has enabled the location of 54 within its holoenzyme.  The position of the 54 density is in excellent agreement with 54 peptide-footprinting data 138.  There are even similarities in the shape of the 54 derived by small angle X-ray scattering, described as a boomerang, and the horseshoe shape of 54 presented here 239.  54 lines the entire length of the DNA binding channel, occupying the majority of the space between the tips of the pincers, each formed by  or '. As such, 54 is likely to significantly mask the very negatively charged DNA binding channel, as with 70 in its holoenzyme [].  The masking of the negative charge is thought to prevent non-specific DNA binding [].  The 54:E interface is large, with numerous interactions with both the pincers made, but these interactions are confined to the ' clamp,  lobes and  flap domains.  Conformational remodelling of the -factor is a characteristic of holoenzyme formation.  Indeed it has been demonstrated that such conformational changes occur within E54 after the initial binding of the 54 factor.  It has also been observed that both 54and 70 that they form an extended interface with core, through which they can communicate conformational rearrangements of the core subunits.  These alterations in conformation appear necessary to facilitate the intimate interaction interfaces between the different  factors and core. 

Although not identical, the position of 54 and interactions with the core subunits is highly reminiscent of those formed by A in EA.  The conserved binding pocket is clearly demonstrated in figure 5.7. The ' clamp domain, the major core-binding determinant for the 70 factor, appears to be as significant for the 54 binding.  Interestingly, the strong core binding region of 54 contains a coiled-coil motif in the core binding domain of Region III, suggesting a common method of :' clamp interaction may exisit.    
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Figure 5.7 – Common core binding interface of 54 and A.  The structure of tth EA was aligned to structural model E54.  The density largely corresponding to 54 (blue) has then been overlaid on the tth EA structure.  The tth core enzyme subunits are coloured as in figure 3.  The tth A is coloured blue.  The 54 density occupies a very similar position to A, despite the differences in the positioning of the clamp domain.  Region 2 of A, the primary core binding and –10 promoter binding domain is completely covered by 54 density.  There is also potential 54 density close to the position of the –35 promoter binding position, but the slight difference in positioning is not surprising given the difference in the position of the upstream promoter element (centred ay -24 for 54 compared with –35 for 70).  Additional 54 density, which has no corresponding structure in tth EA is found interacting with the downstream lobe, however the density corresponds to the position that region 1, absent in the tth EA, is expected to be located.   Interestingly, there are no corresponding regions of 54 density to the non-conserved region and region 3 of A, both of which are absent in many of the alternative -factors within the 70-class.
As with the formation of EA from E, the clamp module undergoes the most significant change during the formation of E54.  Although the precise position of the ' clamp is slightly different between the two holoenzymes, the general opening of the upstream region of the DNA binding channel by the swinging motion of the ' clamp domain in a generally upstream direction is conserved.  The difference in position of the clamp domain is not surprising, as there was even a difference of positioning of the ' clamp in the two thermophilic EA structures. Unlike, EA, the  flap domain occupies a very similar in EandE54, with only the very tip of the flap domain seeming to be bent in and making a contact near the position of 54:' clamp domain.

Thus, these two very different -factors bind a similar pocket in the holoenzyme and orchestrate the positioning of the mobile domains in a similar fashion.

5.4.2 Closed Complex Formation 

The structural similarity between the two holoenzymes has been sufficient to allow the assignment of a region of 54 density to be the –24 promoter binding element.  Based on DNA:54  proximity data, this region of  density is likely to contain the highly conserved RpoN box (see Figure 5.8).  
Unlike EA
5.4.3 Transition to an Open Complex

Unlike enhancer-independent promoters such as those recognised by 70, the conversion of the closed enhancer-dependent promoter complexes to a transcriptionally competent ones, requires the mechanochemical action of an activator ATPases.  Part of this mechanochemical action is to cause conformational changes in 54 itself.  One of the confromational changes must involve the removal of 54  from the DNA binding channel.  This not only allows the DNA to enter the DNA binding channel, but may remove any inhibitory effect on translocation (if any) that the 54 density in the vicinity of the bridge helix may be causing. Region 1.1 of 70 has been demonstrated to bind the central channel during the closed complex, but during the transition of the complex to an open complex, this region of 70 is displaced outside the DNA binding channel, by some mechanism that is not reliant on extrinsic factors.   

Although no significant changes are observed between E54 and E57-47754 it has been demonstrated from footprinting studies that the closed complex of the mutant holoenzyme protects the downstream DNA as far as +20, indicating that the DNA has already entered the DNA binding channel.    The fact that other deregulated mutations, such as R336A, co-localise to same area as region I suggest that the may be some form of a molecular switch around the –12 position, which when released upon activation, allows the necessary conformational changes in 54 that permits the inclusion of the DNA into the binding channel and extension of the transcription bubble to +1bp.  However, in E57-47754  this switch is disrupted such that necessary conformation can occur that allow the entry of DNA into the channel, even in the absence of an activator.

Deletion of the b flap causes defect in open complex formation and maintanace.Position found is ideally suited to help maintain the OC (EXPAND)
Once an open complex is formed, it is seems likely that the arrangement of the holoenzyme:DNA:RNA complex will very similar regardless of the bound -factor, and is consistent with the view that a common mechanism to the state of elongation exsists.  Although it is impossible to discount subsequent conformational changes in the holoenzyme upon DNA binding, studies investigating and comparing certain core mutants in both E70 and E54 have demonstrated that both enzymes open complexes are affected similarly.  In particular a mutant containing a deletion of residues 186-433 (the entire DSL) inhibits open complex formation. This deletion within E54 and another mutant 54 holoenzyme, lacking residues (436-445) in the USL, fail to produce an extended open complex.   
5.5 Conclusion

The results documented here demonstrate the remarkable similarity between the 70, 54 and 57-47754 holoenzymes.  Through difference mapping we have been able to identify the likely location of the 54 factor within the 54 holoenzyme.  We have also established that the position of the  factor is a common feature of bacterial holoenzymes.  In particular, 54 makes significant contacts with the ' clamp and the  lobe domains. During the conversion to the holoenzyme form, there are substantial re-arrangements within the ' clamp domain. This movement is proposed to facilitate the  factors ability to selectively bind to specific DNA promoter sites.  

This structure, together with a wealth of biochemical evidence indicates how 54 may confer the properties to the E to make a transcriptionally incompetent holoenzyme.

[image: image45.jpg]



Figure 5.8 – Schematic arrangement of E54 and the E54-early DNA closed complex.  The schema presented is based on three main pieces of evidence; 1) the data presented in this chapter, 2) proximity data from the Buck laboratory and 3) the arrangement of DNA in E70.  The 54-factor is represented by the blue shapes, except region I which is highlighted as a pale green circle. The strong core-binding region of 54 is represented as darker blue.  The domains of the core enzyme that are in close proximity to 54 are coloured and labelled as in figure 3   The rest of the core enzyme is represented as a grey oval.  In the bottom figure, the DNA is schematically drawn in black.   The regions of promoter binding are indicated by the asterisks and labelled as –12 and –24.  This schematic is discussed extensively in the text. 

CHAPTER 6

Domain Organisation of 70 in the Escherichia coli RNA Polymerase 70 Holoenzyme

6.1 Overview

DNA-directed RNA polymerase (RNAp) is responsible for all transcription in cellular organisms and is the final target in many regulatory pathways that control gene expression.  The bacterial enzyme, although sharing much structural and sequence similarity to eukaryotic RNAp, differs from the eukaryotic RNAp by binding different accessory proteins, termed -factors, to from a holoenzyme.  Only in the holoenzyme form is the RNAp able to perform promoter specific binding.  Complexes of the core RNAp (E) with different sigma factors allows the differentiation of transcription initiation at different sets of promoters.  During vegetative growth in Escherichia coli (Ec), most gene transcription is initiated from promoters bound by a holoenzyme containing the primary -factor, 70.  The Ec 70 holoenzyme (E70) structure has been solved by single particle cryo-electron microscopy.  The electron density map of the E70, together with the model structure of the Ec E, Ec 70 fragment and structures of 70 homologs, has enabled the derivation of an -carbon-backbone model for E70.  Comparisons of the mesophilic Ec holoenzyme are made to a thermophilic holoenzyme. It has been possible to identify the location of the promoter-DNA sequence specific binding elements within the E70.  In addition, the position of the primary sigma-factor specific autoinhibition region, conserved region 1.1 has been clearly identified within the DNA binding channel. A structural comparison between the Ec E and E70 highlights the many domain movements that occur in Ec RNAp upon binding the 70-factor.  Many of these differences are mirrored as differences between the thermophilic core enzyme and holoenzymes when they are compared.

6.2 Introduction
Control over gene expression is primarily exerted at the level of transcription. In cellular organisms, the DNA-dependent RNA polymerase (RNAp) is the vital enzyme in transcription and therefore the fundamental target of transcriptional regulation 327.  In bacteria, an essential step in transcription is the binding of one of a number of dissociable accessory proteins, termed -factors, to a core RNAp (' mass of 379 kDa in Escherichia coli), to form a holoenzyme (e.g. '70  mass 449 kDa) 1; 75.  Only as a holoenzyme can RNAp specifically initiate transcription 1.  

Sequence alignments of primary sigma-factors (70 in Ec) have demonstrated that they are comprised of four conserved regions punctuated by regions of less well conserved sequence 80, also see 337.  These conserved regions can be further subdivided 75. The crystallised regions of three different primary sigma-factors 53; 77; 84; 92 shows that the 70 is comprised entirely of -helices. The most highly conserved region is region 2 80.  This region contains both the main core binding determinant (region 2.2) 100; 102; 107 and –10 promoter recognition element (region 2.4 ) 75; 83; 84.  Region 4, comprised of two helix-turn-helix (HTH) motifs, specifically recognises the –35 promoter element 53; 83; 84; 92.  Region 1.1 performs two distinct functions; first is prevention of promoter binding by the free 70 85.  Upon E binding, region 1.1 undergoes a substantial rearrangement, which is believed to relive the inhibition 87.  Second it has a positive role in accelerating open complex formation at some promoters 241.

Crystal structures of the Thermophius thermophilus (Tth) and Thermus aquaticus (Taq) holoenzymes have provided many insights to the structural arrangement of two thermophilic holoenzymes 53; 84.  In both the free and holoenzyme unbound forms, the structural ordered regions of the sigma-factors display three discrete domains (comprised of the conserved regions 2, 3 and 4 respectively) 53; 84; 92.  These discrete domains are connected by extended linkers 53; 84; 92 .  The -factors form an extended interface along the RNAp, with the majority of mass located on the upstream half (with respect to the orientation of the DNA) of the RNAp 53; 84.  Furthermore, the higher-resolution Tth holoenzyme also demonstrated the presence of the two Mg2+ ions chelated at the active site, conclusively supporting the two-metal ion mechanism of catalysis for multisubunit RNAps 53.  Nevertheless, the thermophile holoenzyme structures represent relatively poorly biochemically characterised enzymes, whereas the mesophilic Ec RNAp is the most extensively studied multisubunit RNAp 42.  Elucidation of the Ec holoenzyme structure is important and would provide a significant resource for structure function studies and verification of the theromphilic RNAps as models for Ec RNAp.  

Previously, the cryo-electron microscopy (cryo-EM) structure of the E70 has been reported 330.  Subsequent refinement of the structure and docking of high resolution structures and homology models into the density map has been performed, as was carried out with the Ec core RNAp (chapter 4).  The fitting procedure has enabled the formulation of an -carbon backbone model that represents 70% of the Ec E70.  Comparisons of the Ec E and E70 backbone models have enabled the accurate determination of the domain movements that occur during holoenzyme formation and demonstrate the dynamic events that occur in the core enzyme subunits upon binding the 70.   The positions of mobile, core enzyme domains and the movements of the corresponding domains in Tth and Taq structure are related to Ec 53; 108.  Finally, the position of 70 has been clearly identified. In particularly, we have located the position of the promoter binding elements and structurally demonstrated the location of the autoinhibtion domain, region 1.1. The position of region 1.1 in relation to promoter engagement is discussed.

	Subunit
	Segment (residues)
	% Coverage

	I
	1-329
	100

	II
	1-329
	100

	
	23-103, 125-132, 154-215, 370-506, 564-734, 750-804, 831-891,  914-1342
	70

	'
	20-40, 88-248, 262-332, 349-547, 558-698, 751-932, 1032-1121, 1154-1159, 1204-1384
	74

	
	-
	0

	70
	113-167, 173-191, 212-237, 242-518
	59

	Total
	
	72


Table 6.1 – Segments of the Ec E70 sequences present in the final modelled.
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Figure 6.1 – Three views around the Ec E70. The experimentally derived density map is represented as a grey semi-transparent surface, except for the unmodelled density assigned to 70, which is coloured orange.  The C- backbone model is shown inside the density map (also see table 6.1).  The -subunits and 70 are represented as a worm.  The  and ' subunits are shown as spacefill.  The subunits of the holoenzyme are coloured as indicated by the code at the bottom of the figure.    This channel roughly divides the RNAp into two halves, thereby giving the crab-claw shape.  The upper pincer (predominately formed by the subunit downstream lobe (DSL) and upstream lobe (USL)) and lower pincer (predominately formed by the 'subunit), as referred to in the text are indicated.  The holoenzyme is approximately 170Å long from the (-subunits) to the tips of the pincers.  The polymerase is 120Å wide, across the 2 dimer.  The distance from one pincer tip to the other in the direction out of the plane of the page is 130Å, slightly greater than found in the core RNAp.  Left - View of the downstream face of E70. The space fill representation of the  and ' subunits clearly demonstrates the position of dispensable region I (DRI), located between the DSL and the ' jaw domain (also thought to be a DR).  Unlike the Ec  E modelled, it has been possible to model the position of the 'F domain, that contains the ' jaw domain insertion.  The position of the ICTD domain is marked, unmistakably occupying a near identical position in both the Ec E and E70.  The positions of the non-conserved domain helices not bound by density are marked with the dashed line.  These helices are thought to form a mobile region, explaining why they are no observed (see the text for details).   The unmodelled density found at the tips of the long helices is like to correspond to .   Middle – View of the front of the DNA binding channel, the view clearly shows the distinctive pincers.  The two conserved regions and non-conserved region of 70 modelled are labelled.  Also labelled in the position of region 1, which is located between 'G and the DSL, also see right.  The justifications for the assignments are discussed at length in the body of the text.  Right - View of the upstream region of the DNA binding channel.  The whole arrangement of the 70 density can been in this.  The non-conserved helices are located in a functionally neutral area if the holoenzyme and extend the length of the tip of the lower pincer.  Another piece of unmodelled density is found in a position close to where region 4 is found in the Tth and Taq EA holoenzymes.  As no unmodelled segments of the core subunits are found in this area, this region is tentatively assigned to region 4 of 70.  This view, of the holoenzyme also demonstrates the location of DRII and the IICTD.
6.3 Results
6.3.1 The Global Structure

The refined structure of the E70 (figure 6.1) has been determined to a resolution of 17Å 310 (see figure 6.2).   The overall morphology of the refined structure resembles that of the other homologous holoenzymes and Ec core RNAp generally resembling a "crab claw" shape (see figure 6.1) 38; 51; 53; 84; 330; 338.  As the refined holoenzyme map clearly contains many structural features that correspond to the core enzyme, a direct docking of the core enzyme subunit models into the E70 was performed (see figure 6.1).  This revealed, as previously demonstrated for Taq E and hence indirectly for Tth, that a large central portion of the core-enzyme (which includes the -subunits and the regions of  and ' that form the active site) remains fixed, while those domain found at the edges of the pincer ( upstream and downstream lobes,  flap, the ' clamp) undergo a repositioning 53; 84.  These mobile modules border the central DNA binding channel.  Having docked the  and ' subunits and based on their positions in E (see chapter 3), it was possible to locate the three dispensable regions (DR) in these subunits (' jaw, DRI and DRII, figure 6.1), by constructing difference maps between the docked model and the density map.   The difference map also revealed the likely position of the  subunit. 

The most striking differences between the docked core subunits model 51 and the E70 density map was the presence of a significant region of density that is largely associated with the ' clamp, which corresponds to the bound -factor (orange, figure 6.1).  Generally, the orange density forms a large interaction surface with the core enzyme subunits and domain-domain interactions are confined to the mobile domains that frame the active site.  The detailed analysis of the 70 density is presented below. 
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Figure 6.2 – Resolution of the E70 3D reconstruction as determined by Fourier Shell Correlation (FSC).  The FSC from the E70 reconstruction (red line) crosses the 3 curve (blue) at a spatial frequency of  0.096 Ǻ-1, indicating a resolution of ~10.5 Ǻ.  However, low-pass filtering of the C- model structure indicates that the level of structural detail between the model and density map is comparable to a resolution nearer 17.5Ǻ, as does the 0.5 threshold criteria  Thus, the reconstruction was assessed to have a resolution of 17.5Å 
6.3.2 Transition from core-enzyme to holoenzyme

6.3.2.1 The  subunits
The  subunits occupy a near identical position between the Ec E and E70, with a route mean standard deviation less than 1.5 Å for the C- backbone models.  The DNA binding and transcription activating regions of the -subunits C-terminal domain (CTDs) 12; 173 are found on the to the DNA binding channel as in E.  Therefore, this suggests that between the "ground state" core RNAp and formation of E70, there is no repositioning of the CTD. The energy from non-specific interactions with the DNA many be required before the CTDs are orientated specifically on the DNA at promoters that carry UP elements.  Other biochemical and biophysical evidence does not contradict the placement of the CTDs 97; 157; 339; 340.  

The observation that the Tth I rotates towards the DNA binding face when compared to the Taq core enzyme 53 appears not to be evident when comparing the Ec E and E70 froms.  Similarly to Ec, such a rotation between the Taq core enzyme and holoenzymes is not evident 84.  Thus, the difference in the position of I in the Tth holoenzyme may reflect a Tth specific repositioning and may be independent of the binding of the -factor, a general difference in -dimer structure, or more probably a crystallization artefact.

6.3.2.2 Identification of the  domain

The docking of the -subunit was not as straightforward as that of the -subunits.  The gross bi-lobed shape was readily identifiable, but the holoenzyme density (expected to be ) did not precisely match the backbone model of the Ec E  subunit.  The structural domains 1, 2 and 3 form the distinctive bilobed structure present in both bacterial and eukaryotic multisubunit RNAps 37; 41 Cramer.  The lobe that lies downstream, with respect to the DNA orientation 84; 219,  is formed by  domain 2 37 (labelled DSL in figure 6.1).  The upstream lobe (USL) is formed by domains 1 and 3 (labelled USL in figure 6.1).  The lobes interact with two distinct regions of 70 density within the holoenzyme(see figure 6.1, discussed further below).  The USL has undergone some modest movement, a rotation of ~5o.  A similar, but less substantial movement is observed for the downstream lobe (DSL).  Movements have been suggested to occur in corresponding domains in both the thermophilic holoenzymes 53; 84.  However, the difference in the resolution of the two density maps used to validate the Ec E (12Å) and E70 (17Å) homology models may result in such variation in interpretation. Nevertheless, when the lobes are compared between the Tth and Taq holoenzymes, these domains have been displaced by between 7 and 12 Å relative to each other 53. This is unsurprising as these domains have been demonstrated to be flexibly attached to the rest of the holoenzyme 51 and work in this thesis.

The flap domain, comprised of conserved region G (N-terminal region of structural domain 6), has undergone the most dramatic movement of all of the domains (figure 6.3, bottom). The flap domain is also associated with the 70 density within the holoenzyme.  The movement of the  flap domain is in general agreement with the observed change between the Taq core enzyme and holoenzyme, although the movement of the flap domain is more modest 84.
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Figure 6.3 – Domain movements associated with the conversion of E to E70. Top – The movement of the ' clamp domain. Top, Left shows the position of the clamp domain (magenta) within the E70.  Top, right shows just the  ' clamp from Ec E (semi-transparent) and  E70 (solid).  The clamp in E70 swung in an upstream direct and slightly up, towards the upper pincer.  Bottom – Movement of the  flap domain.  The overview and detailed view are as above.  The  flap domain  is coloured silver.  Compared to the E position, the  flap domain is found slightly in a slightly more downstream position in E70.
6.3.2.3 ' Clamp Domain
The ' clamp module is a structural feature present in both the bacterial and eukaryotic RNAp enzymes 17; 37; 41; 53; 84; 108.  The different crystallisation procedures applied to the Pol II RNAp resulted in the clamp module being crystallised in two very distinct conformations 41.  The clamp is the module that exhibits the most dramatic movement when the Ec and Taq core RNAps are compared and when E54 is compare to Ec E and exhibits much structural variability between homologous bacterial RNAp structures 17; 53, Murakami, 2003 #767; 84.  In the Ec holoenzyme the clamp domain has been displaced by up to 20Å, a result of a rotation of ~15o at the point of linkage connecting ' domain 1 to the rest of the ' subunit.  The clamp domain is directly associated with a large proportion of the holoenzymes extra density (figure 6.3), that is unassigned to any of the common core enzymes subunits.  The motion of the clamp, in the absence of 70 has opened up the DNA interacting channel by 12Å (figure 6.3) in the vicinity where the upstream DNA (approx -10bp to -17bp) would be localised. 

As with the Ec core RNAp there are regions that have not been modelled 51, the  subunit (due to conformational differences) and  dispensable regions (due to the lack of an appropriate model).  However, by comparison to the positions of these regions in the core enzyme, it is possible to identify unambiguously these region (marked as  and  DRI/DRII in figure 6.1).   Having assigned all of the E subunits in E70and taking into account the unmodelled regions, difference mapping readily identified the unassigned density which must be attributable to 70 (orange, figure 6.1). In the following sections the assignment of the remaining density to 70, indicating the location of the 70 conserved regions is described. 

6.3.3 Identification of 70 within the Unassigned Density

The density remaining after the placement of the core RNAp subunits within the holoenzyme density map is assigned to 70.  This density lies predominantly at the upstream edge of the holoenzyme between the  lobes and the ' clamp.  A similar docking procedure that was used to fit the core enzyme subunits was applied to the fitting of a crystal structure fragment of the Ec 70 77 (residues 114-446 which encompasses regions 1.2, the region and region 2) which closely resembles the conformation of corresponding A regions in the thermophilic holoenzymes and to a homology model of the 70 conserved region 3 (residues 447-510) and region 4 (residues 530-633). The templates for the homology models were based on the corresponding structures from both the Tth and Taq holoenzymes.   The latter two regions were modelled separately as structures of the 70 homologs from Taq and Tth demonstrated that each conserved region or structure were joined by flexible linkers 53; 84; 92.  Consequently, the Ec 70 fragment and models of region 3 and 4 were docked as independent subunits.  The connecting linkers were not modelled.  Below, the position of each structural model in relation to the surrounding domains from other subunits is described.

6.3.3.1 70 fragment - Regions 1.2, non-conserved and 2

Region 2 contains the primary core enzyme and DNA binding determinants. From the Tth and Taq structures and from other biophysical methods, region 2 is known to make an extensive interaction with the ' clamp domain (figures 6.1 and 6.5).  More specifically, region 2.2 forms the core binding structure and comprises of a single helix, which interacts with the ' coiled-coil located within the ' clamp domain. Both the ' coiled-coil and 70-region 2.2 are very well conserved in sequence and structure, thus the interaction between these two structures is likely to be highly conserved.  So, based on the three helical arrangements in Tth and Taq, the Ec 70 fragment was docked as a rigid body on to the already docked ' clamp domain.    Consequently, a similar orientation of region 2 with respect to the ' clamp is found when compared to Tth and Taq holoenzyme.  Interestingly the rigid fit of the Ec 70 fragment resulted in a good match between the structural detail of the density and the structure of the 70 fragment.  Only two helices were found not to match the density (highlighted by the dashed line in figure 6.1). These helices form a discrete module that may independently move within the 70 fragment, as these helices are part of the 70 fragment containing the very high temperature factors, with the loops connecting these helices not even modelled in the 70 fragment structure.  This suggests that this may be a region of structure variability.  Furthermore, these helices correspond to a unique segment in 70 compared to either the Tth or Taq holoenzymes.  No density was found in this area, possibly due to the resolution of the map and/or variability in position of these helices.  Alternatively, these helices may not correspond to their native position as the 70 fragment is genetically engineered segment of 70.   Overall, the position of 70 fragment in E70 density is consistent with all Ec biochemical analyses 53; 84; 89; 100; 102; 105; 107; 138.   

More specifically, 70 region 2.4, the DNA interacting helix 75, is found on the outer face of the holoenzyme and its orientation with respect to regions 2.2 and 3.0 are closely similar to that found in the Tth and Taq holoenzymes 53; 84, forming a distinctive v-shape with the helix formed by region 3.0, at the edge of the primary DNA binding channel (see figure 6.5).   This is contrary to the rigid movement of regions 2 and 3 when the Tth or Taq EA are compared.

A noticeable difference between the -factor in Ec compared to the thermophilic holoenzymes is the position of the non-conserved region located in the primary sequence between regions 1.2 and 2.    This is primarily due to the fact that the Ec non-conserved region is much larger than that in Tth and in Taq (for example the non-conserved region is ~60 amino acids in Tth compared to ~200aa in Ec) and that the fold of the Taq and Tth non-conserved regions are completely different to that in Ec non-conserved region 53.  In Ec the helices forming the non-conserved region are wrapped around the ' clamp domain (figure 6.5). The position occupied by the non-conserved region is Ec is close to that of the position of the large insertion in the Tth ' clamp.  Both the thermophilic ' subunits contain these large insertions in the ' clamp domain and both have significantly shorter non-conserved regions in the -factor.  Thus, the absence of a ' insertion in Ec may explain why such a large insertion can be tolerated in Ec.
6.3.3.2 Location of 70 Regions 3 and 4 

Region 3 is found to interact with the USL (figure 6.1) and occupies a near identical region to the corresponding structures in the other holoenzymes (green in figure 6.5).   In this position, region 3 is juxtaposition to the key elements in the ' clamp, the ' rudder and the ' lid, which are both postulated to be interacting directly with nucleic acids.

Both structural and mutagenesis experiments had demonstrated the role of the  flap in positioning of 70 region 4 53; 84; 147.  Deletion analysis of the Ec  flap has lead to the hypothesis that this structural element may orchestrate the positioning of the HTH at promoters with different promoter element spacings 147.  The  flap structure is thought to be flexibly attached to the rest of the  subunit due to the lack of secondary structure and structural variability in its positioning  37; 53; 84.  In both the Ec core enzyme and holoenzymes models it has not been able to model the tip of the  flap domain, as the structural detail of the density weakens in this region, also suggesting flexibility of the protein in this area.  As the flap and region 4 are though to form a mobile module it is not surprising that it has not been possible to accurately model region 4 in the density map.  Nevertheless, there is density that does not contain any model in the vicinity of where region 4 is expected.  As there are no unmodelled regions of the core subunits found in this area, it seems probable that this unoccupied density corresponds to region 4. The fact that the structural details are weak in this area is an interesting observation, suggesting that in a population of 70 holoenzyme molecules, there maybe a distribution of spacing between the –10 and –35 promoter binding elements.

6.3.3.3 Identification of Region 1.1
For differing reasons, region 1.1 of A is missing from both Tth and Taq holoenzyme structures.  Subsequent to the placement of structures of 70 regions 2 and 3 in the density map and identifying the location of region 4, a region of unaccounted density remained (see figure 6.1).  This density is found to occupy the region between the two pincers on the basic surface of the channel, just behind region 1.2 when viewed from the front as in figure 6.5.  The density makes contacts with both the 'G and  DSL, occupying much of the DNA binding channel.  The density is both in an appropriate location and suitably sized to accommodate the unmodelled N-terminal ~100 amino acids of 70, which includes region 1.1.  The physical location of region 1.1 has been indicated by independent fluorescence resonance energy transfer (FRET) analysis which positioned region 1.1 between the pincers, close to  DSL 97.  Furthermore, biochemical experimentation has also implemented the  lobe in binding 70 in the holoenzyme, subsequent to an initial interaction with the  flap domain 89.  These observations clearly imply the density located between the DSL and 'G as 70 region 1.1.   


[image: image48]
Figure 6.4 – Difference in the position of the ' clamp between two homologous holoenzymes.  A – the position and context of the ' clamp domain (coloured magenta) with respect to the rest of the Ec holoenzyme.  After supposition of the Tth EA(C) on Ec E70 (B) the two ' clamp domains positions were excised, as before, so that their relative positions in the two holoenzymes could be compared.  The grey symbols denote the corresponding positions of the structures between (B) and (C).
6.3.4 Comparison of two homologous  holoenzymes

Next, the domain organisation of Ec E70 was compared to that in the Tth EA structure.  Given that homologous holoenzymes are being compared (similar, but not identical) and the relatively low resolution of Ec E70 the resolution compared to Tth EA, only large differences between the holoenzymes will be discussed. Differences that are accountable to the presence of an insertion found in either Ec or Tth are not considered. 

Unsurprisingly, the major difference between these two holoenzymes is the domain organisation associated with the ' clamp and the domain bound to it, 70 region 2. Figure 6.4 demonstrates the difference between the ' clamp domain in the two holoenzymes.  The Tth ' clamp is located in a more upstream direction having swung out more from the core enzyme position than the Ec ' clamp.  This difference is the only major difference between the core enzyme subunits of the holoenzymes. 

Form the aligned holoenzyme structures, it was possible to compare to the domain organisation of 70 and A.  Overall the domain organisation of 70 and A are comparable (see figure 6.5).  Unlike Taq and Tth, where regions 2 and 3 move as relatively fixed modules over the surface of the USL, the angle of orientation of 70 region 2 with respect to 70 region 3 is more acute than A in the view presented in figure 6.5.  70 region 2 tightly binds the ' clamp, so the difference in the positioning of this domain compared to A is paralleled in the positional difference of the ' clamp domain between the two holoenzymes.  However, it is impossible to suggests whether the ' clamp domain dictates the position of the 70 region 2 domain or vice versa, as both domains are flexibly connected to their surrounding domains.  70 region 3 is found in a very similar position to A region 3.  The conservation of its positioning is unsurprising, as the  USL lobe that region 3 is found to interact with occupies a similar position in both the holoenzymes.  In the orientation presented in figure 6.5, the position of the density that is assigned to 70 region 1, predominantly region 1.1, is depicted by the red oval.  70 region 1 is located between region 3 and the long helices of the 70 non-conserved domain.  Although intact, the majority of region 1 was not resolved in A.  However, the helices of A region 1.2 that were resolved are found leading up to a similar position to where the 70 region 1 density is found.   As with 70 region 1, the position of the density expected to be 70 region 4 by a blue oval.  The position of the 70 region 4 domain is similar in both holoenzymes, but this is to be expected as the density was identified by its similarity in positioning.   However, it is interesting to note, that it appears to be regions 3 and 4 that are conserved in position, while region 2 appears to be more variable in its position. 
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Figure 6.5 – Domain organisation of 70. (A) Schematic of the arrangement of the conserved regions or domains of 70.  The white bar indicates the non-conserved region in 70.  The same colouring is used in (B).  (B) Comparison of the domain arrangement of the Ec 70 (left) and Tth A (right) in their respective holoenzymes.  This view roughly corresponds to looking though the top of the pincer formed by .  The positions of the domains that are absent from the Ec E70 structural model are presented as ovals.  The Ec ' clamp domain is also shown.  Generally, these two -factors show an amazing similarity in their domain organisation.  Important helices in region 2 are marked.
6. 4 Conclusions

The structure of the wild-type Ec E70 has now been revealed and analysed in detail.  Where previous density to density matching procedures were applied to try and locate the core enzyme subunits in the holoenzyme, docking of the C- backbones of the subunits and use of the corresponding geometric constraints have allowed a much less ambiguous interpretation than was previously possible 330.   Here, it has been demonstrated that 70 primarily interacts with the  flap,  lobes, ' clamp and 'G.  The interaction between the ' clamp domain and 70 is mediated by region 2.2, while the non-conserved sequence of 70 between regions 1 and 2 wrap around the ' clamp domain.  Finally, region 4 of 70 is likely to interact with the flap domain.   

The organisation of 70 in the holoenzyme is consistent with the other structures, FRET studies carried out by the Ebright group 97, the patterns of peptide fragmentation studies 94; 107, cross-linking 157 and mutagenesis studies 75.  This work clearly demonstrates that the high-resolution structures of the thermophilic RNAp provide a reasonable framework upon which biochemical data derived from Ec RNAp can be interpreted.  However, there are areas of significant structural differences between the mesophilic Ec and the thermophilic holoenzymes that must be taken into account and the structural model presented here provides an excellent platform for understanding such differences, both functionally and structurally.

That a number of conformational changes occurs during the formation of Ec E70  from the core RNAp and is unsurprising.   All of the observed changes, such as the position of the  flap, lobes and ' clamps, are observed in Taq EA compare E.  Indeed, the motion of the ' clamp is were the biggest conformational difference between E and E70, consistent with data from both bacterial and eukaryotic polymerases.   The motion of the ' clamp is necessary to allow the binding of both the DNA and -factor into the complex.  Comparison of the thermophilic Tth EA to the Ec E70 revealed a number of differences.  In many cases, the observed differences are mirrored when either holoenzyme is compared to Taq EA.  These were confined to one area, the position of the ' clamp domain and 70 region 2, which bind to each other.  The movement of the ' clamp domain is necessary to allow the binding of 70, which is known to undergo a series of discrete conformational changes.  

The difference in the positioning of the ' clamp is paralleled in the difference in the position of 70 region 2.  The binding of 70 region 2 may be thought to help stabilise the position of the mobile ' clamp domain.  However, the individual domains of 70 are connected by long flexible linkers, so there is no structural evidence for the stabilisation of the 70-region-2:' clamp module.  Furthermore, 70 recognises a range of promoters DNA elements, many of which have sub-optimal promoter spacings.  Thus, some flexibility between the promoter binding domains is necessary to recognise the range of 70 promoters.  Furthermore, after the binding of DNA, further conformation changes are necessary to form open complexes.

Interestingly, the position of structure between the pincers is not restricted to 70 region 1.  In the previous chapter, density from 54was demonstrated to occupy a similar location to 70 region 1.1.  The fact that 70 density is located between the pincers extends the principle that the two divergent -factors occupy a homologous binding pocket in the core enzyme.  The functional role performed by these regions of  in the DNA binding remains to be clearly identified. However, given the structural conservation it would suggest that it is functionally important.  Furthermore, in both holoenzymes, this density must undergo further conformational changes during the binding of the DNA as the density occupies the path taken by the DNA.

Region 1.1 of 70 interacts with both the 'G  and the  DSL.  Both of these domains structurally delimit the DNA binding channel and are functionally important for position of the DNA during initiation and elongation.  Furthermore, a loop of 'G interacts with the bridge helix and is proposed to from part of a molecular switch that triggers the translocation of the RNAp.   The bridge-helix is thought to act as a switch based on that the helix is found to be bent in the crystal structure of Taq core enzyme structure 37, yet straight in the yeast Pol II structure 41 and Tth holoenzyme 53.  Therefore, the location of region 1.1, suggest that it may have an indirect effect, mediated by 'G, on the bridge helix.  Preventing translocation of the RNAp would represent an excellent method of preventing transcription from a non-specific interaction with DNA.  However, the fact that region 1.1 was disordered in Tth suggest any interaction by region 1.1 and 'G may be weak and/or transient. A number of studies, especially the FRET studies, have suggested that region 1.1 undergoes a major repositioning upon binding promoter DNA, moving from inside the channel in the holoenzyme to likely to reside outside of the channel in the DNA-holoenzyme complexes 97.  

Two hypotheses have been put forward to the role of region 1.1.  Firstly, region 1.1 acts as a molecular mimic for the DNA and occupies the DNA binding channel thereby preventing DNA entering the channel until it is bound in a sequence specific manor 97.  Second, that region 1.1 may facilitate in holding the jaws open, thereby allowing the DNA to enter 84.  The location of the whole of region 1.1 has been clearly demonstrated.  From the position of region 1.1, it could well perform both roles.  In support for the molecular mimic hypothesis, region 1.1 occupies a near identical position to position occupied by  +5 to -10 of the promoter DNA, whilst support for the later hypothesis is that region1.1 is associated with two domains that form the downstream channel.  Both of these hypotheses seem plausible and are not mutually exclusive.  Furthermore, region 1.1 may function in alternative manor. The function of the downstream lobe has been essential for the positioning of the DNA and formation of the open complex.  Region 1.1 directly interacts with DSL and close to the ' jaw, and may alter their properties by positioning the DSL or simply stabilising DNA-lobe binding.  Indeed, at some promoters 70 region 1.1 is involved in an acceleration of open complex formation 241, consistent with a role for 70 region 1.1 proposed here. 

Structures of Ec RNAps complexed with DNA during promoter engagement and elongation phases of transcription are required to further our understanding of the necessary changes that occur to the RNAp subunits during the formation of a sequence-specific, competent transcription complex.  These may further elaborate the role of 70 region 1.1 and indicate how the formation of the open complex drives the release of 70 from the DNA binding channel.

CHAPTER 7

Three-dimensional Reconstruction of a Truncated 54 Transcription-activator, PspFHTH 

7.1 Overview
E54 transcription activators form a discrete family in the superfamily of G-proteins known as AAA+ proteins (ATPases associated with various cellular activities). Herein, is presented the preliminary structure of an oligomer of a mutant E54 transcription activator, PspFHTH, derived using cryo-electron microscopy and single particle analysis.  The oligomeric structure, created by the addition of an ATP analogue, was resolved to ~20Ǻ resolution, is comprised of six individual dimers that are arranged with D3 symmetry. However, the oligomeric organisation of PspFHTH does not conform to the standard hexameric organisation observed for other members of the AAA+ superfamily, nor a heptametric organisation as observed for NtrC, a closely related 54 transcription activators.  From the evidence presented, it appears that this structure may represent a novel arrangement for the AAA+ superfamily, although alternative reasons why the organisation is atypical are discussed. As such, future directions as to how ambiguities may be resolved are presented.

7.2 Introduction
54-transciption activators within the AAA+ superfamily

The E54 has the absolute requirement for transcription activator proteins.  These activators remodel the DNA-E54 complex so that an open complex can be formed, rather than directly melting the DNA.  These transcription activators are known as enhancer-binding proteins.  This mechanism of transcription activation is thought to vary transcriptional efficiency over a wide range 111.  

All the enhancer binding proteins contain a domain that is a member of the superfamily of G-proteins known as AAA+ (ATPases associated with various cellular activities) 341; 342.  The hallmark of the AAA+ superfamily is the presence of a sequence stretch of ~250 amino acids that contains three motifs:  The mononucleotide binding Walker A motif (GESGTGK, which is glycine rich with the lysine implicated to be in close proximity to the (–phosphoryl group of ATP 343), the Walker B motif and the “Sensor II” region (which can be present in one (termed type I) or two (termed type II) copies per protein) 343.   All AAA+ domains are comprised of two subdomains; an (/ subdomain and a smaller -helical subdomain.  The / subdomain is typical of P-loop NTPases, while the -heilcal subdomain is a distinctive feature of AAA+ ATPases.  The AAA+ domain is found in a variety of proteins that perform a diverse set of functions that includes chaperones, membrane fusion, peroxisome biogenesis, assembly of mitochondrial membrane proteins, cell cycle control, mitotic spindle formation, cytoskeletal interactions, vesicle secretion, signal transduction and transcription activation.  In general, AAA+ proteins form large oligomeric complexes that are nearly always configured in a hexameric ring like structure 344.  Such rings are created using one of the following three mechanisms: reversible assembly of monomers or dimers, constant oligomerisation or ring formation from six repeated AAA+ domains in a single polypeptide. The family of 54-transciption activators are formed using the first mechanisms.

The 54 transcription activators are end signal relays in signal transduction pathways.  A common feature of prokaryotes and eukaryotes signal transduction pathways in the transfer of phosphoryl groups between proteins 345, see figure 7.1.    The nitrogen regulatory protein C (NtrC), which is involved in the activation of a variety of genes involved in nitrogen utilization 205; 345, is the prototypical 54 transcription activator (also knonwn as enhancer binding protein).  NtrC contains three domains, the central AAA+ domain, a N-terminal domain that receives the activation signal and a C-terminal domain that is required for DNA binding (a HTH domain).   The central domain is the effector or AAA+ domain and is critical for transcription activation.  However, in the case of NtrC, oligomerisation, ATP binding and activation only occurs once the regulator domain has become phosphorylated.   A conserved motif found uniquely in the 54 activator AAA domain, the GAFTGA motif, is responsible for interacting with 54.  How ATP hydrolysis is coupled to DNA melting is an area of intense research.    The GAFTGA motif is located in a module of the domain that undergoes movement upon ATP hydrolysis.  The remodelling of protein surfaces during ATP hydrolysis increase binding and results in remodelling of 54 that enable the formation of a competent transcription complex.

[image: image50.wmf]
Figure 7.1 - Many environmental signals are received and transmitted to the transcription apparatus by pairs of proteins that are united in a large family known as the two-component regulatory proteins 346; 347. In the case of two-component regulation, the stimulus is normally transferred from a group of proteins known as histidine kinases (HK) to another group of proteins known as response regulators (RR) 346; 347.
Recently, two structures of fragments of NtrC have been solved.  One structure contained of the N-terminal two domains in a dimeric, head to head arrangement.  Intriguingly, the second structure was of the NtrC central AAA+ domain in an oligomeric ring containing seven promotmers, rather than the more common six.  The protomers were asymmetrically arranged in the ring, with inter-protomer interactions formed in a head to tail arrangement 242.  Thus, if both of these structures reflect the native state of the NtrC complex, the protomers in the dimer must be fundamentally reoriented in the hepatmeric ring 242.    
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Figure 7.2 – Cartoon of events that occur during the process of transcription initiation. Adapted from 348
PspF-like 54-transciption activators

In contrast to NtrC, PspF (a homologue of NtrC) is constitutively active as it lacks the regulatory N-terminal domain 243.  PspF mediates transcription activation of the Ec pspABCDE operon 243. The operon is strongly induced by infection with filamentous bacteriophages and presence of secretin proteins, which assist export of large protein complexes from the cell including virulence factors and type II and type III secretion systems 349. The operon encodes proteins that appear to help the cell adapt to changes in membrane integrity.  As PspF lacks a regulatory domain, regulation of the psp operon is achieved by a negative feedback mechanism, mediated by PspA which negatively regulates expression of the psp operon in a DNA-binding independent manor by interacting with the AAA+ domain of PspF which results in a conformational change that impairs the function of PspF 349. 
Chaney et al observed that PspF(HTH forms a single oligomer on that addition of ADP and AlF3 191.  The ADP and AlF3 produce a complex that mimics the ATP hydrolysis transition state (ADP-aluminium fluoride) 119. Gel filtration experiments on this oligomer were inconclusive to the size of the oligomer, but have put it in the range of 12 protomers  350.
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Figure 7.3 – Schematic of the archetypical 54 transcription activator, NtrC, PspF and PspFHTH.  NtrC is comprised of three domains.  The regulatory domain, which is phosphorylated by NtrB.  The effector domain contains the homology to the AAA+ domain .  The third domain is the DNA binding domain, which has a helix-turn-helix structure (as revealed by NMR of the C-terminal domain of NtrC, et al351 ).  PspF does not contain the regulatory domain, and is constitutively active.  The mutant studied here also lacks the DNA binding domain, and is known as PspFHTH

As the stoichiometry and symmetry of trapped PspF is unclear, it is possible to provide clues to the stoichiometry by looking at other members of the AAA ATPase superfamily.  NtrC, as mention previously forms an asymmetric heptamer, which is atypical for AAA+ oligomers. However, more classical oligomeric AAA+ arrangements may be possible.  The symmetry of rho 352, P97 335 RecA 353 and F1-ATPase 354 all demonstrated that a C6 or psuedo-C6 symmetry in the oligomeric state.  Each asymmetric unit was a monomer within these complexes.  Furthermore, both C3 and D3 symmetries have also been observed for other hexameric AAA+ ATPase proteins (reviewed in 343; 344).  In the D3 symmetry, three subunits would be arranged such that they where orientated in one direction, whilst the other three subunits would face in the opposite direction.  In the case of the C6 or C3 symmetry, the subunits would be arranged in one plane, typically forming ring like structures (especially in the case of C6).  Therefore, it is important to determine whether the structure of PspFHTH is similar to the NtrC oligomer, other hexameric AAA+ oligomers, or whether it adopts an alternative, novel organisation.

Cryo-electron microscopy 268 and image analysis 240 was used to investigate the oligomer structure of PspFHTH.  Below is presented the preliminary results of the investigation 

7.2 Results

7.2.1 Imaging

Figure 7.4 - A cryo-electron microscopy images of a sample of oligomerised PspFHTH. As can be seen, the sample clearly has a tendency to aggregate, but single marcomolecules can be located (red circle).

Good quality micrographs (with a defocus of between 2 and 5m defocus), selected by optical diffraction, were digitised on a LeafScan 35 using a step size of 2.0Å on the specimen scale.  Figure 7.4 shows a typical electron micrograph of Ec PspFHTH.  The sample had a strong tendency to aggregate.  The circles indicate individual trapped PspFHTH oligomers. A total of 2,500 single-molecule images were extracted interactively from eight micrographs into frames of 150 x 150 pixels.  CTF correction was performed as described in methods (Chapter 3).  The influence of the CTF was corrected for by accurate phase flipping up to spatial frequencies of  ~1/10Å. These images were filtered as described in the methods, and subject to multi-reference alignments.

7.2.2 Elucidation of Stochiometry and Symmetry

Having carried out reference free alignments, every pixel in the images can be considered to be in register or in-line, with each image having a common origin.  Thus, to assess the symmetry, eigenvector analysis was applied in order to find the main sources of inter-image variation.   The first two non-trivial eigenvectors of the data set (second and third eigenvector/eigenimage, figure 7.5), were found to reflect the predominant 3-fold top view within the data.  Notice that this is definitely not 6-fold symmetry as the adjacent regions of density have a different contrast.  These two images indicate the same three-fold images, but are considered to be “out of phase” with each other or with a set with an opposite handedness.  The third non-trivial eigenimage shows a distinctively different pattern, which reflects the next common view, the side view that clearly shows a 2-fold symmetry.  Thus, the eigenimages indicate that the PspFHTH oligomer posses either D3 symmetry of a 3-2 space group symmetry (2 fold symmetry, with local 3 fold axes of symmetry).   At this stage it was possible to deduce the stoichiometer of the PspFHTH oligomer.  The diameter of the asymmetric unit is approximate 54Å, which corresponds to a mass of ~70kDa.  As each PspF molecule is 36kDa, the approximate size of the asymmetric unit suggests that it is comprised of two PspFHTH molecules.  This observation is consistent with the observation that the predominant form of PspFHTH in solution is a dimer 350.  Furthermore, all E54 activators are dimers before they bind to the DNA 348. In total, regardless of whether the symmetry was 3-2 or 2-3, there are a total of 6 (2 x 3) axes of symmetry.  Therefore, the number of axes of symmetry (6) multipled with the number of monomers in the asymmetric unit (2) gives the stociometry of the PspFHTH complex. Thus, in the oligomeric state there are expected to be 12 PspFHTH molecules.  
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Figure 7.5 – The first seven eigenimages produced from the MSA classification.  From the left, the second and third are similar view comprised of a three-fold symmetry.  These two images are considered to be out of phase as they appear to have opposite handedness.  The fourth image has a two fold axis of symmetry.

Prior to determining the precise symmetry, the iterative reference free alignments were performed to obtain the best possible classums that were unbiased by the use of a few reference images.  To try and determine the likely point group symmetry two avenues of euler assignment were followed.  The first following the 3/2 point group symmetry, the second using D3 point group symmetry.  A total of 140 classes were produced from the aligned dataset, containing typically 15 raw images.  The two symmetries were then applied separately to replicas of the dataset during Euler angle assignment to the class averages.  These angles were then used to generate a representative 3D volume.  The dataset rapidly converged on a stable reconstruction for the D3 space group, but not for the 3/2 space group.  Thus, the PspFHTH oligomer was deemed to comprise of a D3 arrangement.  Further rounds of refinement were used to improve the preliminary reconstruction of PspFHTH presented below.

7.2.3 The structure of PspF(HTH 

A Fourier Shell Correlation (FSC) was used to assess the resolution achieved in the final reconstruction, with the 3-sigma threshold multiplied by the square-root of the symmetry 240.  This criterion indicated that the resolution of this reconstruction is ~20 Å.  
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Figure 7.6  - The Fourier shell correlation used to determine the resolution of the PspFHTH oligomeric complex. As before, the first cross-over of the FSC (red line) with the 3 threshold curve (blue line) indicates the resolution of the final structure.  As, such resolution indicated was 20 Ǻ.  Notice that in this case the 3higher due to the fact that it has been multiplied by the square-root of the number of lines of symmetry (in this case 6).  The threshold is increased due to the symmetry causing increased correlation coefficient. 

The structure of the PspF is roughly hamburger-bun shaped.  Viewed down the 3-fold axis, the structure appears roughly circular (see Figure 7.7).  Overall, the circular nature and size of the structure presented here is strongly reminiscent to other structures of AAA+ proteins 355; 356; 357.   The diameter of the circle is approximately 160Å, consistent with that observed in other hexameric arrangements.
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Figure 7.7 – Surface Representations of PspFHTH. A – view that give the impression that the structure is hexameric, like other AAA+ oligomers.  However, this reconstruction is actually made up of two tripod like halves that intercalate with each other. The asterisks marks the points of interaction between the two layers.  B – This reconstruction has been rotated through 90o about the vertical axis.  The two halves of the reconstruction can be seen wrapping around each other.  The black box roughly delimits the position of a single dimer.  In this case the dimer connects with two other dimers at the top of the reconstruction.  As in A, the asterisk marks a point of connection between the two halves.  However, this connection has handedness and is only found on one side of the dimer.  

However, when viewed perpendicular to the three-fold axis, the structure is roughly oval. From this “side” view (B in figure 7.7), there is roughly a top layer and a bottom layer. Three dimers are joined (at the three fold axis) to form each layer of the complex.  A potential single dimer is highlighted by the black box shown in figure 7.7.   Notice, that the dimers from one layer reach round to the bottom layer, interlocking with the other layer.  Roughly half way round the structure there is interaction between dimers from opposing trimer layers (marked by an asterisk in figure 7.7). The interlocking dimers of PspFHTH form each layer forms a cage like structure.  The centre of the structure is completely empty.  This cage shape explains how such a relatively small monomer can achieve such a large 3D-oligomer.  The dimers are comprised of two asymmetrically arranged, roughly triangular regions of density. This triangular shape is consistent with the shape of the AAA+ domain 343.  There is no obvious break in density between the two monomeric PspFHTH subunits of each dimer, so it is difficult to state the precise arrangement of the monomers (i.e. head to head or head to tail).  The interpretation of the density relating to the dimer is further complicated due to the different points of protein interaction which may have some effect on the overall fold of each monomer. 

7.3 Discussion

The sequence similarity of PspFHTH to members of the AAA+ ATPase family suggest that purely from an intuitive perspective the higher oligomeric structure of PspF would either be 6-7 or 12 subunits that form a ring or double ring structure, respectively 344.  However, the recent structure of NtrC heptamer shows that biology is never that simple.  Nevertheless, the stoichometry of 12 subunits per oligomeric complex determined here is appropriate for a double ring structure.  However, the preliminary structure of PspFHTH, does not conform to a double hexameric ring confromation. Possible explanations of organisation observed are explored below.

During the image processing, all of the single particles where believed to be complete.  However, in the case of reconstruction of rho 352, Yu et al found that ~10% of rings contained only 5 subunits.  This was determined by a slightly weaker presence of a subunit in one position after reference free alignment.  The images of rho, where taken of a negatively stained sample, thus the signal to noise ratio is far greater.  In the case of cryo-EM, the signal to noise ratio is poorer.  Therefore, for a single image it is very difficult to distinguish between molecules where the symmetry axis is tilted out of the plane of imaging, and those that were missing a subunit.  However, careful analysis of both the egienimages and class averages suggest that there did not appear to be a significant subset of the population were missing a subunit.  However, only with significantly larger datasets would it be possible to conclusively resolve this issue.

It has been observed that the RecA protein 353, Ec replication helicase DnaB 358, papilloma virus replication protein E1 359 and the bacteriophage SPP1 replication helicase g40p 360 can exist in two very different quaternary states.  The first is the classical hexameric ring with C6 symmetry, in which all subunits are equivalent.  The second is where there is a significant dimerisation of adjacent subunits.  This dimerisation leads to the formation of a trimer of dimers, having a 3-fold symmetry in projection 358; 360.

PspFHTH is known to exist primarily as a dimer in the untrapped form 350.  A range of oligomeric sizes have been detected for both forms of PspF and PspFHTH in the untrapped state, suggesting that there may be many intermediates between the dimeric and oligomer PspFHTH forms.   Gel filtration indicates that a single oligomeric state is found in the trapped PspFHTH oligomer, in terms of molecular weight, but there could be several quaternary conformations with the same molecular weight within the population of molecules.

A parallel preliminary investigation of the wild-type PspF has produced a more distinctive double ring shape 343.  A number of structural features appear to be common between the two reconstructions.  The first is that when both are viewed from the top, down the three-fold axis, there is a central region of density formed in the centre of the ring.  This density is formed by three subunits, in both structures.   The authors suggest that this density may possibly be due to the association of the hexahistidine tags at the N-terminus of the density 343.  However, given large size of the density, this seems extremely unlikely. The second similarity is the presence of three discrete points of interaction linking the two rings.  Other similarities lie in the fact that the asymmetric unit is a dimer and the diameter of the rings are comparable.  So how can these differences be accounted for? The disruption of the ring shape in the PspFHTH reconstruction may be due to the absence of the HTH.  The presence of the HTH would be sufficient to make up for the apparent lack of mass in the ring in the PspFHTH reconstruction, but the simple absence of the HTH is insufficient to account for the differences alone. Thus, conformational differences between the two reconstructions must exist.  One explanation is that the protomers exist in an extended state in the reconstruction presented here, compared oligomeric PspF reconstruction {gralla}.  A caveat for this hypothesis is that the two forms of PspF must be perceiving the ADP-aluminium fluoride complex differently, but as the C-terminal region of the AAA+ domain in PspF is involved in, either directly or indirectly, sensing the presence of ATP the removal of the HTH may have altered the functional properties of the C-terminal domain.  Thus, if the PspFHTH is locked into a sub-optimal conformation and perceives the ATP analogue in a slightly different manor, this would account for the differences in the rates of ATP hydrolysis.

Clues to explain the arrangement observed come from the recent structures of NtrC.    By analogy with NtrC, the proposed oligomerisation determinants of PspFHTH are believed to be in the central domain, whilst the dimerisation determinants are located in the C-terminal region 351, close to the DNA binding domain.  In the dimeric and oligomeric NtrC structures, very different different surfaces are used to make the interactions between the two states 242. Lee et al, proposed a mechanism for the transition of the NtrC dimer head-to-head to the NtrC oligomer head-to-tail.   Therefore, the PspFHTH structure may well represent an intermediate transition state between six dimers and an oligomeric ring.  The removal of the C-terminal HTH domain may have altered the properties of the C-terminal dimerisation domain that makes the transition to the oligomeric form less energetically favourable (i.e. tighter dimerisation binding).   In the presence of the ATP transition state, the PspFHTH dimers have assembled into a bi-layer of trimers (with D3 symmetry), with some sort of barrier (physical or energetic) preventing the formation of a true ring structure.  Furthermore, the fact that the ATPase activity of the PspFHTH is not as efficient as the wilt-type, the arrangement presented here may well account for the less efficient ATP hydrolysis by PspFHTH, as the arrangement of ATP hydrolysis sites are not optimal, but they must at least be partially capable of ATP hydrolysis.  

Other studies have suggested that the ATP binding and subsequent hydrolysis induces conformational changes in the AAA+ domain 344.  These conformational changes are thought to produce a cycling between relaxed and tense states 356; 361; 362.  Thus, as mentioned previously, the deletion of the HTH may have locked the PspFHTH into a sub-optimal complex (over-tense or over relaxed).  Indeed, a more recent study has shown that the addition of ATP to PspFHTH changes the complex from an extended to a more compact form {lew & Gralla}.  
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Figure 7.8 – Schematic to a possible route to the formation of the PspFHTH oligomer.  Is solution, the PspFHTH monomers for stable dimers.  After the addition ADP-aluminium fluoride there is the initial formation of trimers. Subsequently, two of these C3 complexes could join together to form the D3 complex. The due to some sort of physical or energetic barrier the PspFHTH intermediate fails of form a hexameric ring.

The fact that similar trimers of dimers have been observed for other AAA+ proteins 358; 360 may reflect that this is a common mechanism to the formation of AAA+ hexameric rings.

7.4 Future Directions

To establish whether the unusual PpsFHTH structure is an artefact free representation of the trapped PpsFHTH oligomeric structure, a number of further steps could be perfomed to increase the confidence in the structure. The first and most obvious step is increasing the number of particles in the dataset.  This should not only improve the resolution, but will also discount any anomalies in the particle stochiomtery, as described for Rho and discussed above. Interestingly, Zhang et al imposed C3 symmetry on the reconstruction of the wild-type PspF 343 as it was thought that only one of the rings was likely to be binding the ATP analogue.  Although differences between the upper and lower halves of the reconstruction were not evident in the classes produced for PspFHTH, it could well be worth trying to impose C3 symmetry to estimate if there is any asymmetry between the two havles in the PspFHTH structure. An improved resolution should then allow the unambiguous docking of a PspFHTH -carbon model structure into the density (as performed in the previous chapters) to understand how the molecules are oriented specifically within dimer and globally within the whole structure.

The most obvious experiment thereafter would be to investigate the wild type PspF transcription activator with and without its UAS at comparable levels or resolution.  Comparisons between the two structures and comparisons to other AAA+ oligomer structures should provide important insights to the structure-function relationship of the PspF activator, and help description of a transcription initiation complex, containing E54, PspF and DNA
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		6.63E-02		0.226935		1				7.44E-03		0.999692		0.538816		7.44E-03				0.0575		0.5		0.0575		0

		7.10E-02		0.223214		1				1.12E-02		0.998265		0.428571		1.12E-02

		5.90E-02		0.219494		1				1.49E-02		0.997641		0.29277		1.49E-02

		4.18E-02		0.215774		1				1.86E-02		0.996881		0.226779		1.86E-02

		3.43E-02		0.212054		1				2.23E-02		0.99443		0.2		2.23E-02

		3.44E-02		0.208333		1				2.60E-02		0.990489		0.172917		2.60E-02

		5.07E-02		0.204613		1				2.98E-02		0.980177		0.153695		2.98E-02

		1.82E-02		0.200893		1				3.35E-02		0.945072		0.125546		3.35E-02

		-6.50E-03		0.197173		1				3.72E-02		0.839756		0.12		3.72E-02

		-9.29E-03		0.193452		1				4.09E-02		0.810437		0.111111		4.09E-02

		1.17E-02		0.189732		1				4.46E-02		0.758011		9.96E-02		4.46E-02

		2.40E-02		0.186012		1				4.84E-02		0.622361		9.09E-02		4.84E-02

		1.04E-02		0.182292		1				5.21E-02		0.576979		8.49E-02		5.21E-02

		1.22E-02		0.178571		1				5.58E-02		0.562942		8.29E-02		5.58E-02

		1.10E-03		0.174851		1				5.95E-02		0.425085		7.34E-02		5.95E-02

		6.95E-03		0.171131		1				6.32E-02		0.311482		6.95E-02		6.32E-02

		1.92E-02		0.167411		1				6.70E-02		0.312793		6.57E-02		6.70E-02

		1.20E-02		0.16369		1				7.07E-02		0.309197		6.43E-02		7.07E-02

		1.11E-02		0.15997		1				7.44E-02		0.217727		5.98E-02		7.44E-02

		-2.45E-03		0.15625		1				7.81E-02		0.161737		5.61E-02		7.81E-02

		4.59E-03		0.15253		1				8.18E-02		0.136207		5.49E-02		8.18E-02

		1.51E-03		0.14881		1				8.56E-02		0.119148		5.22E-02		8.56E-02

		9.83E-03		0.145089		1				8.93E-02		0.108064		5.02E-02		8.93E-02

		3.47E-02		0.141369		1				9.30E-02		5.17E-02		4.73E-02		9.30E-02

		3.48E-02		0.137649		1				9.67E-02		3.61E-02		4.57E-02		9.67E-02

		1.39E-02		0.133929		1				0.100446		6.43E-02		4.46E-02		0.100446

		6.66E-03		0.130208		1				0.104167		6.39E-02		4.25E-02		0.104167

		2.78E-02		0.126488		1				0.107887		3.36E-02		4.13E-02		0.107887

		4.67E-02		0.122768		1				0.111607		2.38E-02		4.00E-02		0.111607

		4.39E-02		0.119048		1				0.115327		3.26E-02		3.85E-02		0.115327

		3.26E-02		0.115327		1				0.119048		4.39E-02		3.78E-02		0.119048

		2.38E-02		0.111607		1				0.122768		4.67E-02		3.61E-02		0.122768

		3.36E-02		0.107887		1				0.126488		2.78E-02		3.49E-02		0.126488

		6.39E-02		0.104167		1				0.130208		6.66E-03		3.44E-02		0.130208

		6.43E-02		0.100446		1				0.133929		1.39E-02		3.31E-02		0.133929

		3.61E-02		9.67E-02		1				0.137649		3.48E-02		3.24E-02		0.137649

		5.17E-02		9.30E-02		1				0.141369		3.47E-02		3.14E-02		0.141369

		0.108064		8.93E-02		1				0.145089		9.83E-03		3.10E-02		0.145089

		0.119148		8.56E-02		1				0.14881		1.51E-03		2.98E-02		0.14881

		0.136207		8.18E-02		1				0.15253		4.59E-03		2.90E-02		0.15253

		0.161737		7.81E-02		1				0.15625		-2.45E-03		2.86E-02		0.15625

		0.217727		7.44E-02		1				0.15997		1.11E-02		2.77E-02		0.15997

		0.309197		7.07E-02		1				0.16369		1.20E-02		2.74E-02		0.16369

		0.312793		6.70E-02		1				0.167411		1.92E-02		2.63E-02		0.167411

		0.311482		6.32E-02		1				0.171131		6.95E-03		2.63E-02		0.171131

		0.425085		5.95E-02		1				0.174851		1.10E-03		2.56E-02		0.174851

		0.562942		5.58E-02		1				0.178571		1.22E-02		2.49E-02		0.178571

		0.576979		5.21E-02		1				0.182292		1.04E-02		2.43E-02		0.182292

		0.622361		4.84E-02		1				0.186012		2.40E-02		2.38E-02		0.186012

		0.758011		4.46E-02		1				0.189732		1.17E-02		2.36E-02		0.189732

		0.810437		4.09E-02		1				0.193452		-9.29E-03		2.29E-02		0.193452

		0.839756		3.72E-02		1				0.197173		-6.50E-03		2.25E-02		0.197173

		0.945072		3.35E-02		1				0.200893		1.82E-02		2.22E-02		0.200893

		0.980177		2.98E-02		1				0.204613		5.07E-02		2.19E-02		0.204613

		0.990489		2.60E-02		1				0.208333		3.44E-02		2.14E-02		0.208333

		0.99443		2.23E-02		1				0.212054		3.43E-02		2.08E-02		0.212054

		0.996881		1.86E-02		1				0.215774		4.18E-02		2.07E-02		0.215774

		0.997641		1.49E-02		1				0.219494		5.90E-02		2.03E-02		0.219494

		0.998265		1.12E-02		1				0.223214		7.10E-02		1.98E-02		0.223214

		0.999692		7.44E-03		1				0.226935		6.63E-02		1.96E-02		0.226935

		0.999977		3.72E-03		1				0.230655		6.51E-02		1.93E-02		0.230655

		1		0.00E+00		1				0.234375		6.36E-02		1.92E-02		0.234375
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test_res3

		

		1 / Resoluti		on  [1/A]																on  [1/A]				1 / Resoluti

		1		0		1				1		0		1						0		1		1

		0.999997		3.33E-03		1				1		3.33E-03		1						3.33E-03		1		0.999997

		0.99941		6.67E-03		1				1		6.67E-03		1						6.67E-03		1		0.99941

		0.999007		1.00E-02		1				1		1.00E-02		1						1.00E-02		1		0.999007

		0.997483		1.33E-02		1				0.717137		1.33E-02		1						1.33E-02		0.717137		0.997483

		0.995881		1.67E-02		1				0.555492		1.67E-02		1						1.67E-02		0.555492		0.995881

		0.99157		2.00E-02		1				0.489898		2.00E-02		1						2.00E-02		0.489898		0.99157

		0.980411		2.33E-02		1				0.423559		2.33E-02		1						2.33E-02		0.423559		0.980411

		0.944001		2.67E-02		1				0.376473		2.67E-02		1						2.67E-02		0.376473		0.944001

		0.888871		3.00E-02		1				0.307524		3.00E-02		1						3.00E-02		0.307524		0.888871

		0.794661		3.33E-02		1				0.293939		3.33E-02		1						3.33E-02		0.293939		0.794661

		0.641137		3.67E-02		1				0.272166		3.67E-02		1						3.67E-02		0.272166		0.641137

		0.586		4.00E-02		1				0.244002		4.00E-02		1						4.00E-02		0.244002		0.586

		0.489583		4.33E-02		1				0.222681		4.33E-02		1						4.33E-02		0.222681		0.489583

		0.363861		4.67E-02		1				0.207929		4.67E-02		1						4.67E-02		0.207929		0.363861

		0.389336		5.00E-02		1				0.202953		5.00E-02		1						5.00E-02		0.202953		0.389336

		0.464905		5.33E-02		1				0.179874		5.33E-02		1						5.33E-02		0.179874		0.464905

		0.248345		5.67E-02		1				0.170343		5.67E-02		1						5.67E-02		0.170343		0.248345

		0.176913		6.00E-02		1				0.160933		6.00E-02		1						6.00E-02		0.160933		0.176913

		9.91E-02		6.33E-02		1				0.157423		6.33E-02		1						6.33E-02		0.157423		9.91E-02

		8.59E-02		6.67E-02		1				0.146472		6.67E-02		1						6.67E-02		0.146472		8.59E-02

		0.109223		7.00E-02		1				0.137481		7.00E-02		1						7.00E-02		0.137481		0.109223

		0.104282		7.33E-02		1				0.134366		7.33E-02		1						7.33E-02		0.134366		0.104282

		0.125457		7.67E-02		1				0.127901		7.67E-02		1						7.67E-02		0.127901		0.125457

		6.36E-02		8.00E-02		1				0.123074		8.00E-02		1						8.00E-02		0.123074		6.36E-02

		0.113781		8.33E-02		1				0.115943		8.33E-02		1						8.33E-02		0.115943		0.113781

		9.59E-02		8.67E-02		1				0.112024		8.67E-02		1						8.67E-02		0.112024		9.59E-02

		6.86E-04		9.00E-02		1				0.109145		9.00E-02		1						9.00E-02		0.109145		6.86E-04

		-2.11E-02		9.33E-02		1				0.104121		9.33E-02		1						9.33E-02		0.104121		-2.11E-02

		-1.29E-03		9.67E-02		1				0.101178		9.67E-02		1						9.67E-02		0.101178		-1.29E-03

		5.56E-02		0.1		1				9.81E-02		0.1		1						0.1		9.81E-02		5.56E-02

		9.62E-02		0.103333		1				9.43E-02		0.103333		1						0.103333		9.43E-02		9.62E-02

		0.115939		0.106667		1				9.26E-02		0.106667		1						0.106667		9.26E-02		0.115939

		0.132935		0.11		1				8.85E-02		0.11		1						0.11		8.85E-02		0.132935

		9.75E-02		0.113333		1				8.56E-02		0.113333		1						0.113333		8.56E-02		9.75E-02

		9.79E-02		0.116667		1				8.43E-02		0.116667		1						0.116667		8.43E-02		9.79E-02

		7.90E-02		0.12		1				8.10E-02		0.12		1						0.12		8.10E-02		7.90E-02

		4.24E-02		0.123333		1				7.93E-02		0.123333		1						0.123333		7.93E-02		4.24E-02

		6.09E-02		0.126667		1				7.69E-02		0.126667		1						0.126667		7.69E-02		6.09E-02

		1.47E-02		0.13		1				7.59E-02		0.13		1						0.13		7.59E-02		1.47E-02

		1.99E-03		0.133333		1				7.31E-02		0.133333		1						0.133333		7.31E-02		1.99E-03

		4.96E-03		0.136667		1				7.10E-02		0.136667		1						0.136667		7.10E-02		4.96E-03

		-2.11E-02		0.14		1				7.01E-02		0.14		1						0.14		7.01E-02		-2.11E-02

		-4.66E-02		0.143333		1				6.78E-02		0.143333		1						0.143333		6.78E-02		-4.66E-02

		-9.04E-03		0.146667		1				6.70E-02		0.146667		1						0.146667		6.70E-02		-9.04E-03

		1.47E-02		0.15		1				6.45E-02		0.15		1						0.15		6.45E-02		1.47E-02

		2.90E-02		0.153333		1				6.43E-02		0.153333		1						0.153333		6.43E-02		2.90E-02

		3.00E-02		0.156667		1				6.27E-02		0.156667		1						0.156667		6.27E-02		3.00E-02

		5.44E-03		0.16		1				6.10E-02		0.16		1						0.16		6.10E-02		5.44E-03

		1.81E-02		0.163333		1				5.96E-02		0.163333		1						0.163333		5.96E-02		1.81E-02

		1.01E-02		0.166667		1				5.83E-02		0.166667		1						0.166667		5.83E-02		1.01E-02

		8.25E-03		0.17		1				5.79E-02		0.17		1						0.17		5.79E-02		8.25E-03

		2.29E-02		0.173333		1				5.62E-02		0.173333		1						0.173333		5.62E-02		2.29E-02

		6.42E-03		0.176667		1				5.52E-02		0.176667		1						0.176667		5.52E-02		6.42E-03

		5.01E-03		0.18		1				5.44E-02		0.18		1						0.18		5.44E-02		5.01E-03

		1.49E-02		0.183333		1				5.35E-02		0.183333		1						0.183333		5.35E-02		1.49E-02

		5.44E-02		0.186667		1				5.24E-02		0.186667		1						0.186667		5.24E-02		5.44E-02

		3.86E-02		0.19		1				5.11E-02		0.19		1						0.19		5.11E-02		3.86E-02

		2.70E-02		0.193333		1				5.07E-02		0.193333		1						0.193333		5.07E-02		2.70E-02

		3.86E-02		0.196667		1				4.98E-02		0.196667		1						0.196667		4.98E-02		3.86E-02

		4.01E-03		0.2		1				4.86E-02		0.2		1						0.2		4.86E-02		4.01E-03

		2.40E-02		0.203333		1				4.81E-02		0.203333		1						0.203333		4.81E-02		2.40E-02

		3.40E-02		0.206667		1				4.72E-02		0.206667		1						0.206667		4.72E-02		3.40E-02

		3.74E-02		0.21		1				4.70E-02		0.21		1						0.21		4.70E-02		3.74E-02

		3.00E-02		0.213333		1				4.58E-02		0.213333		1						0.213333		4.58E-02		3.00E-02

		2.85E-02		0.216667		1				4.47E-02		0.216667		1						0.216667		4.47E-02		2.85E-02

		-1.34E-03		0.22		1				4.46E-02		0.22		1						0.22		4.46E-02		-1.34E-03

		3.22E-02		0.223333		1				4.36E-02		0.223333		1						0.223333		4.36E-02		3.22E-02

		3.03E-02		0.226667		1				4.33E-02		0.226667		1						0.226667		4.33E-02		3.03E-02

		2.97E-02		0.23		1				4.22E-02		0.23		1						0.23		4.22E-02		2.97E-02

		4.47E-02		0.233333		1				4.20E-02		0.233333		1						0.233333		4.20E-02		4.47E-02

		1.89E-02		0.236667		1				4.15E-02		0.236667		1						0.236667		4.15E-02		1.89E-02

		3.59E-02		0.24		1				4.05E-02		0.24		1						0.24		4.05E-02		3.59E-02

		5.86E-02		0.243333		1				4.02E-02		0.243333		1						0.243333		4.02E-02		5.86E-02

		8.19E-02		0.246667		1				3.94E-02		0.246667		1						0.246667		3.94E-02		8.19E-02
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		0.234375		0.234375		0		0.066		0		0.0535
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		0.145089		0.145089						0.0892857

		0.141369		0.141369						0.093006

		0.137649		0.137649						0.0967262

		0.133929		0.133929						0.100446

		0.130208		0.130208						0.104167

		0.126488		0.126488						0.107887

		0.122768		0.122768						0.111607

		0.119048		0.119048						0.115327

		0.115327		0.115327						0.119048

		0.111607		0.111607						0.122768

		0.107887		0.107887						0.126488

		0.104167		0.104167						0.130208

		0.100446		0.100446						0.133929

		0.0967262		0.0967262						0.137649

		0.093006		0.093006						0.141369

		0.0892857		0.0892857						0.145089

		0.0855655		0.0855655						0.14881

		0.0818452		0.0818452						0.15253

		0.078125		0.078125						0.15625

		0.0744048		0.0744048						0.15997

		0.0706845		0.0706845						0.16369

		0.0669643		0.0669643						0.167411

		0.0632441		0.0632441						0.171131

		0.0595238		0.0595238						0.174851

		0.0558036		0.0558036						0.178571

		0.0520833		0.0520833						0.182292

		0.0483631		0.0483631						0.186012

		0.0446429		0.0446429						0.189732

		0.0409226		0.0409226						0.193452

		0.0372024		0.0372024						0.197173

		0.0334821		0.0334821						0.200893

		0.0297619		0.0297619						0.204613

		0.0260417		0.0260417						0.208333

		0.0223214		0.0223214						0.212054

		0.0186012		0.0186012						0.215774

		0.014881		0.014881						0.219494

		0.0111607		0.0111607						0.223214

		0.00744048		0.00744048						0.226935

		0.00372024		0.00372024						0.230655

		0		0						0.234375
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core_masked

		1/res		1/A						3s		Core RNAp		Sigma-70 Holoenzyme		Sigma-54 Holoenzyme																		0		1		1

		0.159514		0.234375				0.234375		1.92E-02		0.159514		2.30E-02		9.26E-02						0		0.5				0.066		0				3.72E-03		1		0.999891

		0.144303		0.230655				0.230655		1.93E-02		0.144303		3.14E-02		9.64E-02						0.066		0.5				0.066		0.5				7.44E-03		0.538816		0.999227

		0.153822		0.226935				0.226935		1.96E-02		0.153822		4.32E-02		7.99E-02																		1.12E-02		0.428571		0.997664

		0.134865		0.223214				0.223214		1.98E-02		0.134865		4.96E-02		8.24E-02																		1.49E-02		0.29277		0.996702

		0.123447		0.219494				0.219494		2.03E-02		0.123447		2.72E-02		0.11345																		1.86E-02		0.226779		0.994912

		0.121401		0.215774				0.215774		2.07E-02		0.121401		2.49E-02		0.123752																		2.23E-02		0.2		0.992662

		0.110472		0.212054				0.212054		2.08E-02		0.110472		4.18E-02		0.122762																		2.60E-02		0.172917		0.98722

		0.107827		0.208333				0.208333		2.14E-02		0.107827		4.03E-02		9.38E-02																		2.98E-02		0.153695		0.971081

		8.96E-02		0.204613				0.204613		2.19E-02		8.96E-02		3.43E-02		0.100556																		3.35E-02		0.125546		0.933397

		7.35E-02		0.200893				0.200893		2.22E-02		7.35E-02		1.82E-02		0.101778												0.0535		0				3.72E-02		0.12		0.892806

		7.29E-02		0.197173				0.197173		2.25E-02		7.29E-02		2.57E-02		8.50E-02												0.0535		0.5				4.09E-02		0.111111		0.81292

		3.96E-02		0.193452				0.193452		2.29E-02		3.96E-02		2.13E-02		8.79E-02																		4.46E-02		9.96E-02		0.756018

		1.97E-02		0.189732				0.189732		2.36E-02		1.97E-02		1.02E-02		0.102994																		4.84E-02		9.09E-02		0.663463

		4.21E-02		0.186012				0.186012		2.38E-02		4.21E-02		1.91E-02		0.11641																		5.21E-02		8.49E-02		0.551714

		4.58E-02		0.182292				0.182292		2.43E-02		4.58E-02		3.43E-02		0.104691																		5.58E-02		8.29E-02		0.422802

		3.91E-02		0.178571				0.178571		2.49E-02		3.91E-02		3.38E-02		0.10929																		5.95E-02		7.34E-02		0.376373

		2.67E-02		0.174851				0.174851		2.56E-02		2.67E-02		4.03E-02		0.103252																		6.32E-02		6.95E-02		0.304107

		1.11E-02		0.171131				0.171131		2.63E-02		1.11E-02		3.45E-02		9.54E-02																		6.70E-02		6.57E-02		0.199317

		2.79E-02		0.167411				0.167411		2.63E-02		2.79E-02		2.29E-02		9.27E-02																		7.07E-02		6.43E-02		0.219608

		4.21E-02		0.16369				0.16369		2.74E-02		4.21E-02		4.68E-02		8.55E-02																		7.44E-02		5.98E-02		0.255268

		3.13E-02		0.15997				0.15997		2.77E-02		3.13E-02		7.37E-02		3.96E-02																		7.81E-02		5.61E-02		0.219391

		-1.49E-03		0.15625				0.15625		2.86E-02		-1.49E-03		8.47E-02		4.40E-02																		8.18E-02		5.49E-02		0.188097

		2.48E-02		0.15253				0.15253		2.90E-02		2.48E-02		8.04E-02		5.36E-02																		8.56E-02		5.22E-02		0.181595

		7.29E-03		0.14881				0.14881		2.98E-02		7.29E-03		5.95E-02		3.84E-02																		8.93E-02		5.02E-02		0.191236

		9.65E-03		0.145089				0.145089		3.10E-02		9.65E-03		5.22E-02		4.41E-02																		9.30E-02		4.73E-02		0.150985

		2.45E-02		0.141369				0.141369		3.14E-02		2.45E-02		5.26E-02		4.73E-02																		9.67E-02		4.57E-02		0.117747

		1.59E-02		0.137649				0.137649		3.24E-02		1.59E-02		4.25E-02		4.77E-02																		0.100446		4.46E-02		0.105472

		1.68E-02		0.133929				0.133929		3.31E-02		1.68E-02		3.31E-02		3.23E-02																		0.104167		4.25E-02		9.65E-02

		3.10E-02		0.130208				0.130208		3.44E-02		3.10E-02		5.70E-02		2.79E-02																		0.107887		4.13E-02		6.84E-02

		1.55E-02		0.126488				0.126488		3.49E-02		1.55E-02		8.29E-02		3.33E-02																		0.111607		4.00E-02		5.47E-02

		2.98E-02		0.122768				0.122768		3.61E-02		2.98E-02		7.01E-02		2.52E-02																		0.115327		3.85E-02		5.45E-02

		4.26E-02		0.119048				0.119048		3.78E-02		4.26E-02		9.06E-02		5.42E-02																		0.119048		3.78E-02		5.43E-02

		4.57E-02		0.115327				0.115327		3.85E-02		4.57E-02		2.57E-02		4.57E-02		2.57E-02																0.122768		3.61E-02		4.81E-02

		5.79E-02		0.111607				0.111607		4.00E-02		5.79E-02		-2.33E-03		3.77E-02		-2.33E-03																0.126488		3.49E-02		4.38E-02

		3.92E-02		0.107887				0.107887		4.13E-02		3.92E-02		1.49E-02		5.49E-02		1.49E-02																0.130208		3.44E-02		6.00E-02

		5.91E-02		0.104167				0.104167		4.25E-02		5.91E-02		7.70E-02		6.56E-02		2.56E-02																0.133929		3.31E-02		3.29E-02

		5.84E-02		0.100446				0.100446		4.46E-02		5.84E-02		7.12E-02		8.82E-02		6.82E-02																0.137649		3.24E-02		3.27E-02

		4.10E-02		9.67E-02				9.67E-02		4.57E-02		4.10E-02		9.88E-02		0.105577		8.56E-02																0.141369		3.14E-02		6.37E-02

		5.25E-02		9.30E-02				9.30E-02		4.73E-02		5.25E-02		0.119108		0.150867																		0.145089		3.10E-02		6.11E-02
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		0.168301		7.81E-02				7.81E-02		5.61E-02		0.168301		0.169726		0.281912																		0.15997		2.77E-02		1.03E-02

		0.141177		7.44E-02				7.44E-02		5.98E-02		0.141177		0.184801		0.363163																		0.16369		2.74E-02		3.69E-03

		0.128742		7.07E-02				7.07E-02		6.43E-02		0.128742		0.21864		0.418154																		0.167411		2.63E-02		2.80E-02

		0.174476		6.70E-02				6.70E-02		6.57E-02		0.174476		0.29139		0.468872																		0.171131		2.63E-02		4.28E-02
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		0.718952		4.46E-02				4.46E-02		9.96E-02		0.718952		0.691102		0.892681																		0.193452		2.29E-02		3.22E-02

		0.715663		4.09E-02				4.09E-02		0.111111		0.715663		0.820574		0.928852																		0.197173		2.25E-02		4.68E-02

		0.738099		3.72E-02				3.72E-02		0.12		0.738099		0.891031		0.955738																		0.200893		2.22E-02		3.33E-02

		0.915592		3.35E-02				3.35E-02		0.125546		0.915592		0.950961		0.972236																		0.204613		2.19E-02		2.20E-02
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		0.982934		2.23E-02				2.23E-02		0.2		0.982934		0.990202		0.996509																		0.215774		2.07E-02		4.29E-02
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		0.99509		7.44E-03				7.44E-03		0.538816		0.99509		0.992389		0.999448																		0.230655		1.93E-02		3.91E-02

		0.99882		3.72E-03				3.72E-03		1		0.99882		0.999393		0.999921																		0.234375		1.92E-02		3.35E-02
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Sigma-54 Holoenzyme

1/Å

Correlation Coefficients
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