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). 

[image: image1.png]Transcription

DNA <=——DNA—RNA—=Protein

Replication Translation




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) [Burgess, 1969 #223].  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) [Burgess, 1969 #223].  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 ([deHaseth, 1998 #270] and references therein), or at least partially [Mukhopadhyay, 2001 #774], 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 [Severinov, 2000 #539].   E has a simple pattern of formation (figure 1.3).  Two -subunits form a homodimer that is essential for RNAp assembly [Igarashi, 1991 #322]. The  subunit then binds onto the -dimer [Hayward, 1991 #311], followed by the 'heterodimer [Katayama, 2000 #30]. The assembly pathway of the RNAp is conserved in yeast [Young, 1991 #503; Kimura, 1997 #337].

 +  → 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 [Gentry, 1986 #293].  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) [Igarashi, 1991 #321; Ebright, 1995 #276; Negishi, 1995 #393] (Figure 1.5, top). The NTD is comprised of residues 1-235 and the CTD of residues 249-329 [Igarashi, 1991 #321; Blatter, 1994 #207].  The NTD shares sequence, structural and functional similarity with both Rpb3 and Rpb11 [Zhang, 1998 #507; Cramer, 2000 #17;Ebright 2000 #19; Tan, 2000 #72]. 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) [Allison, 1985 #191; Young, 1991 #503; Archambault, 1993 #192]. 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 [Borukhov, 1991 #210; Severinov, 1994 #537].  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 [Severinov, 1992 #437; Severinov, 1995 #594]. 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 [Severinov, 1994 #537].  
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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 [Severinov, 1996 #439].  Similarly, deletions in the variable region between regions D and E also do not severely impair core enzyme function [Severinov, 1996 #439].    

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) [Allison, 1985 #191; Archambault, 1993 #192; Young, 1991 #503].  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 [Honore, 1993 #597].   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 [Shimada, 1990 #599; Igloi, 1990 #600].  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  [Severinov, 1996 #439].  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 [Zakharova, 1998 #505].   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 [Zakharova, 1998 #505].  Nedea et al have also identified mutations within 'DR that are defective in assembly [Nedea, 1999 #392].
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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 [Severinov, 1995 #442; Severinov, 1998 #173].  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  [Minakhin, 2001 #46].  Biochemical and structural analyses have confirmed that Rpb6 is the eukaryotic equivalent to [Minakhin, 2001 #46].

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 [Soppa, 1999 #449 ;Bell, 1998 #552], exceeding 0.5 MDa.  The single archaeal RNA polymerase is more closely related to the eukaryotic PolII RNA polymerase than to the bacterial enzyme [Soppa, 1999 #449].

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 [Ishihama, 1998 #325].  
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 [Zhang, 1999 #508].  The Taq E structure demonstrated that E formed a crab-claw shape [Zhang, 1999 #508] consistent with the lower resolution 2D-crystal Ec structures [Polyakov, 1995 #408; Darst, 1998 #267; Opalka, 2000 #399].  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 [Zhang, 1999 #508].  These two pincers line a profound cleft or channel that is ~27Å wide [Zhang, 1999 #508]. 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 [Cramer, 2001 #18; Darst, 2001 #729].  Such a distinctive distribution may be important in smoothly guiding the DNA to the central channel and preventing erroneous binding to the outer surface [Cramer, 2001 #18; Darst, 2001 #729].
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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 [Jeon, 1997 #329; Fujita, 2000 #22] connecting the NTD and CTD [Zhang, 1999 #508]. Each NTD subunit has a flat, elongated structure comprised of two domains [Zhang, 1998 #507].  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 [Zhang, 1999 #508] due to repositioning of both of the insert domains (domain 2) [Zhang, 1999 #508].  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 [Zhang, 1998 #507].  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 [Zhang, 1998 #507].  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 [Ebright, 1995 #276].   

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 [Zhang, 1999 #508; Zhang, 1998 #507; Igarashi, 1991 #322; Heyduk, 1996 #316]. 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 [Tavormina, 1996 #461; Wang, 1997 #490; Naryshkina, 2000 #51].  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 [Naryshkina, 2000 #51].  The overall arrangement and functionally important residues involved in the : subunit interactions are conserved in the homologous subunits in the eukaryotic Pol II enzyme [Naryshkina, 2000 #51].  Parts of conserved regions 'C, 'D, 'G and 'H bind II [Zhang, 1999 #508; Katayama, 2000 #30]. 

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 [Zakharova, 1998 #504], and the tethering of the Ec  and ' subunits does not impair function [Severinov, 1997 #440].  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 [Darst, 2002 #663] 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 [Fu, 1999 #286; Cramer, 2001 #18]. The ' clamp domain also contains a series of important structural motifs, a ' rudder, ' zipper and ' lid [Zhang, 1999 #508; Vassylyev, 2002 #669].  These structural elements are all located within the DNA binding chennel and are conserved in Sc [Cramer, 2000 #17; Cramer, 2001 #18]. The ' zipper and ' lid lie 10 to 20Å upstream of the rudder [Cramer, 2001 #18].  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 [Vassylyev, 2002 #669].  

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 ' [Gentry, 1993 #296; Minakhin, 2001 #46; Ghosh, 2003 #778], increasing the fold/stability of the ' subunit [Minakhin, 2001 #46; Mukherjee, 1997 #387; Mukherjee, 1999 #388], a role contrary to previous reports [Igarashi, 1989 #128;Gentry, 1989 #294]. 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 Ec[Darst, 2002 #663].
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 [Opalka, 2000 #399; Darst, 2002 #663; Opalka 2003].  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 [Jeon, 1995 #328].  The solution structure of Thermus thermophilus (Tth) CTD [Wada, 2000 #546] demonstrated that the Ec and Tth CTD are unexpectedly very similar, as the two CTD only share 32% amino acid sequence identity [Wada, 2000 #546].  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 [Mustaev, 1997 #390]. 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 [Mustaev, 1997 #390]. In particular, the interactions formed between H and I and 'D position the active site motif –NADFDGD- that chelates the catalytic Mg2+ ion [Zaychikov, 1996 #506].  A second Mg2+ ion has also been observed, although with only partial occupancy, in the PolII structure [Cramer, 2002 #554].  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+ [Joyce, 1995 #334; Cramer, 2002 #554; Sosunov, 2003 #779]. During hydrolysis, the second Mg2+ ion is co-ordinated by the phosphates of non-base paired nucleotides [Sosunov, 2003 #779].  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 [Gnatt, 2001 #24; Cramer, 2002 #554].  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 [Cramer, 2002 #554; Cramer, 2002 #780] (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 [Cramer, 2002 #780].  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 [Cramer, 2002 #780].

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 [Iyer, 2003 #781].

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 [Cramer, 2001 #18; Darst, 2001 #729].   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) [Cramer, 2001 #18; Darst, 2001 #729]. 
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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 [Ebright, 2000 #19], 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 [Cramer, 2001 #18].  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 [Ebright, 2000 #19; Cramer, 2001 #18; Darst, 2001 #729].  

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 [Jensen, 1998 #326].  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  [Todone, 2001 #562].  The position of the docked heterodimer has revently been confirmed [Bushnell, 2003 #806].  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 [Todone, 2001 #562]. 

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 [Cramer, 2000 #17; Cramer, 2001 #18].  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 [Cramer, 2000 #17; Cramer, 2001 #18]. 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 [Cramer, 2000 #17; Cramer, 2001 #18].  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 [Naryshkina, 2000 #51].

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 [Burgess, 1969 #223]. 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 [deHaseth, 1998 #270; Fenton, 2000 #20; Gross, 1998 #303; Guo, 1998 #306; Malhotra, 1996 #363; Marr, 1997 #365] and is a major target for many transcription activators and repressors [Gross, 1998 #303].  

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 [Paget, 2003 #782].

Based on sequence, function and structure the different -factors identified in bacteria have been grouped into two classes, the -like and the -like  [Lonetto, 1992 #358; Merrick, 1993 #372].  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 [Ishihama, 2000 #28]. These -factors are constitutively expressed and are the most abundant -factor during all growth phases [Ishihama, 2000 #28].   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 [Lonetto, 1992 #358].  
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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) [Vassylyev, 2002 #669; Murakami, 2002 #667; Murakami, 2002 #668] 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 [Dombroski, 1993 #93].  Biophysical and mutational experimentation have demonstrated that 70 undergoes a series of stepwise conformational changes during the binding to the E [Dombroski, 1993 #93; Callaci, 1998 #233; Callaci, 1999 #234; Scott, 2000 #63; Gruber, 2001 #783].  The dissociation constant of 70 to E is over 5 x 10-9M, effectively stable, and is the greatest of all -factors [Maeda, 2000 #41]. 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 [Severinova, 1996 #443; Malhotra, 1996 #363; Campbell, 2002 #785; Murakami, 2002 #668; Vassylyev, 2002 #669]. The linker connecting domains 3 and 4 is very long (45Å) [Campbell, 2002 #785; Vassylyev, 2002 #669; Murakami, 2002 #668].  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) [Traviglia, 1999 #471; Owens, 1998 #165; Vassylyev, 2002 #669; Murakami, 2002 #668].  Overall, the EA structure retains the crab claw shape observed in the Taq E structure [Vassylyev, 2002 #669; Murakami, 2002 #668].  The binding of A causes the blocking of the DNA binding channel, but does not cause a difference in the size of the channel [Vassylyev, 2002 #669; Murakami, 2002 #668].
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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 [Dombroski, 1993 #93; Dombroski, 1997 #95]. These autoinhibitory properties are thought to involve the overall negative charge of region 1 [Camarero, 2002 #784], 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 [Dombroski, 1993 #93, 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 [Mekler, 2002 #773].

Region 2 forms the largest area of interaction between E and 70, wrapping around the ' clamp domain [Vassylyev, 2002 #669; Murakami, 2002 #668]. This region is the most conserved region and is present in all members of 70-like class, indicating its importance [Lonetto, 1992 #358].  The ' clamp has a coiled-coil motif that has been demonstrated to be pivotal in binding of 70, via region 2.2 [Owens, 1998 #165; Burgess, 1998 #225; Arthur, 1998 #193;Gross, 1998 #303; Arthur, 2000 #2 Vassylyev, 2002 #669; Murakami, 2002 #668]. 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 ([Young, 2001 #585] and reviewed in [Burgess, 2001 #586]).  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 [Vassylyev, 2002 #669; Murakami, 2002 #668].  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 [Vassylyev, 2002 #669].

Region 3 forms a discrete domain containing a HTH motif [Campbell, 2002 #785; Vassylyev, 2002 #669], which forms a weak interaction with the upstream edge of the  upstream lode [Vassylyev, 2002 #669]. 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 [Campbell, 2002 #785; Vassylyev, 2002 #669; Murakami, 2002 #668].  Region 3.2 winds close to the active site [Severinov, 1994 #438] 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 [Lonetto, 1992 #358; Gross, 1998 #303].  This is not surprising as both these regions contain the sub regions necessary for recognition of the –10/–35 promoter elements [Lonetto, 1992 #358; Gross, 1998 #303; Murakami, 2002 #667] (see sections 1.4 and 1.5).  Region 4 is comprised of two HTH structures [Vassylyev, 2002 #669; Campbell, 2002 #785; Murakami, 2002 #668; Murakami, 2002 #667].  This region is bound to the tip of the -flap domain on one side and the ' clamp on the other [Vassylyev, 2002 #669; Murakami, 2002 #668; Murakami, 2002 #667].

A series of proximity studies have indicated that alternative -factors occupy a similar binding pocket to 70 in their respective holoenzymes [Leonetti, 1998 #587; Sharp, 1999 #445; Colland, 1999 #252; Datwyler, 2000 #561].  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 [Vassylyev, 2002 #669; Murakami, 2002 #668; Murakami, 2003 #767].  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 [Vassylyev, 2002 #669; Murakami, 2002 #668; Murakami, 2003 #767].   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 [Fu, 1999 #286; Darst, 2002 #663; Cramer, 2001 #18; Cramer, 2000 #17].   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 [Vassylyev, 2002 #669; Murakami, 2002 #668].  The lobes undergo relatively minor conformational changes, being shifted ~4Å [Vassylyev, 2002 #669; Murakami, 2002 #668].  

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 [Vassylyev, 2002 #669; Murakami, 2003 #767].    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) [Vassylyev, 2002 #669; Murakami, 2002 #668; Murakami, 2003 #767]. 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 [Vassylyev, 2002 #669; Murakami, 2002 #668; Murakami, 2003 #767].  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 [Vassylyev, 2002 #669].

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 [Losick, 1981 #786].  Since then, many other alternative -factors have been characterised, directing the expression of a wide set of genes from heat shock to flagellum synthesis [Gross, 1992 #302] (see Table 1.1).   A specific sub-group of -factors called ECF- [Lonetto, 1992 #358] (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 [Gross, 1998 #303]. 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 [Maeda, 2000 #41].

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 [Maeda, 2000 #41]. 

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 [Maeda, 2000 #41].

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 [Maeda, 2000 #41]. 

FecI - FecI, the smallest known bacterial encoded -factor, is involved in the expression of the fecA operon, necessary for the citrate-dependent iron transport [Maeda, 2000 #41].
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 [Buck, 2000 #7].  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 [Kornberg, 1998 #341].

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 [Buck, 2000 #7]. 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 [Wang, 1998 #492].  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 [Studholme, 2000 #68]).  However, genome sequencing projects have also shown that 54 is not present in a range of bacteria [Studholme, 2000 #68].   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 [Buck, 2000 #7]). 

	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 [Studholme, 2000 #68].

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 [Buck, 2000 #7] 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 [Ishihama, 2000 #28]. The number of 54 molecules far exceeds the number of promoter elements, which is less than 20 in the Ec genome [Ishihama, 2000 #28].  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 [Buck, 2000 #7].

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 [Buck, 2000 #7].  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 [Merrick, 1993 #372 ; Cannon, 1995 #236]. 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 [Cannon, 1999 #238; Syed, 1998 #457;Wang, 1995 #487].  The second, as a positive element involved in responding to activators by stimulating initiation [Chaney, 2001 #558; Sasse-Dwight, 1990 #426; Syed, 1998 #457] (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 [Casaz, 1999 #242].

Region II is variable in length and composition.  In the species Rhodobacter capsulatus Region II is almost absent [Buck, 2000 #7].  Generally, Region II has an acidic composition that has been implemented in triggering conformational changes that lead to DNA melting [Southern, 2000 #787; Wong, 1992 #788].  It is also thought to play a role in DNA and E binding [Cannon, 1999 #239].  

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 [Hsieh, 1999 #319;Tintut, 1994 #467; Tintut, 1995 #468;Wong, 1994 #497].    Furthermore, E binding surfaces are found in the C-terminal DNA binding domain of region III [Casaz, 1997 #85; Casaz, 1999 #242; Gallegos, 1999 #289].  

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 [Guo, 1997 #305; Merrick, 1992 #371;Sasse-Dwight, 1990 #426; Taylor, 1996 #462].  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) [Burrows, 2003 #789].    The C-terminal 12 amino acids, located immediately after the RpoN-box have been demonstrated to be important for both function and structure [Studholme, 1999 #579]. 

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 [Buck, 1992 #222], 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 [Cannon, 2000 #13; Chaney, 2001 #558].    The dissociation constant of 54 and E is  ~3 x10-9M and is thus very stable [Maeda, 2000 #41].  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 [Scott, 2000 #588].  Proximity studies have demonstrated that 54 forms an extend interface with E and occupies a similar binding pocket as 70 [Wigneshweraraj, 2000 #77; Burrows, 2003 #789]. 

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 [Maeda, 2000 #41; Scott, 2000 #63].  During exponential phase 70 is the most abundant factor, accounting ~60% of all -factors [Maeda, 2000 #41].  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-[Helmann, 1999 #584].  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 [Stragier, 1996 #790]).  Among the seven -fators in Ec, anti- factors have been identified for three (70, F and E) [Jishage 1998; Helmann, 1999 #584; Campbell, 2000 #11]. 

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 [Ishihama, 2000 #28].

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 [Kroos, 1999 #582], 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 [Kroos, 1999 #582].
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 [Ricchetti, 1988 #415].   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 [Bustamante, 1999 #230]).  

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 [Gaal, 1994 #794; deHaseth, 1998 #270].  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 [Kuznedelov, 2002 #560; Vassylyev, 2002 #669; Murakami, 2002 #667; Murakami, 2002 #668; Murakami, 2003 #767].  The positioning of the –35 recognition element may be further facilitated by the CTD [Ross, 2003 #795] 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 [Meyer-Almes, 1994 #375; Marr, 1997 #365 ;Roberts, 1996 #423; Murakami, 2002 #667].

In the closed complex organisation the –10 promoter element (-TATAAT-) passes through the V-shaped groove formed by regions 2 and 3 of 70 [Vassylyev, 2002 #669; Murakami, 2002 #667].  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 ([Gross, 1998 #303] 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 [Malhotra, 1996 #363] 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 [Kumar, 1993 #796].  The TG upstream element is necessary for efficient transcription initiation from certain promoters (e.g. galP1)  [Barne, 1997 #196].    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 [Bown, 1999 #215; Murakami, 2002 #667].

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 [Campbell, 2002 #785; Murakami, 2002 #667].  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 [deHaseth, 1998 #270; Naryshkin, 2001 #775], but there is no protection of the downstream DNA.  Such a long downstream footprint is due to the wrapping of DNA around E70 [Rivetti, 1999 #421; Robert, 1998 #422; Naryshkin, 2001 #775; Naryshkin, 2000 #50]. 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 [Campbell, 2002 #785; Murakami, 2002 #667].  At this stage, region 1.1 is presumed to be located in the downstream DNA binding channel, preventing the DNA from entering the channel [Mekler, 2002 #773; Murakami, 2002 #667; Murakami, 2003 #767].  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 [Murakami, 2003 #767].
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 [Lonetto, 1992 #358].  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 [Ptashne, 1997 #797; Gralla, 1996 #298], 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 [Dove, 1998 #272]. 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 [Igarashi, 1991 #321; Ross, 1993 #171;Lloyd, 2002 #770]. One type of activation by the CTD involves the direct binding of CTD to an Upstream Promoter (UP) element [Ross, 1993 #171; deHaseth, 1998 #270; Lloyd, 2002 #770] (see figure 1.15A).  At such promoters, the two CTD are asymmetrically arranged on different halves of the UP element [Murakami, 1997 #389]. At the Ec rrnB P1 promoter, (an rRNA promoter) the CTD-UP element interaction leads to a 30-70 fold increase in promoter activity [Ross, 1993 #171; Estrem, 1999 #100]. 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 [Gaal, 1996 #793 ; Jeon, 1995 #328; Ozoline, 1998 #402]] and the UP DNA minor groove bases and major groove phosphate backbone [Ross, 2001 #798].  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 [Ozoline, 2000 #56]. 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 [Burns, 1999 #226].
Many different arrangements for activators and the CTD have been described [Ebright, 1993 #275; Rhodius, 1998 #414; Lloyd, 2002 #770;Geiduschek, 1997 #105; Ishihama, 1992 #324].  The presence and length of the linker connecting the CTD to the NTD is vital for many examples of such activation [Negishi, 1995 #393; Jeon, 1997 #329; Zhang, 1999 #508; Meng, 2000 #593; Meng, 2001 #592].  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 [Fujita, 2000 #22].  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 [Ebright, 1993 #275].  The downstream activator subunit from the DNA bound dimer and one CTD form an interaction [Lloyd, 2002 #770], which increases the affinity of RNAp for the promoters [Parkinson, 1996 #403; Benoff, 2002 #771] (see Figure 1.15B).  The small surface of the activator contacted in such arrangements is called activating region 1 (AR1) [Ebright, 1993 #275; Benoff, 2002 #771].  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 [Jeon, 1995 #328].

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) [Law, 1999 #800].  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 [Ebright, 1993 #275].

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 [Busby, 1997 #799]. This interaction is likely to be mediated by I, given the geometric constraints of the DNA at CRP class II promoters [Niu, 1996 #162].  
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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 [Rhodius, 1998 #414]).
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 [Lonetto, 1998 #359; Dove, 2003 #766]. However, 70 region 4 can stimulate the formation of a closed complex by indirectly binding the DNA via activators, such as cI [Nickels, 2002 #802], which binds upstream, or PhoB which binds down stream of the promoter: E70 complex [Gross, 1998 #303; Makino, 1996 #362], 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 [Busby, 1997 #799], 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 [Miller, 1997 #378].
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) [Barrios, 1999 #197].  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) [Barrios, 1999 #197].  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 [Barrios, 1999 #197].   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 [Wigneshweraraj, 2001 #677]. 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 [Schulz, 1998 #432].

Mutational analyses have indicated that a putative HTH motif found in Region III may be involved in the binding of the –12 promoter element [Coppard, 1991 #254; Hsieh, 1999 #319;Tintut, 1994 #467; Tintut, 1995 #468;Wong, 1994 #497]. 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 [Guo, 2000 #26].  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 [Hsieh, 1999 #319].    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 [Burrows, 2003 #789].  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 [Taylor, 1996 #462].   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 [Taylor, 1996 #153; wang & gralla 2000].  Both regions I and III are known to be located close to the –12 promoter [Cannon, 1995 #236; Chaney, 1999 #245; Wang, Gralla 2000; Wigneshweraraj, 2001 #677 ].
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) [Buck, 2000 #7]. 

 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 [Syed, 1997 #456; Chaney, 1999 #245; Gallegos, 1999 #289; Gallegos, 1999 #290; Gallegos, 2000 #23 ;Cannon, 1999 #239; Cannon, 1999 #238; Cannon, 1997 #237; Cannon, 1995 #236; Casaz, 1999 #243; Wang, 1997 #489].  Furthermore, promoters that allow activator independent transcription are characterised by a substitution of the –12 C nucleotide [Wang, 1997 #489; 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 [Wigneshweraraj, 2001 #677; Chaney, 1999 #245].  The conformation of the -factor in the E54 and E57-47754 are different [Casaz, 1999 #242]. Mutants lacking the  flap are not defective in promoter localisation, but are transcriptionally defective [Wigneshweraraj, 2002 #671].  The  flap is thought to play a fundamental role in organising the –12 promoter element, Region I and Region III in the closed complex [Wigneshweraraj, 2002 #671].
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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 fomration

1.5.1 Open Complex formation by E70
The E70 promoter closed complex proceeds via a number of transient intermediate complexes [Craig, 1998 #256; Brodolin, 2000 #220], 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 [Malhotra, 1996 #363; Murakami, 2003 #767; Tomsic, 2001 #803] 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 [Tomsic, 2001 #803]. 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 [Heumann, 1988 #315].  The entry of DNA into the channel must be coupled with the displacement of 70 region 1.1 out of the central channel [Mekler, 2002 #773].  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 [deHaseth, 1998 #270].

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 [Naryshkin, 2000 #50].  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; Fenton, 2000 #20]  Recognition is mediated by a tryptophan residues staked against the –12 base [wang gralla 1998;Fenton, 2000 #20].   The single stranded template strand is placed within a positively charged tunnel, which subsequent becomes enclosed on all sides by protein [Murakami, 2003 #767; 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 [Nechaev, 2000 #53; Naryshkin, 2000 #50].  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 [Bartlett, 2000 #516].  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].

[image: image17.wmf]
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 [Murakami, 2003 #767].
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 [Cannon, 2000 #13] Cannon 2001, Chaney, 2001 #558; 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) [Carmona, 1996 #704; Rippe, 1997 #419; Rippe, 1995 #418].   The interaction of 54 with the activator is direct (via Region I) and subsequent ATP hydrolysis results in conformational first in 54 [Gallegos, 1999 #290; Cannon, 2000 #13; Chaney, 2001 #558], which reorganised the protein-DNA complex at the Region I/III/-12 promoter element molecular switch [Wigneshweraraj, 2002 #671;Wigneshweraraj, 2001 #677].  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 [Wang, 1996 #488; Cannon, 2002 #557; Casaz, 1999 #242] 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 [Cannon, 2002 #557]. 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 [Burrows, 2003 #789].

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 [Wong, 1994 #497; Wang, 1996 #488; Wang, 1997 #489; Cannon, 1999 #238; Gallegos, 1999 #289; Gallegos, 1999 #290; Gallegos, 2000 #23]. 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 [Missaillidis, 1997 #379; Casaz, 1999 #243[]]. However, Region I is not the only part of the molecular switch as other 'activator-bypass' phenotype are found in region III [Chaney, 2000 #14].  For example, Arg383 is close to –12 and contributes to maintaining stable holoenzyme-promoter interaction [Chaney, 2000 #14; Wigneshweraraj, 2001 #678]. 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 [].  

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 [morris 1994], which is lost absent in E57-47754, but returns on addition of region I in trans [Gallegos, 1999 #290].  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 [Severinov, 1995 #442; Heisler, 1993 #595; Mustaev, 1991 #596].  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 [Campbell, 2001 #12].  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 [Naryshkina, 2001 #52].  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 [Campbell, 2001 #12], 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 [Ellinger, 1994 #805].  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 [Murakami, 2002 #667; Murakami, 2003 #767; Vassylyev, 2002 #669; Kuznedelov, 2002 #560; Korzheva, 2000 #34; Korzheva, 2001 #567].  In addition, it has been hypothesised that the loop formed by region 3.2 is displaced by the nascent RNA chain [Murakami, 2002 #667; Murakami, 2003 #767; Vassylyev, 2002 #669].  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 [Mukhopadhyay, 2001 #774]; 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 [Burrows, 2003 #789].  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 [Harada, 2001 #580].  Therefore, the DNA-RNA-RNAp interactions must be incredibly stable [Sidorenkov, 1998 #811].  Stability, in part, comes from the predicted closure of the ' clamp and  lobes around the DNA-hybrid [Landick, 2001 #529].  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 [Nudler, 1998 #396; Nudler, 1999 #397; Korzheva, 2000 #34; Korzheva, 2001 #567]. A more detailed model has been developed for the Pol II elongation model based on a 3.3Å structure [Gnatt, 2001 #24].   The bacterial, archaeal [Bartlett, 2000 #516] 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 [Korzheva, 2000 #34]).

The downstream end of the DNA is within a deep cleft delineated by ' and capped by [Korzheva, 2000 #34; Korzheva, 2001 #567] (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 [Gnatt, 2001 #24; Korzheva, 2000 #34; Korzheva, 2001 #567].  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 [Kuznedelov, 2002 #559].  The other two structures are thought to maintain the upstream end of the transcription bubble [Cramer, 2001 #18; Gnatt, 2001 #24]. Furthermore, a loop from the  flap domain may also help in the maintenance of the transcription bubble [Cramer, 2001 #18].  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 [Robert, 1998 #422]. This TEC model is elegantly supported by the complementary nature of the DNA/protein electrostatic charge distributions [Murakami, 2002 #667; Murakami, 2002 #668]. In the TEC, the position of upstream DNA is not well defined, and may be only weakly associated with the polymerase [Korzheva, 2000 #34; Korzheva, 2001 #567]..   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+ [Zhang, 1999 #508;Cramer, 2001 #18; Vassylyev, 2002 #669].

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 [Gelles, 1998 #291].  The use of biophysical techniques has also allowed the establishment of the mechanochemical properties of polymerases, reviewed in [Gelles, 1998 #291].  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  [Yin, 1999 #502].  25pN is four time the force exerted by myosin when muscle contacts [Service, 1999 #434]. 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 DNA[Cook, 1999 #581].   If this is the case, the RNAp or other factor must employ methods for preventing the RNA wrapping around the DNA [Cook, 1999 #581].   
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 [Severinov, 1998 #173].  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 [Severinov, 1998 #173]. 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 [Bushnell, 2002 #807].

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 [Cramer, 2002 #554].  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 [Artsimovitch, 2000 #515; Mooney, 1998 #383].  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 [Korzheva, 2001 #567].  
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 ([Polyakov, 1998 #409] 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 [Henkin, 2000 #777].  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 [Gusarov, 1999 #307].  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 [Gusarov, 1999 #307].  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 [Korzheva, 2000 #34].  

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, [Mah, 2000 #44]. 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 [Artsimovitch, 1998 #80].

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 [Wigneshweraraj, 2000 #77, Traviglia, 1999 #471; Owens, 1998 #165].  The affinity of 54 with E is also similar to 70 [Maeda, 2000 #41; Ishihama, 2000 #28; Scott, 2000 #63].  Although no high resolution structure is available for 54 comparison of the central fragment of 70 (resides 144-446) [Malhotra, 1996 #363] to the small angle X-ray scattering envelope of 54, has enabled the speculation that the E binding regions are similar [Svergun, 2000 #71].  Futhermore, Guo et al have demonstrated that both holoenzymes use a common methodology to generate open complexes [Guo, 2000 #26].  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.
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