CHAPTER 4

Structural Organisation of the Escherichia coli core RNA Polymerase in Solution

4.1 Summary
In this chapter the cryo-electron microscopy (cryo-EM) structure of the Escherichia coli (Ec) core RNAp (E) in solution is discribed.  An -carbonbackbone model for 75% of the residues has produce by combining homology modelling and fitting procedures constrained by a 12Å resolution electron density map.  The model includes both the CTD, which  contain known sites for transcriptional activator interactions. Previous structures of E have been unable to determined the positions of the CTDs, thought to be due to flexibility within the linker sequence. It has now been possible to show the arrangement of the CTDs with respect to the NTDs.  Futhermore,  the sites of the dispensable regions have been located with Ec; the three large sequence insertions found within the  and ' subunits.  The role of the dispensable regions are still relatively unknown, however in my it was observed that the position of the structure of ' DR is homologous to the position of the Rpb1 jaw domain of yeast Pol II.  

4.2 Introduction

The mechanochemical action of RNA polymerases (RNAps) is vital in the process of transcription and hence gene regulation [Paget, 2003 #782].  Multisubunit RNAps are highly conserved enzymes in terms of both sequence and structure.  Hence, RNAps are a major target for many regulators of gene expression [Chamberlin, 1976 #534]. The multisubunit bacterial core RNAp (2') is catalytically competent, but it is incapable of binding specifically to promoter DNA in the absence of the -factor [Burgess, 1969 #223].

The -dimer of RNAps is a particular target for regulatory proteins controlling the activation of transcription [Ebright, 1995 #276; Ishihama, 1992 #324].  The -subunit is comprised of two independently folded regions, termed the N-terminal domain (NTD, domains 1 and 2, residues 1-235) and the C-terminal domain (CTD, domain 3, residues 249-329) [Igarashi, 1991 #322]. These two domains are connected by a short flexible linker [Jeon, 1997 #329; Fujita, 2000 #22] (schematic shown in figure 4.1).  Within the -dimer, the NTDs form the dimerisation interface and together form a stable platform for subsequent polymerase assembly [Igarashi, 1991 #322; Hayward, 1991 #311], where -NTD binds the subunit and -NTD binds to ' [Zhang, 1998 #507; Zhang, 1999 #508].   Interestingly, both the  and ' interacting surfaces are located on the same face of the NTD [Zhang, 1998 #507; Zhang, 1999 #508; Igarashi, 1991 #321; Heyduk, 1996 #316]. The crystal structure of an isolated NTD dimer from Ec revealed a flat elongated structure. The CTD plays a role in transcription activation, although its removal does not alter basal levels of transcription [Igarashi, 1991 #322; Ross, 1993 #171]. The structures of the Ec CTD revealed a compact fold of four short helices [Jeon, 1995 #328, Benoff, 2002 #771], which is highly conserved amongst the bacterial RNAps [Wada, 2000 #546]. However, the CTD has no obvious counterpart within eukaryotic RNAps.  The X-ay structure of the Thermus aquaticus (Taq) bacterial core RNAp failed to reveal the arrangement of the -dimer, since the CTDs were disordered within the crystals (probably due to flexibility about the linker sequence [Jeon, 1997 #329; Fujita, 2000 #22; Zhang, 1999 #508]).  
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Figure 4.1 – Domain organisation of the core RNAp subunits. Conserved primary sequence regions are marked by solid black boxes [Allison, 1985 #191; Archambault, 1993 #192; Sweetser, 1987 #548]. Grey boxes mark structural domains, inferred from Taq [Zhang, 1999 #508], Sc [Cramer, 2001 #18] and Tth structures[Vassylyev, 2002 #669]. For the  subunit, the black bars denote the two regions, NTD and CTD. The coloured boxes on the schematic indicate the three dispensable regions (DRs) and relate to the colour coding used in figure 4.5.  The coloured bars below each subunit schema signify the regions that are represented in the Ec C- model (colour coded as figure 4.3).  

Sequence alignments demonstrate that the  and ' subunits have a number of distinct regions of high sequence conservation (black boxes, figure 4.1), punctuated by regions of poor sequence conservation [Allison, 1985 #191]. Alignments have also shown that Ec has three large sequence insertions; one in the ' subunit and two in the  subunit (coloured boxes, figure 4.1).  Similar insertions are observed in other proteobacteria, although they are somewhat variable in length and amino acid composition [Allison, 1985 #191; Archambault, 1993 #192; Sweetser, 1987 #548].  The insertions have been termed dispensable regions (DR), as they appear to be non-essential for polymerase functionality [Severinov, 1994 #537; Severinov, 1996 #439; Opalka, 2000 #399].   Furthermore, both DRI and DRII in the  subunit can be deleted or can tolerate multiple mutations, implying that these sequences are likely to form individual, surface exposed, structural domains [Opalka, 2000 #399; Darst, 2002 #768].  Although neither DRI nor DRII play an essential role in RNAp assembly or catalytic activity [Severinov, 1994 #537], the presence of these insertions in many bacterial RNAps suggests that they play some specialised role.  Indeed, DRI is targeted by the T4 bacteriophage protein Alc, which selectively induces premature transcription termination [Severinov, 1994 #537; Borukhov, 1991 #210]. A role for DRII remains unclear, but the insertion is found between two key determinants of polymerase assembly [Naryshkina, 2000 #51].
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Figure 2 – Resolution of the 3D reconstruction as determined by Fourier Shell Correlation (FSC).  The first cross-overs with the 3 threshold curve (solid line) indicates the resolution of the final structure.  The FSC function measures the normalised cross-correlation between two independent 3D reconstructions as a function of spatial frequency.  The FSC from the Ec core RNAp reconstruction (dashed line) crosses the 3 curve at a spatial frequency of  0.12 Ǻ-1, indicating a resolution of 8.5 Ǻ (compare with the resolution obtained in Finn et al [Finn, 2000 #21]).  However, low-pass filtering of the C- model structure indicates that the level of structural detail between the model and density map is comparable to a resolution nearer 12Ǻ, discussed further in the text. Bottom, a series of ~15Å thick sections to display the quality of the fit.  (A) A section through the -dimer.  (B) Section through the tips of the pincers, bisecting the  USL,  DSL and ' clamp.  Similar to the middle orientation shown in figure 4.5. (C) Section through the I  and the proximal domains from  and '.  Notice in all cases there are internal details that have been resolved, supporting evidence for the claimed resolution. 

4.3 Results & Discussion

4.3.1 General Architecture

Cryo-electron microscopy (EM) [Dubochet, 1988 #97; van Heel, 2000 #544] has been used to determine the structure of the widely studied Ec core RNAp. In this chapter, the 12Å resolution (figure 4.2) electron density map of the Ec E from a dataset of ~22,000 particles is presented (figure 4.3).  The overall structure of the Ec core RNAp (as shown in figure 4.3)  resembles a crab claw shape, as reported previously [Finn, 2000 #21; Darst, 2002 #663]. One pincer comprised of the  subunit (cyan, figure 4.3) and the other pincer the ' subunit (pink, figure 4.3).  The pincers are connected at one end by the 2 dimer (yellow/green).  The resolution of the final structure presented here was determined using a FSC, shown in Figure 4.2, to be 8.5Å.  However, low-pass filtering of the homology model has suggested that the resolution is at least as good as 12Å.  Note, although this is higher than the 3 threshold, it is significantly below the 0.5 threshold  [Beckmann, 1997 #763; Bottcher, 1997 #764], indicating that the best method of determination of resolution is by experimental validation. Furthermore, the latter value is more consistent with the level of internal structural detail present in the map (Figure 2). Given that the cross-correlation function remains only marginally above the 3 threshold from approximately 12Å (right of the solid vertical line, figure 4.2) it seems that although structural details up to 8.5Å are present they are not reliable.  The dimensions of the core RNAp are as reported previously (120Å x 150Å x 115Å) [Finn, 2000 #21], with the central DNA binding channel ~25Å in diameter.  Many distinctive structural features can be identified such as the ' clamp domain, the  lobes and  flap domain(figure 4.3) . 

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

4.3.2 Structural arrangement of the -subunit domains

The overall shape of the NTD within the Ec core enzyme appears more curved (due to domain 2 of each NTD being rotated towards the DNA channel) than that of the NTD dimer structure [Zhang, 1998 #507].  A similar curved arrangement is observed for the Taq NTD dimer in the core enzyme [Zhang, 1999 #508].  

Most noticeably, after the docking process for all subunits, two separate regions of density associated with the -subunits were clearly visible.  Both of these regions are located towards the opposite face of the NTD to the  and ' subunits binding sites. Since all density attributable to either  or ' subunits had been accounted for within the vicinity of the extra density.  I investigated whether or not they corresponded to the CTDs.  Manual placement of the Ec CTD solution structure [Jeon, 1995 #328] within the regions of unoccupied density,  using no geometric constraints, revealed that these densities were each large enough to accommodate, and conformationally similar to, the CTD (coloured orange in left panel, figure 4.4A and 4.4B). The arrangement of the CTDs  was such that one CTD was found to predominantly interact with domain 1 of I,  whereas the other CTD was found  to interact with domain 2 of II.   Based on the length of the linker and therefore the maximal distance between the termini of each of the CTDs and NTDs, that the C-terminus of I-NTD (labelled CI) and the N-terminus of CTD (labelled Na) must form one -subunit and hence II-NTD (CII) and CTD (Nb) must form the other (see right panel, figures 4.4A and 4.4B).  This result implies that there may be interactions between I and II extending beyond the hydrophobic core of the dimerisation interface[Zhang, 1998 #507].

4.3.3 The ' Dispensable Region (DR)

An insertion within a region of evolutionary hypervariable sequence exists at the C-terminal region of ' in Ec [Allison, 1985 #191] (figure 4.1). The insertion has no known function and has been termed a “dispensable region” (DR).  After docking of the models a large region of unassigned density (marked in pink, figure 4.4B) proximal to the downstream lobe (DSL) of  (labelled “DSL”) was identified.  This extra density is located closer to the ( subunit than was observed by Darst and co-workers [Darst, 2002 #663], which is likely to relate to flexibility within this region.  
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Figure 4 – Legend over the page

Figure 4 – Two orientations demonstrating the localisation of the CTDs within the density map. (A, Top) Left - shows the Ec NTD dimer docked (represented as space fill, all atoms) into the electron density (white transparent surface). The colour coding of the model is as in figure 4.3. After docking of the NTD dimer into the density map, two regions of unassigned density were evident.  Both of these regions were appropriate in size and shape to accommodate one CTD (orange).  The positions of the NTD C-termini and CTD N-termini are marked. Right, the complete a-subunits, with I-NTD C-terminus linked to the Na-terminus of the CTD and II-NTD C-terminus linked to the Nb-terminus of the CTD (see text for details).   The NTD and CTD were linked up using a 14 amino acid poly-alanine model, that underwent energy minimisation to provide a possible route for the linkers  (B, Bottom) The view is then rotated by ~50o in a clockwise direction about the vertical axis in panel.  The organisation of the views is as for (A).

Interestingly, the location of this extra density is very similar to the position of the Jaw domain in the yeast Pol II structure.    Sequence alignments indicate that the DR in ' shows weak similarity to the jaw domain of Rpb1 from yeast (30% similarity and 16% identity between residues 1180 and 1293 of the yeast Rpb1 and DR residues 1153 to 1269).  Given the similarity between the structural position and that the sequence similarity is sufficient to indicate that they at least adopt similar folds, the structural domain of Rpb1 was taken as a fold template for the DR. Manual fitting of the model for DR found good complementarity between the model (labelled “jaw” in figure 4.5) and the density in the Ec core enzyme. As suggested for the jaw-domain in Pol II [Cramer, 2001 #18], the presence of the ' DR could increase the complimentarity of the primary DNA binding channel and DNA.  Given the positional similarity and weak sequence similarity between the Pol II jaw-domain and ' DR, is seems plausible that the Ec ' DR and jaw domain of Rpb1 are derived from a common ancestor and have related functionality. 
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Figure 5 – Three views demonstrating the location of the three Ec DRs.   From left to right, the views are related by a rotation of 80o around the vertical axis in a counter-clockwise direction. The subunits are colour coded as in figure 4.3.  In these views, the subunit is shows as a space fill representation to help the delineation of the density  attributable to the DRs.    The density attributable to the three DRs is colour coded as in figure 4.1, with DRI coloured pale green, DRII dark blue, and ' DR (jaw)  pink.   Left –  View of the downstream edge of the core enzyme.  From this view, the position of  DRI between the DSL (DSL, domain 2) and  domain 4 is clear evident.  The ' DR or Jaw extends the upper pincer in the direction perpendicular to the plane of the page. Middle - View of the front of the DNA binding channel, the view clearly shows the distinctive pincers, with the upper pincer being comprised of the  subunit, the lower pincer of the ' subunit. The USL and DSL (DSL, domain 2) of the bilobed subunit are marked.  Here the position of the Jaw at the downstream edge of the DSL is clearly visible.  The position of DRI forming an additional connection between the Jaw and the DSL is apparent.  DRII can be clearly seen in this orientation.  DRII is located between the back of USL and the -dimer. Right – View of the upstream region of the DNA binding channel.  The position of  DRII behind the USL is more apparent in this view.  While 75% of the structure has been modelled, it was not possible to obtain a good fit for all domains.  Although these regions are not modelled, it is possible to identify the location of many of these domains in the Ec E structure.  The major regions that have not been modelled are labelled (grey).    For example, it has not been possible to dock the -subunit within the Ec core enzyme density map, although it was clearly present (but not necessarily stoichometrically) within the protein preparation used in this work [Finn, 2000 #21]. Failure to locate ( is not entirely obvious given the sequence similarity and conservation of fold when compared to the Taq and yeast Pol II Rpb6 [Zhang, 1999 #508; Minakhin, 2001 #46].  Omega was also not located at all in the reconstruction of the Ec core enzyme from helical crystals [Darst, 2002 #663]. Extension of the C-terminus of the Ec ' subunit (compared to Taq) might displace and/or that instability in this region of the Ec core RNAp leading to a poorly defined -subunit density. The absence of and 32% of the ' subunit C-positions explains why the lower pincer appears to be only partially occupied by the model.
The Rpb1 jaw domain has been observed to position downstream DNA [Rice, 1993 #547]. Previously, a difference in downstream DNA footprint protection between Pol II (~20bp) and the bacterial RNAp (Ec ~14 bp) [Nudler, 1999 #397; Korzheva, 2000 #34] was believed to be due to the absence of the jaw domain within the Ec core enzyme. However, the extended footprint in the eukaryotic enzyme may be accounted for by the fact that the Pol II enzyme possesses the DNA binding Rpb5 subunit, absent from the Ec enzyme.  Furthermore, the Ec RNAp protects the downstream DNA by ~5 extra base pairs compared to Taq RNAp, which lacks the inserted jaw domain [Korzheva, 2000 #34]. The region of Ec modelled as the jaw domain has been proposed by others to be the bacterial equivalent to the yeast jaw domain [Ederth, 2002 #666; Korzheva, 2000 #34]. Moreover, Ederth et al. have demonstrated that this region is important for transcription initiation and pausing [Ederth, 2002 #666].   A further piece of evidence suggesting that the jaw may be involved in transcription pausing is that the elongation factor GreB binds in a proximal position to the jaw [Opalka, 2003 #765] and may even displace the jaw domain ( Finn et al, personal observation). 
4.3.4 The  subunit Dispensable Regions (DRI and DRII)

Within the ( subunit of Ec there exists two large insertions centred on residues 300 and 900. Since these sequences can be deleted without affecting polymerase functionality, they have been termed dispensable regions (labelled DRI and DRII respectively). Moreover it would appear that some of these autonomous domains are a target for regulators, such as T4 Alc terminator protein (in the case of DRI) [Borukhov, 1991 #210]. An earlier study by Darst and co-workers identified the location of DRII and partially DRI within a 15Å electron density map of Ec core RNAp obtained from helical crystals [Darst, 2002 #663]. The findings presented here are consistent with those reported previously.

4.3.4.1 Dispensable region I (DRI)

After docking the models of , ' and the 'DR within the Ec core enzyme density map, a prominent region of density located within the upper pincer remained unassigned (coloured pale green in figure 4.5). The density lies between the  DSL (arrowed DSL) and the ' jaw (arrowed jaw) and extends towards the (-dimer side over the  DSL.  The location of the density coloured pale green is similar to where Rpb9 is found within the yeast Pol II crystal structure [Cramer, 2001 #18].  Rpb9 and DRI are very similar in size (in terms of primary sequence length, 122 aa in Rpb9, as opposed to 115 in DRI), yet appear to have insignificant sequence similarity.  The Rpb9 subunit does not dock into this density as a rigid structure, suggesting that the two structures are different. 

The location of DRI is consistent with this region forming a structurally autonomous, surface exposed domain.  In such a position,  DRI if freely accessible for binding by proteins such as bacteriophage T4-Alc - which mediates selective premature termination. Since  DRI is involved in open complex formation [Zhang, 1998 #507], it is possible that T4 Alc acts by inducing a signal which disrupts the DSL/jaw interface, thereby changing the positioning of the DNA by the jaw domain and hence causing the closure of the transcription bubble [Zhang, 1999 #508; Nechaev, 2000 #53].
The similarity in location of DRI to Rpb9, abutting the DR of ' and  DSL, indicates that DRI and Rpb9 may have related functionality. Hence, the function of DRI could be to increase conformational stability between the DSL formed from domain 2 of  and the jaw domain (DR) of '.  Interestingly, a deletion in the  subunit (436-445) that removes the downstream edge of the  DSL, a site that also corresponds to the jaw-interfacing region, has a shortened open complex downstream potassium permanganate footprint. The same mutant is sensitive to heparin [Severinov, 2000 #539; Wigneshweraraj, 2002 #673]. Yet, a mutation removing residues 186-433 (DRI) from the  subunit, which gave the same footprint with respect to the DNA complexes, was found to be insensitive to heparin [Wigneshweraraj, 2002 #673].  Thus, it seems plausible that residues 436-445 (conserved region C in figure 4.1) include important determinants for heparin resistance and by inference, protein elements important to isomerisation and open complex formation[Wigneshweraraj, 2002 #673]. The shortened downstream footprint may be due to the deletions causing a disruption of the ' jaw interface, thereby inhibiting the jaw/lobe module’s ability to grip and protect the downstream melted DNA from re-annealing or by effecting the modules ability to extend the transcription bubble in a downstream direction. The shortened downstream footprint phenotype is recovered after the addition of rNTPs, presumably initiation stabilises the jaw/lobe/DNA interactions.  This function would also be consistent with the inhibitory role that T4 Alc confers on Ec RNAp. 

4.3.4.2 Dispensable Region II (DRII)

An additional region of unassigned density is located between the upstream lobe (USL) and the I-NTD, on the opposite side to the DNA binding face of the the USL.  This extra density is close to the insert site of DRII and in a similar position to where DRII had been previously localised and to where an artificial insertion into DRII was found, hence implying that the remaining unassigned density could be attributed to DRII [Opalka, 2000 #399; Darst, 2002 #663].   Although in a similar area, the density that is attributed to DRII appears to have shifted from an extreme upstream postion to a more central position.  This suggests that DRII forms an autonomous, mobile domain.  The function of DRII remains unclear, but in the position shown is suggests that is may be involved in stabilinsing intra-subunit domain interactions of the  subunit.
4.3.5 Shape of the  subunit

The  subunit has a bilobed shape, with the USL formed by  domains 1 and 3 and the DSL by  domain 2. In the Ec structure, the two lobes are found closer together than are the corresponding lobes in the Taq structure (motion marked by arrows in figure 4.6A). The Taq bilobed shape has a distinctive groove between the modules, but in Ec the groove has been “filled” by domain 2 rotating ~7o towards the other lobe (as indicated in figure 4.6A). The overall change in this area is only modest, and it may not have any significant effect on the polymerases catalytic activity. However, communication between these lobes does appear to be important during transcription initiation [Wigneshweraraj, 2002 #673]. The ' jaw (DR) and/or  DRI (absent in Taq) may be responsible for the compacting of the  bilobe shape.  Furthermore, movements in  domain 2 are thought necessary to improve the complementarities between the core enzyme and DNA during the elongation phase of transcription [Korzheva, 2000 #34].
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Figure 6 – Domain movements compared to Taq core enzyme.  (A) Confromational changes in the mobile domains of the  subunit.   Left, the  lobes (mauve) and  flap domain are highlightwed within context of the core enzyme.  The view is down the upstream DNA binding channel.  Right, the corresponding domains Taq are represented by a semi-transparent worm.  The Ec domains are shown as in the left panel.   The position of the tip of the  flap domain, which has not been modelled, is indicated by the dashed line. In Ec the two  lobe domains have rotated towards each other.  The flap domain appears to be rotated in towards the DNA binding channel in Ec.  The direction of the domain movements are indicated by the arrows.      
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(B) Movement of the ' clamp domain. Left, view of the Ec core RNAp with the ' clamp highlighted as mauve and boxed.  The arrow indicates the direction of rotation.  Right, the ' clamp rotation in detail.  The Taq ' clamp domain is represented by  a semi-transparent pink tube and the Ec ' clamp domain as a solid, mauve tube.  The direction of rotation is mainly in a clockwise direction in the plane of the page.  However, there is some rotation down through the plane of the page as many areas shows that the semi-transparent Taq ' clamp domain is above the Ec  ' clamp domain.
4.3.6 The Position of the ' Clamp Domain 

Comparisons of the ' clamp domain, which comprises the N terminus of ' and the C terminus of  of Taq and Ec core RNAps clearly demonstrate a difference in positioning (see figure 4.6B).  The repositioning  of the ' clamp is not surprising as structures of other multisubunit RNAps show great variation in the position of the ' clamp domain. [Fu, 1999 #286; Cramer, 2000 #17; Cramer, 2001 #18, Darst, 2002 #663; Vassylyev, 2002 #669; Murakami, 2002 #667; Murakami, 2002 #668]. Figure 6B, right, shows that the general direction of the movement of the ' clamp in Ec (coloured mauve)  compared to the corresponding domain in Taq (semi-transparent, pink). The general direction of the rotation is a clockwise motion in the plane of the page and a rotation down through the plane of the page.  This motion enlarges the very upstream end of the DNA binding channel, the region were 70 binds. However, this motion also appears to partially restrict the size of the downstream end of the channel.  This solution structure of the Ec core RNAp confirms the findings from the helical crystal structure that the Ec ' clamp is a mobile domain, possibly affecting non-specific DNA interactions, and in particular allowing entry of DNA into the DNA cleft and enabling subsequent transcription elongation processivity [Darst, 2002 #663]. 
' interaction with II subunit

The Taq structure indicates a weak interaction between ' domain 4 and domain 2 of II (figure 4.7) [Zhang, 1999 #508]. As indicated previously [Finn, 2000 #21] and shown in greater detail here,  a larger interaction interface between ' domain 4 and domain 2 of II exists within the Ec core structure. The ' domain 4 - II domain 2 interacting interface has little sequence conservation amongst all multi-subunit polymerases and has thus been thought of as unimportant in polymerase assembly [Zhang, 1999 #508]. However, two mutations isolated in II domain 2 (K86A and V173A, indicated in blue in figure 4.7 and arrowed as “mutants”) which inhibited ' incorporation to the 2 complex both localised to the same interacting interface of domain 2 where ' domain 4 interacts.  The ' has also been shown to be able to stabilise the interaction of 2 with mutant  subunits, which is thought to be a consequence of independent interaction with II [Naryshkina, 2000 #51]. Thus, it is reasonable to conclude that the interacting regions from domain 2 of II and domain 4 of ' are necessary for fully efficient core enzyme formation.   
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Figure 7 – Stereo-view of the interaction between ' domain 4 and domain 2 of II, in the context of the electron density map. The two arrowed blue side chains (“mutants”) correspond to K86 and V173, the two residues implicated in ' binding by II.  These two residues are on the same face of the polymerase as the ' domain 4 interaction interface. The black arrow indicates the direction of motion of 'domain 4 compared to the corresponding structure in Taq.

4.4 Conclusions

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

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

The ( subunit DRI was localised to a region of density found between the ( DSL and the (' DR, while DRII was situated in the groove formed by the ( USL and (I subunits.  Although their conformations differ slightly from those stated by Darst et al (2002) [Darst, 2002 #663] they are compatible with the positions of the sequence insert sites.  Alterations in their positions may be due to the different experimental methodologies employed for structure determination, the large number of charged amino acids and/or the fact that they are surfaced exposed modules that show a degree of conformational plasticity.  Alternatively, is could simple be that the DRs are associated with the mobile domains that frame the active site. Thus, the relative positions of these two DRs may have a role in inter-domain stabilisation.  

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

























PAGE  
137

