
Imperial College of Science, Technology & Medicine 

University of London 

STRUCTURAL AND FUNCTIONAL ANALYSIS 

OF THE BACTERIAL TRANSCRIPTION 

FACTOR SIGMA 54 (SIGMA N) 

Siva R Wigneshweraraj 

Submitted for the degree of Doctor of Philosophy, 2001 



ABSTRACT 

The DNA dependent RNA polymerase (RNAP) holoenzyme of Escherichia coli 
consists of the core enzyme with the subunit composition of a2f3f3'co and a sigma (a) 
subunit, which directs the core enzyme to initiate transcription at specific promoter sites on 
DNA. Many bacteria adapt to changing growth conditions by replacing the a-factor 
subunit of the RNAP holoenzyme as a way of changing gene expression patterns. In E. 
coli, seven different molecular species of a-factors are categorised into two classes. The 
a"-class includes the vegetative a70  subunit as well as five different alternative a-factors 
(
338, 0,32, 0.28, 0_24 and 	 . (y18). The am-class is uniquely represented by am, that differs 

functionally and structurally from the a"-class members. 

In marked contrast to the RNAP holoenzyme containing a"-class a-factors, genes 
under the control of the am-RNAP holoenzyme are subjected to a regulatory step after 
promoter binding. Transition of the am-RNAP holoenzyme closed promoter complex to a 
transcription competent open complex is dependent upon y-f3 bond nucleoside triphosphate 
hydrolysis by an activator protein that binds to enhancer-like DNA sequences 1 00-200bp 
upstream of the transcription start site. The enhancer binding activator proteins interact 
with the am-RNAP holoenzyme to initiate transcription by looping out the intervening 
DNA. 

In this work the structural interfaces of a54-core RNAP and a54-promoter DNA 
have been characterised using tethered footprinting methodologies. Using tethered iron 
chelate derivatives of the enhancer-dependent a54  several sites of proximity to the and 13' 
subunits of the core RNAP were mapped. With limited, but interesting exceptions, most 
sites localised to those previously identified as close to the enhancer-independent a"-class 
of a-factors. Small-angle X-ray scattering studies on am  have not only allowed us to 
develop the first low resolution model for this a-factor, but confirmed that a54  and a70  
share a significant structural similarity in the interface that interacts with the core RNAP. 

Promoter DNA footprinting using iron chelate tethered a54  proteins indicates the 
existence of a "regulatory centre". This centre is close to the active site of the RNAP, the 
start site proximal promoter region and includes a54  regulatory sequences needed for DNA 
melting upon activation. Upon activation, the relationship between the centre and the 
promoter DNA changes, suggesting that this centre includes a target for the activator. 

Together with these structural approaches, genetic approaches were used to 
determine and understand the role of a54  in converting the core RNAP to an holoenzyme 
form that requires an enhancer binding activator protein coupled to nucleotide hydrolysis 
for productive transcription initiation. 
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CHAPTER ONE 

INTRODUCTION 

1.1 RNA Polymerases 

Gene expression requires the transfer of genetic information from DNA into RNA 

molecules, the direct templates for protein synthesis. The machinery which catalyses 

DNA-dependent RNA synthesis is the enzyme DNA-dependent RNA polymerase. 

Multisubunit DNA-dependent RNA polymerases are evolutionarily conserved among the 

three phylogenetic domains of Eubacteria, Archaea, and Eucarya and are found in plant 

chloroplasts and some viral species. Not all RNA polymerases are multisubunit enzymes. 

Some phages, like T7, T3, SP6 or Kl l encode RNA polymerases which consist of only a 

single polypeptide. These single polypeptide RNA polymerases appear to be composed of 

several distinct domains, as revealed by the crystal structure of T7 RNA polymerase and 

mutation studies (Cheetham & Steitz, 2000; Sousa et al., 1993; Delarue et al., 1990). In 

addition to the RNA polymerases transcribing the nuclear genes, eukaryotic cells also 

require RNA polymerases to transcribe the genes of the mitochondrial genome and, in 

plants, of the chloroplast genome. Despite their eubacterial origin, mitochondria employ a 

bacteriophage T3/T7-like single subunit RNA polymerase (Tracey & Stern, 1995). In 

contrast, chloroplast genomes encode a eubacterial-like multisubunit RNA polymerase. 

Transcription in plant chloroplasts is mediated by at least two distinct transcription 

systems: one by the primarily plastid encoded RNA polymerase (PEP), and the other by 

the nuclear-encoded RNA polymerase (NEP). The NEP RNA polymerase is a single 

subunit bacteriophage-type enzyme. In contrast to the simple composition of the NEP 

RNA polymerases, the PEP RNA polymerase is a multisubunit enzyme complex (Gray & 

Lang, 1998). The polypeptides comprising the core PEP enzyme have been identified in 

chloroplast protein fractions exhibiting transcription activity from many plant species 

(Igloi et al., 1992). These purification studies, in combination with sequence information 
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for the chloroplast genomes of several photosynthetic eukaryotes have indicated that the 

core PEP RNA polymerase is similar in subunit composition to the RNA polymerases from 

eubacteria (Figure 1 A and see later). In Table 1.1, eubacterial, archaeal and eukaryotic 

multisubunit RNA polymerases from Escherichia coli, Sulfolobus acidocaldarius and 

Saccharomyces cerevisiae are compared. In eubacteria and archaea, a single multisubunit 

RNA polymerase is responsible for transcription of the major classes of genes including 

rRNA, mRNA and tRNA. In eukaryotic species, three distinct multisubunit RNA 

polymerases are found within the cell nucleus. RNA polymerase I synthesises rRNA, RNA 

polymerase II synthesises mRNA and some small nuclear RNAs, and RNA polymerase III 

synthesises 5S rRNA, tRNAs, and some small nuclear RNAs. 

Bacterial 
RNA 

Polymerase 
(E. coh) 

13 
(150.6) 

13' 
(155.2) 

t 
k 	. 	P : 	..,,;', 

co 
(10) 

- 

Archaeal 
RNA A' / A" 13 D L K 6 other 

Polymerase (101 / (122) (30) (10) (9.7) subunits 
(S. acidocaldarius) 44) 
Eukaryotic 

RNA 
Polymerase 

2 1 5 6 9 other 
subunits 

I 
(S. cerevisiae) 

Eukaryotic 
RNA RPB 1 RPB2 RPB3 RPB11 RPB6 7 other 

Polymerase (190) (140) (35) (14) (18) subunits 
II 

Eukaryotic 
RNA 

Polymerase 
2 1 5 9 6 11 other 

subunits 
III 

Table 1.1. Compositions of eukaryotic and archaeal RNA polymerases compared to eubacterial 
RNA polymerases. Numbers in parentheses indicate molecular weights in kilodaltons. Subunits in 
the same colour have sequence homology (adapted from Ebright, 2000). 
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RNA polymerase holoenzyme 
bound to promoter DNA (top view)  	

V 

Gene 	Product 	 Function 

rpoA 	2 u subunits 
(36.5kba each) 0 enzyme assembly; 

promoter recognition; 
activator interaction 

contributes to the 
catalytic centre of 
enzyme; RNA chain 
initiation & elongation 

rpoB 	B subunit 
(150.6kDa) 

rpoC 	B' subunit 
(155.2kba) 

contributes to the 
catalytic centre of 
enzyme; binds template 
DNA 

rpoZ 	o subunit 
(10kba) 

rpo2 	a subunit - 
1 (10-90kba)  

undefined regulatory 
role; not required for 
transcription; chaperone 
activity 

promoter specificity; 
activator interaction 

DNA 

V 
0 

Figure 1A. The subunit composition of E. coli RNA polymerase holoenzyme. The cartoon 
illustrates the order in which the RNA polymerase enzyme is assembled (see text below for more 
details). rpo? indicates one of a number of sigma factors. 

In bacteria, however, there is only one type of core RNA polymerase which has to 

transcribe all the different RNA species. This means that, in addition to the control of RNA 

polymerase activity, it is also necessary that the specificity of the enzyme has to be 

regulated such that it is able to carry out transcription of fundamentally different RNA 

molecules. The core RNA polymerase (RNAP) of E. coli, which is the best-studied enzyme 

of its class, contains two large subunits, named 13 and 13', and two smaller a subunits. An co 

subunit is also identified in the enzyme, but o) is not required for cell viability or 

transcription. The core ot2fir RNAP supports RNA elongation but is incapable of accurate 

initiation. Promoter recognition is conferred on the core RNAP by binding of a a subunit, 
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and the initiating a2  3[3'a RNA polymerase is referred to as holoenzyme (Figure 1A). Table 

1.1 shows that regions of sequence similarity have been noted between a, Rpb3 and 

Rpbl 1, between 13 and Rpb2, and between 13' and Rpbl. Consistent with the conservation 

of these structural elements, similar modes of interaction with nucleic acids in the vicinity 

of the active site have been proposed for the eukaryotic and bacterial enzymes (recently 

reviewed in Ebright, 2000; Cramer et al., 2000; Zhang et al., 1999). 

1.2 Bacterial RNA Polymerase Structure-Function Relationship 

The functional cycle of RNAP consists of transcription initiation, processive 

transcription elongation, and transcription termination (Figure 1B). During transcription 

the RNAP processively moves in the 3' to 5' direction along the template DNA strand, 

assembling a complementary, antiparallel strand of RNA that grows from its 5' terminus in 

a 3' direction. As indicated in Figure 1B, the RNAP catalyses the reaction 

RNA + PyPpPaN + RNAn.i + PRai (_+2Pi) 

in which ribonucleoside triphosphate precursors (13713pPaN) are hydrolysed into nucleoside 

monophosphates as they are polymerised into a covalent chain. Hydrolysis of the y-

phosphate ester bond is a highly exergonic reaction with its equilibrium far towards the 

direction of the pyrophosphate (PoPai) formation. The reaction is driven further in this 

direction by hydrolysis of the pyrophosphate by a phosphatase to form organic phosphate 

ions. 

Much valuable information on the function of the individual subunits of the E. coli 

RNAP has been obtained in the past from the study of mutant subunit genes or from direct 

biochemical analysis. Results of these studies have allowed the correlation of specific sites 

in the subunits with a particular function of the RNAP. Recently, two seminal papers by 

Zhang et al., (2000) and Finn et al., (2000) revealed the structures of the core RNAP from 

thermophilic Thermus aquaticus at 3.3A, and that of the E. coli core RNAP and that of the 
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holoenzyme at 11.0A and 9.5A, respectively. Together, the structure-function and genetic 

studies of bacterial RNAPs have begun to provide insights into the basic mechanism of 

initiation of RNA synthesis (transcription initiation). In this section, emphasis is placed on 

the a, p and 13' and 6 subunits of the E. coli RNAP and their contribution and role in 

transcription initiation by the RNAP holoenzyme. 

Negative control factors: repressors 
Positive control factors: activators 

Figure 1B. Cartoon showing the various stages of bacterial transcription. (see text for details). 

1.2.1 The alpha (a) subunit 

The 329-amino-acid (36.5kDa) a subunit from E. coli contains two independently folded 

domains (Blatter et al., 1994) whose structures have been determined at high resolution: an 

amino-terminal domain (aNTD) extending to residue 240 (Zhang & Darst, 1998) and a 

carboxyl-terminal domain (aCTD) extending from residue 249 to the end of the protein. 
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The linker connecting the two domains is unstructured and flexible (Blatter et al., 1994) 

(Figure 1C). 

NH2  

Conserved between eubacterial, eukaryotic 
and PEP RNAPs  

Flexible 	ADP 
linker ribosylation 

240 249 	8265 	 329 

COOH 
10 	75 	 175 	210 

0-contact 	 0'-contact 
	 I 	I 	  

aNTD 	 aCTD 
RNA polymerase subunit 	 Class I & II activator 

assembly domain 	 contact domain, 
UP-element binding 

Figure lC. Domain organisation of the E. coli RNAP a subunit (see text for details) 

The assembly of the different subunits for the formation of a functional core RNA 

polymerase is not an arbitrary process but occurs sequentially in the following order 

scheme, in which two a subunits dimerise to form a molecular platform for p and 13' 

binding: 

2a --> a2  —> a213 —> a213[3' 

However, binding of 13 and p' subunits to a occurs in an asymmetrical way, with one a 

subunit in contact with 13 (aI) and the other with p' (aII). No contact regions have been 

established between the a and a subunits, however cross-linking and genetic studies have 

indicated putative a-a interactions (Estrem et al., 1999; McMahan & Burgess, 1994). The 

aNTD domain (residues 1-240) is sufficient for subunit assembly and contains two 

conserved structural segments, which are also found in eukaryotic, archaeal and PEP 

RNAPs, that are believed to interact with 13 (residues 30-75) and 13' subunits, respectively 

(Igarashi & Ishihama, 1991; Heyduk et al., 1996). The aCTD domain (residues 249-329) 

is necessary for interaction with activator proteins for regulated transcription initiation 
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from class I and class II promoters (see later). At class II promoters, a second site of 

interaction between the activator (the cAMP receptor protein, CRP) and a subunit has been 

identified by genetic and cross-linking studies, which is located at the aNTD (see later) 

(Ishihama, 1993; Igarashi & Ishihama). The aCTD also contains determinants required for 

dimerisation and binding to several promoters which contain AT-rich sequence regions 

(UP elements) upstream of the core promoter (reviewed in Grouse et al., 2000). Thus, 

although segments responsible for UP element binding and activator interaction at class I 

and II promoters are located in the aCTD domain, several different residues in the aNTD 

are also involved in both of these functions (reviewed in Ishihama, 1993). The flexible 

linker between the aNTD and aCTD (residues 240-249) is considered to facilitate the 

necessary motion between the two a-subunit domains to fulfil their function in regulating 

RNAP activity (Meng et al., 2000). A further involvement of the aCTD in controlling 

RNAP activity is in T4 early transcription upon infection of E. coli cells by the T4 phage. 

The addition of an ADP-ribosyl group to a residue R265 alters the transcriptional 

properties of the RNAP in favour of the early transcription of the T4 phage genes. 

1.2.2 The beta (0) subunit 

The 1342-amino-acid (150kDa) R  subunit is the second largest subunit of the E. 

coli RNAP holoenzyme and is encoded together with the p' subunit from one transcription 

unit. Bacterial p subunits have considerable homology to the Rpb2 subunits of all 

eukaryotic multisubunit RNAPs. Structural comparisons also show their relatedness 

(reviewed Ebright, 2000). The regions of sequence conservation are distributed in clusters 

over the whole [3 subunit and have been grouped into nine domains (Figure 1D). 
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Figure 1D. Domain organisation of the E. colt RNAP (3 subunit. Black arrows indicate the Rif 
binding sites, red stars regions that cross-link to the 5' end of nascent RNA, and green bars regions 
involved in transcription termination (see text for details). 

Together with the 13' subunit, the 13 subunit forms the catalytic centre of the RNAP. In the 

E. coli p subunit, large deletions in the non-conserved regions centred around residues 300 

and 1000 do not prevent the basic transcription function of RNAP and are defined as the 

dispensable regions (DR) 1 and 2, respectively (Severinov et al., 1994, 1992). The 

carboxyl-terminal conserved elements H and I have been proposed to make subunit-

subunit contact to both the a and the 13' subunits (Heyduk et al., 1996). The antibiotic 

rifampicin (Rif) inhibits the phosphodiester bond formation between the first nucleotides 

of a growing RNA chain during transcription initiation. Thus, it is believed that the Rif 

binding site is close to the site of nucleotide addition in the catalytic centre of the RNAP. 

Mutations in the [3 subunit that confer Rif resistance locate within three distinct conserved 

regions (B, D, and E) of the 13 subunit (Jin & Cross, 1988). Cross-linking studies have 

identified residues K1065 and H1237 in conserved regions H and I, and a region between 

residues D516 and D540 in domain D, which are close to the 5' end of the nascent 

transcript. Furthermore, the existence of numerous mutants with altered termination and 

pausing properties documents that the 13 subunit is also involved in pausing and 

termination. These mutations map in the conserved regions C, D, F and I. Several 

mutations in the 13 subunit have been described which affect the stringent response 

(reviewed in Cashel et al., 1996). These mutations map to a region between residues 736-

906, proximal to the Rif binding site (Reddy el al., 1995). Such mutations are believed to 

affect the interaction of the effector nucleotide guanosine tetraphosphate (ppGpp) with the 

13 subunit. Thus, bacterial cells harbouring such stringent response mutant 13 subunits 

display a "relaxed phenotype", which means that stable RNA synthesis is not as severely 
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reduced as in the wild-type under conditions that normally induce the stringent response, 

for example when cells are starved of amino acids. 

1.2.3 The beta prime ((V) subunit 

The 1407-amino-acid (1551cDa) p' subunit is the largest subunit of the E. coli 

RNAP holoenzyme. It shares considerable homology with the Rpbl subunit of all 

eukaryotic multisubunit RNAPs and regions of conservation are distributed in clusters over 

the whole 13' subunit and have been grouped into eight domains (Figure 1E). Similar to the 

p subunit, a non-conserved region of 250 amino acids centred around position 1050 in the 

13' subunit is dispensable for basic transcription initiation in vitro (but not elongation) 

(Zakharova et al., 1998). 

Cys4  
Zn-finger-like 

motif 	
a interaction 

1407 
NI 2  

 

DR 

 

COON 

    

C 4 	D 
	

F 	 N 	 H 

V 
DNA Polymerise 

motif 

Figure 1E. Domain organisation of the E. coli RNAP II' subunit. Red stars indicate the region that 
cross-link to the 3' end of nascent RNA, and green bars regions involved in transcription 
termination (see text for details). 

The amino-terminal proximal conserved segment A contains a Cys4Zn fmger-like motif, 

which is assumed to be involved in DNA binding. Equally, within the conserved segment 

C a region of homology to the DNA binding cleft of the E. coli DNA polymerase I 

suggests the presence of a DNA binding motif in this region. Deletion mutagenesis and 

Far-western protein-protein interaction assays localise the 670-type a subunit (see later) 

interaction domain of 13' to lie within amino acids 260-309 (Arthur et al., 2000; Luo et al., 

1996). Studies using protein-protein hydroxyl-radical footprinting further confirm that this 

segment of (3' subunit serves as the main attachment site to 670-type a in the holoenzyme 
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(Travigilia et al., 1999; Owens et al., 1998). As mentioned above, the 13' subunit 

participates in the constitution of the RNAP catalytic centre. Further evidence for this not 

only comes from the elucidation of the crystal structure of the T. aquaticus core RNAP, but 

also from cross-linking studies, in which the 3' end of a nascent transcript has been 

crosslinked to a region proximal to conserved segment G (residues M932-W1020) of the 13' 

subunit (Borukhov et al., 1991). Mutations in the IT subunit that affect RNAP pausing and 

termination are spread through several conserved segments (C, E, F, G and H) suggesting 

an involvement of the 13' subunit in transcription termination (Weilbacher et al., 1994). 

Studies with temperature sensitive mutants of the 13' subunit and protein-protein interaction 

assays indicate that two regions, a central region between residues 515 and 842, and a 

second carboxyl terminal proximal region downstream from residue 1141, are involved in 

interaction with the a213 sub-assembly (Katayama et al., 2000; Nedea et al., 1999). 

1.2.4 The omega (co) subunit 

The 10kDa o subunit is the smallest and the only subunit of the E. coli RNAP 

which is dispensable for cell viability. In vitro studies show that RNAP lacking co is 

indistinguishable from the control enzyme in transcription experiments (Gentry et al., 

1989; Kashlev et al., 1996). In the E. coli 3' subunit, the last 52 carboxyl terminal amino 

acids are important for tight anchoring of the (3' subunit on the a213 sub-assembly (Nedea et 

al., 1999). In the T. aquaticus core RNAP crystal structure, the co subunit wraps around the 

carboxyl terminus of the 13' subunit (Zhang et al., 1999). Therefore, it is plausible that co 

helps the 13' subunit to anchor itself on the a2P sub-assembly, consistent with biochemical 

data suggesting that the co subunit functions as a chaperone and promotes RNAP assembly 

in vitro (Mukherjee & Chatterji, 1997). 
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1.2.5 The sigma (a) subunit 

The a subunit is the promoter specificity subunit of bacterial RNAPs which confers 

on the core RNAP the ability of promoter specific transcription initiation. Functional 

differentiation of RNAP holoenzyme by replacement of the a subunit was first found in 

Bacillus subtilis, and the sequential pathway of a replacement during sporulation has been 

established (see Sullivan & Maddock, 2000; Kroos et al., 1999 for recent reviews). In E. 

coli binding of one of the seven (a7°, (354, cr38, (T.32, cy28 cr24 and 
618) a factors converts the 

core RNAP into the holoenzyme, which can recognise different promoters (see later). 

Based on sequence similarity and mode of function E. coli a subunits are grouped into two 

classes: all except 654  belong to the a"-class, whereas am  belongs to a class of its own. 

Most genes expressed in exponentially growing cells are transcribed by the RNAP 

holoenzyme containing the a70  subunit. Thus, in this section emphasis is placed on the E. 

coli a" subunit which has been the subject of several structural, biochemical and genetic 

studies. 

Sequence comparison of the a"-family of proteins from different bacteria have led 

to the identification of four highly conserved amino acid regions (Helmann & Chamberlin, 

1988), which are further subdivided into subregions (Lonetto et al., 1992) (Figure 1F). 
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Figure 1F. Domain organisation of the E. coli RNAP & subunit. The striped bars indicate the 
conserved regions (see text for details) 
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670  confers upon core RNAP the specificity of initiation at promoters with consensus 

sequences centred around position —35 (5'-TTGACA-3') and —10 (5'-TATAAT-3'), 

respectively from the transcription start site. The conserved subregion 2.4 is a-helical and 

recognises the —10 promoter element, whereas a helix-turn-helix motif located in subregion 

4.2 recognises the upstream —35 promoter element. Isolated 670  in solution does not bind 

DNA. It has been proposed that the DNA binding activity of 670  is blocked by an inhibitory 

interaction between the amino terminal conserved region 1 and the carboxyl terminal 

region 4, and that this inhibition is relieved upon formation of the holoenzyme (Malhotra et 

al., 1997; Dombroski et al., 1992, 1993). The interface of 670  with core RNAP is 

extensive, conserved and functionally specialised (Sharp et al., 1999). Mutational data 

suggest that residues in subregions 1.1, 2.2, 2.4, 3.1, 4.1 and 4.2 reduce the interaction of 

cil°  with core RNAP. The locations of these residues are ideally positioned to communicate 

information concerning DNA binding and transcription initiation from 670  to core RNAP 

and back. Region 3.1 is in close proximity to the initiating nucleotide (Severinov et al., 
1994) and subregions 2.2, 2.4, 4.1 and 4.2 are in close proximity to the two promoter 

binding determinants (see above). Deletion analysis showed that subregion 2.3 also 

contains core RNAP binding determinants. Deletion of 25 amino acids from subregion 2.3 

causes reduced affinity of the mutant 67°  for core RNAP binding (Hernandez & Cashel, 

1995). 

Subregion 2.3 is highly conserved and contains a high proportion of solvent-

exposed amino acids. Also, being adjacent in primary structure to subregion 2.4 that 

recognises the —10 promoter element in which strand separation is likely to originate, 

subregion 2.3 is strategically positioned for DNA melting function. Callaci & Heyduk 

(1998) showed that the E. coli RNAP holoenzyme selectively binds short single stranded 

oligonucleotides that contain the non-template —10 consensus sequence. This selectivity 

was mapped to region 2.3 (Huang et al., 1997). The tertiary structure of subregion 2.3 

shows the side-chains of several aromatic amino acid residues protruding from an a helix 

(Malhotra et al., 1996). Thus this side of the helix has been proposed to form a "melting 

motif' that allows the juxtaposition of aromatic amino acid residues to the non-template 
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single stranded DNA so that they can stabilise the melted state (Fenton et al., 2000; Juang 

& Helmann, 1995, 1994). Recently, it has been shown that these aromatic amino acids 

collectively participate in DNA melting and open promoter complex formation (Panaghie 

et al., 2000). 

At class II promoters, activator binding sites overlap the —35 region: in these cases, 

the activator can contact the a70  subunit and aNTD and aCTD (see later). A small patch 

adjacent to subregion 4.2 of a70, located between residues 590 and 603, is involved in 

interaction with activators (Lonetto et al., 1998). Activators that contact the patch in a" 

include AraC , MalT, FNR, CRP and PhoB. Interestingly, these activators affect promoters 

which do not have a strong —35 consensus element. Therefore, it is assumed that activator-

a70  interaction compensates for the absence of the normal interaction between a70  and the 

consensus —35 promoter element. In addition, the AsiA protein of bacteriophage T4 

functions as an anti-sigma factor (see later) that binds to a" and inhibits transcription 

initiation by the a70  RNAP holoenzyme (Colland et al., 1998; Orsini et al., 1993). The 

AsiA protein has been shown to associate with regions 3 and 4 of a" — specifically with 

the carboxyl terminal 63 amino acids of subregion 4.2 (Colland et al., 1998; Severinova et 

al., 1996). 

1.2.6 RNA Polymerase: Structure-Function Relationship 

The high degree of sequence similarity between the T. aquaticus RNAP and the 

prototypical RNAP from E. coli allows the superimposition of biochemical and genetic 

data from the E. coli core enzyme and the structural data from the T aquaticus core RNAP 

(Zhang et al., 1999). The T aquaticus RNAP has a crab claw like shape, with a deep 

channel separating the jaws of the claw (Figure 1G-A). The upper jaw is composed mostly 

of the 13 subunit and the lower jaw of the 13' subunit. Portions of conserved segment I and 

segments C, G and H of (3 together with conserved segments H and D of [3' interact to form 

the catalytic centre of the core RNAP. Three aspartic acid residues in the absolutely 

conserved —NADFDGD- in segment D of 13' chelate a Mg+2  ion. Interactions between f3 
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segments H and I and 13' segment D are responsible for positioning this motif within the 

catalytic centre. The width of the channel separating the two jaws is —27A and appropriate 

to accommodate the double stranded DNA template. The upper jaw is bilobate: the first 

lobe (left of the Mg+2) corresponds to [3 DR1 and portions of conserved segment C, the 

second lobe (right of the Mg+2) corresponds to the remainder of segment C and segment D. 

In addition to the main DNA channel between the two jaws, the lower jaw contains a 

second channel which runs through the molecule. In E. coli, a fusion between the carboxyl 

terminus of 13 and amino terminus of [3' shows no defects in vitro or in vivo (Severinov et 

al., 1997). In the T. aquaticus structure the [3 carboxyl terminus and 13' amino terminus are 

adjacent to one another and make extensive contact with each other at the base of the 

channel. The a2  dimer interacts with the base of the channel, consistent with the main role 

of the a2  dimer in RNAP assembly (see above). On the T. aquaticus structure 3  regions F, 

G, H and I contact the NTD of aI with the primary interface being region H. 13' regions C, 

D, G and H contact exclusively the NTD of all. The interactions that 13 and f3' make with 

the a subunits closely match the hydroxyl radical footprinting data (Heyduk et al., 1996). 

The co subunit wraps around portions of the lower jaw, which corresponds to a region in 

the carboxyl terminus of the f3' subunit. 
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Figure 1G. The structure of T. aquaticus core RNAP. (A) Crystal structure at 3.3A (Zhang et al., 
1999). Subunits are as indicated. Red dot represents the Mg+2  ion in the catalytic centre. (B) and 
(C) Schematic model of the structure of a transcription elongation complex (adapted from Zhang et 
al., 1999). Shown in pink is the RNA transcript, in red the template strand and in blue the non-
template strand (see text for details). 

The shape and size of the T. aquaticus core RNAP correspond well with the 

molecular contour of the E co/i core RNAP elucidated by cryo-electron microscopy (Finn 

et al., 2000). In a model recently described (Mooney & Landick, 2000; Zhang et al., 

1999), the area of the channel positioned left of the Mg+2  is said to contact the downstream 
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double stranded DNA, whereas the area on the right makes contacts with the DNA-RNA 

heteroduplex in the transcription complex. A structural element, called the "13 flap", 

consisting of 13 subunit conserved segment G is loosely connected to the rest of the 

enzyme. In E. coli, the 13 flap is supposed to interact with the termination hairpin of the 

nascent RNA (Wang et al., 1994). Another structural element called the "n' rudder", 

consisting of portions of IT conserved segment B and the area between segments B and C, 

protrudes from the lower jaw into the DNA channel. It is proposed that the f3 flap and the 

13' rudder determine the RNAP holoenzyme's processivity during transcription. For 

instance, the p flap may close the DNA binding channel and determine the RNAP 

holoenzyme's processivity during elongation, whereas the fy rudder is said to initiate 

localised melting of DNA during transcription initiation or also to separate the RNA 

transcript in the RNA-DNA heteroduplex during transcription elongation (Korzheva et al., 

2000). The cr subunit makes extensive contacts with the core RNAP polymerase 13 and 13' 

subunits as determined by genetic, biochemical and structural studies (Finn et al., 2000; 

Sharp et al., 1999; Owens et al., 1998 and see later). The floor of the upstream portion of 

the lower jaw ((3' subunit) has a platform like coiled-coil structure (Zhang et al., 1999). 

This platform corresponds to residues 260-309 of the 13' subunit and has been shown to 

interact with the subregion 2.1 of the a7°  subunit (Owens et al., 1998; Burgess et al., 1998; 

Arthur et al., 1998; Luo et al., 1996). The crystal structure of the cr70  shows that subregion 

2.1 is very close to the subregion 2.3 which is involved in promoter DNA melting 

(Panaghie et al., 2000; Malhotra et al., 1996). Given that p' residues 260-309 are adjacent 

to residues that form the [3' rudder, it is plausible that subregion 2.3 and the 13' rudder form 

a "melting motif' that is involved in the nucleation of promoter melting. The function of 

the secondary channel is thought to supply the NTP substrates to the catalytic centre 

(Zhang et al., 1999). 

In the transcription elongation complex (TEC), the nascent RNA-DNA hybrid is 

separated by the p' rudder and the RNA is routed through a pocket in p that binds 

rifampicin (an antibiotic that inhibits transcription initiation by bacterial RNAPs), thus 

explaining why TECs are insensitive to this antibiotic (Korzheva et al., 2000). The 
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separated single stranded RNA is suggested to exit through a groove underneath the 0 flap 

(Zhang et al., 1999) and this view is supported by cross-linking studies (Korzheva et al., 

2000). A schematic model of the TEC is shown in Figure 1G-B and 1G-C. 

A major constraint in using atomic structures to model functional data is that 

conformational changes of the RNAP are not considered. It seems doubtless that major 

conformational changes will occur in the core RNAP during transcription initiation and in 

TECs. For instance, binding of cs" to the core RNAP induces a —100° rotation of the 0' 
conserved segments G and H away from the catalytic centre (Finn et al., 2000). 

Nevertheless, emerging structural information of the bacterial and eukaryotic RNAPs by x-

ray crystallography, cryo-electron microscopy, cross-linking and footprinting studies is 

beginning to unveil the mechanism of transcription initiation by multisubunit RNAPs. 

1.3 Transcription Initiation: A Two-Step Chemical Reaction 

Transcription initiation is a complicated process involving the participation of the 

RNAP in a series of molecular and chemical reactions, involving protein-protein and 

protein-DNA interactions: promoter location by RNAP, formation of a competent initiation 

complex, synthesis of the initial phosphodiester bonds, and movement of RNAP from the 

promoter as it enters the elongation phase. A major part of the control of gene expression 

in prokaryotes and eukaryotes occurs at the level of transcription initiation — the first and 

generally the rate limiting step of transcription. Transcription "through put" for a given 

promoter is driven by a mixture of thermodynamics and kinetics: thermodynamics because 

to maximise transcript yield a promoter must initially bind a RNAP (in competition with 

other promoters and non-specific DNA sites), and kinetics because it must then move this 

promoter bound RNAP through the initiation phase of transcription into elongation as 

rapidly as possible to "clear" the promoter and make it available for re-use. Thus, in its 

simplest form, the process of transcription initiation can be regarded as a two-step 

chemical reaction that includes the formation of only one transition state (Figure 111). 
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Figure 1H. Transcription initiation is a two step chemical reaction (see text for details). 

The first step of the reaction involves the initial binding of the RNAP (R) to the promoter 

(P) to form a stable closed complex (11-Pcc). Kb is an equilibrium binding constant which is 

characterised as a reversible, RNAP concentration dependent step. The second reaction is 

the isomerisation of the closed complex to an open complex, (R•Poc), via the transition state 

(R-Pcdoc), with an irreversible rate constant Kf. 

The regulation of gene activity is often the result of regulating the frequency of 

transcription initiation by the RNAP holoenzyme. The total number of core RNAPs in a 

growing E. coli cell is —2000 (Ishihama , 1981, Ishihama et al., 1976), which is less than 

the total number of genes (4000) on the E. coli genome (Blattner et al., 1997). These 

observations accentuate how important it is for RNAP to choose which genes to transcribe 

and how often. The functional specificity and activity of the RNAP is modified at two 

levels: (1) through the action of regulatory proteins that stimulate (activate) or inhibit 

(repress) transcription initiation, and (2) by the modification of the core RNAP a subunit 

(reviewed in Ishihama, 2000). 

1.4 Regulation of Gene Expression: Modulation of RNAP by Transcription 

Regulatory Factors 

Each RNAP holoenzyme recognises and transcribes a different set of genes but 

transcription of some genes additionally requires accessory proteins or nucleotide factors. 
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The functional specificity of RNAP holoenzyme is modulated through the activity of one 

or (sometimes) more of 100-150 different transcription factors, most which act from 

specific binding sites on DNA, and most of which interact with one or more of the RNA 

polymerase subunits ( a, 13, (' and a) to influence the rate constant Kb or Kf  (Figure 1H). 

Transcription factors are classified as activators, that increase Kb or Kf, or as repressors if 

they are known to inhibit transcription. Transcription factors are classified into four classes 

(Class I-IV) based on their contact subunit(s) on the RNAP (Figure 1I). In the following 

subsections the action of transcription activators and repressors in regulating gene 

expression by modulating Kb or Kf  is very briefly touched upon. 

Class I: Ada, AraC, CRP, CysB, 
Fnr, FruR, GaIR, IHF, LacI, MeIR 
MetR, OmpR, OxyR, Rob, SoxS, 
Trpl, TyrR, Mor (phage Mu), Ogr 
(phage P2), 8 (phage P4) 

Class IV: GreA, NusA, Omega, 
Rho, Polyphosphate, C (phage Mu) 
SSB (phage N4) 

  

    

• 

   

  

Class I: Ada, AraC, Crl, CRP 
DnaK, bnaJ, Fis, Fnr, MerR, 
NtrC, PhoB, SoxS, Rsd, SoxS 
Mor (phage Mu), cI (phage X), 
cII (phage X), AsiA (phage T4) 

  

Class III: DnaA EF-Tu, NusA, Rho, 
ppGpp, C (phage Mu), A lk (phage T4) 

Figure 1I. Classification of E.coli transcription factors. Transcription factors have been classified 
based on their contact subunit of the RNAP. Shown in dark blue is the 13 subunit, light blue 13' 
subunit, in cyan the a subunits and in green the a subunit (adapted from Ishihama, 2000b). 

1.4.1 Simple Transcription Regulation by Class I Transcription Activators 

Transcription regulatory proteins which activate transcription initiation can be 

categorised into one of four classes, depending on the location of their target contact site in 

the RNAP holoenzyme (Ishihama, 2000a, 2000b; Busby and Ebright 1994). Class I 

activators contact target sites in the C-terminal domain of the RNA polymerase a subunit 

(aCTD), whilst Class II activators contact target sites in the RNAP a subunit. Activator 
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proteins which contact the 13 or 13' subunit are designated as Class III and Class IV 

activators, respectively. The most studied example of a Class I activator is the cyclic AMP 

receptor protein (CRP) of E. colt when it is activating transcription from positions 

upstream of the promoter as at lac Pl. In response to elevated intracellular cAMP levels, 

CRP binds to a 22bp 2-fold symmetrical consensus sequence centred at —61.5 with respect 

to the transcription start site and enhances the lac P1 promoter strength (see reviews by 

Kolb et al., 1993; Ebright, 1993). A CRP-induced DNA bend of —90° is seen in the CRP-

DNA crystal structure (Schutz et al., 1991). Several mutants deficient in the production of 

functional CRP have been isolated and shown to be also defective in transcription 

activation at the lac promoter but not defective in DNA binding and DNA bending (Bell et 

al., 1990; Zhou et al., 1993a). In addition, several lines of evidence show that transcription 

activation at the lac promoter involves protein-protein interactions between a surface loop 

of the carboxyl-terminal domain of CRP and the a-subunit CTD of RNAP (Igarashi and 

Ishihama, 1991, Zhou et al., 1993b; Heyduk et al., 1993; Niu et al., 1994). It is believed 

that the CRP-induced bending facilitates this physical contact by placing the activator in a 

favourable position for interacting with RNAP or by stabilising the RNAP-CRP 

interactions. Therefore, cooperativity between CRP and RNA polymerase at the lac 

promoter increases Kb (Figure 1J-A). 
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Figure Figure 1.11. Schematic diagram of three forms of transcriptional regulation of gene expression. (A) 
Simple transcription activation: (1) by binding to promoter DNA, (2) by interacting with RNA 
polymerase core subunits (shown here: a interaction) (class I), and (3) by interacting with the 
sigma subunit (class II). (B) Transcription repression: (1) by simple and complex (2) interaction 
with promoter DNA, and (3) by binding to transcription activator proteins. (Busby et al., 1998). 

1.4.2 Simple Transcription Regulation by Class II Transcription Activators 

A well studied example of a Class II activator, the bacteriophage lambda cI 

protein, is essential for open complex formation at the lambda Prm promoter and 

accelerates the isomerisation of the closed complex to an open one, i.e. increases K- at the 

phage lambda Prm promoter. The cI protein interacts with the a subunit and enables it to 

bind to the -35 promoter element, consequently tightening the binding of RNAP to the 

promoter (Hochschild et al., 1983; Li et al., 1994), thereby also increasing Kb. A mutant a 

which contains a substitution near the carboxyl terminus has been reported to be able to 

suppress an activation defect caused by a mutation in the activating region of the cI protein 

(Li et al., 1994; Kuldell & Hochschild, 1994). 

CRP activates the galP1 promoter from a binding site centred at —41.5 with respect 

to the transcription start site, which therefore overlaps with the (here extremely weak) —35 

binding site for a70. The footprint of RNAP in the presence of CRP shows that RNAP is 
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bound to the DNA immediately upstream and downstream of the CRP site (Belyaeva et al., 

1996). This close proximity between CRP and RNAP allows the establishment of three 

direct contacts between the CRP and the RNAP: between the (1) a-subunit carboxyl 

terminus and CRP (Class I), (2) a-subunit amino terminus and the CRP (Class I), and (2) 

a-subunit and CRP (Class II) (Busby and Ebright, 1997; Kumar et al., 1994). 

A distinctive group of activators function at 0-54-dependent promoters by 

modulating the isomerisation step (Kf), by contacting the a54  subunit in the RNAP 

holoenzyme (Cannon et al., 2000; Wedel & Kustu, 1994). These activators bind to sites 

located —100bp upstream of the transcription start site and contact the a54  subunit by 

means of looping out the intervening DNA between the activator binding site and the 

promoter. They cause promoter DNA isomerisation by hydrolysing nucleoside 

triphosphates. Transcription activation at a54-dependent promoters will be discussed in 

detail in the later sections of this chapter. 

An additional type of transcription activation involves the binding of an activator 

protein to promoter DNA to aid initiation of transcription by altering the conformation of 

promoter DNA so that the -10 and -35 promoter elements become aligned correctly to 

facilitate RNAP binding (Ansari et al., 1992; Summers, 1992). For example, at the pmerT 

promoter the activator protein MerR in the presence of Hg+2  twists the promoter DNA 

appropriately, so that the -10 and -35 elements become aligned correctly, to enable RNA 

polymerase binding. 

1.4.3 Complex Transcription Regulation 

Three forms of transcription activation by transcription activators are illustrated in 

Figure 1J-A. The fact that a variety of different activator-RNAP interactions can activate 

transcription suggests that no special protein-protein interaction is required for recruiting 

the RNAP to the promoter DNA. This is supported by two further observations. First, in 

the case of the ribosomal RNA promoters, the activator-RNAP interaction can be replaced 

by a protein-DNA interaction: these promoters work at a high level in the absence of 

activators, an effect attributable to a DNA UP element (AT-rich sequence of 20bp) that is 
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specifically recognised by the aCTD (Chen et al., 1994). Direct physical contact between 

the UP element and the a-subunit has also been demonstrated using a fluorescent probe 

(Ozoline et al., 1991) and by protein tethered chelate methods employing FeBABE 

(Murakami et al., 1997). Secondly, activator-polymerase contacts have synergistic effects. 

That is, the level of transcription elicited by two contacts is significantly greater than the 

sum of the levels elicited by each single contact. Dove et al. (1997) showed this by 

replacing the a-carboxyl domain with the carboxyl domain of the lambda cI protein. cI is a 

two-domain protein that binds DNA as a dimer, and pairs of dimers bind co-operatively to 

adjacent operator sites. The amino-terminal domain contacts the DNA and can interact 

with the a subunit (see above). The carboxyl-terminal domain mediates both dimer 

formation and the dimer-dimer interaction that results in cooperativity (Sauer et al., 1990). 

When the RNAP consisting of the chimeric a-subunit is used for transcription at the 

lambda Prm promoter, the cI protein makes two contacts: (1) the natural contact between 

its amino terminal domain and the a subunit, and (2) an artificial contact involving the 

lambda repressor tetramerisation interaction. Together these two interactions elicit a much 

greater level of activation than either single interaction (Dove et al., 1997). 

The regulation of most promoters is complex and expression is not simply 

dependent on one activator. In many cases two activators are involved: one activator is a 

"global" regulator, sensing a global metabolic signal and interacting at a large number of 

promoters, whilst the other is a "specific" regulator, triggering specific responses to a 

specific inducer at a very small number of promoters (Busby et al., 1998). However, 

apparent co-dependence may sometimes be due not to both activators binding at the 

promoter, but due to the synthesis of one activator being dependent on the activity of the 

other. The expression of the mal and mel operons, encoding genes for the catabolism of 

maltose and melibose, respectively, is dependent on the global regulator CRP and operon-

specific regulators Ma1R and Me1R. CRP binding to DNA is triggered by elevations in 

cAMP levels (due to glucose starvation) and MalT and Me1R are activated by maltose and 

melibiose, respectively. The expression of the melAB operon (encoding an a-galactosidase 

and a melibiose transport protein) is dependent on CRP and Me1R, and yet the melAB 

promoter is activated by Me1R alone (Webster et al., 1988). However, the melR promoter 
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is totally dependent on CRP, thus explaining the dependence of melAB expression on two 

activators. In contrast, although the synthesis of MalT, the maltose-specific activator is 

similarly dependent on CRP, expression from several promoters of the maltose regulon 

requires simultaneous binding of both CRP and MalT for transcription initiation. 

1.4.4 Transcription Regulation by Repression 

Regulatory proteins which inhibit the initiation of transcription are known as 

repressors. Repressors work to prevent or interfere with the mechanism of transcription 

initiation. The manner in which repressors affect the mechanism of transcription initiation 

is similar to that used for the transcriptional activators, mainly affecting the Kb or Kf. The 

mechanism of their action can be categorised into two types: (1) simple repression, and (2) 

complex repression (Busby et al., 1998). In the first case, transcription initiation is 

inhibited by the binding of the repressor directly to a promoter element which (the 

repressor protein) occludes the binding of the RNAP holoenzyme to that promoter (Muller-

Hill, 1996). The lac repressor can be considered as a paradigm for this type of simple 

repression. In some instances interaction between a repressor bound to a promoter element 

and a distally-bound repressor enhances repression at the promoter site via a looping 

mechanism (Phillips and Stockley, 1996; Muller-Hill, 1996). A characteristic example of 

this type of repression includes the binding of the AraC protein (in the absence of 

arabinose) to distant sites and binding to the -10 promoter element via DNA looping (Aki 

et al., 1996). In the complex repression events, the repressor acts as an anti-activator, in 

which case it binds to the activator protein and inhibits transcription activation by the 

activator protein. The best studied example of this type of repression is CytR, which 

represses the expression of genes, scattered at approximately 10 different locations on the 

chromosome, involved in nucleoside catabolism and transport (Sogaard-Andersen et al., 

1991). The three modes of repression of transcription are shown in Figure 1J-B. 
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1.5 Regulation of Gene Expression: Modulation of RNAP Specificity by the 

Sigma Subunit 

1.5.1 Sigma Factors 

The E. coli core RNAP is converted into different forms of holoenzyme by binding 

one of the seven different a subunits (Table 1.2). This replacement of the a subunit of 

RNAP is the most efficient way of altering its promoter recognition properties. The ability 

of RNAP to initiate selective transcription of genes from promoters is dependent on the a 

subunit associated with it. Thus, gene expression regulated at the level of transcription 

initiation is dependent upon the type of a factor polypeptide associated with the core 

RNAP hololenzyme. There are two classes of bacterial a factors (reviewed in Helmann & 

Chamberlin 1988). The a"-class of 6-factors includes a.", the major vegetative 6-factor 

encoded by the rpoD gene in E. coli, and other structurally and mechanistically related 

members, which are known as alternative a factors (in E. coli these include: 638, 632, 628, 

024 and  a18, w ithinthe a" 	 54  -class. The rpoN (also ntrA, glnA) encoded a factor bears little 

obvious resemblance to the members of the a"-class of 6-factors in its primary structure, 

function (other than core RNAP binding) or mode of action (it requires a specialised 

activator protein and nucleotide hydrolysis — see later). 

Sigma 
Species 

Size 
(aa) 

Gene [fmol/mg] 
Expon. 

[fmolimg] 
Stat. 

Targets 

0.70 (6D) 613 rpoD 150 150 exponential growth related genes 
6.54 (61) 477 rpoN 35 35 various metabolic functions 

038  (68) 362 rpoS - 55 stationary-phase genes 

0.32 (6II)  284 rpoH - - heat-shock genes 
(328 (saF,  ) 239 rpoF 90 90 flagella-chemotaxis genes 
(524 ((5E-, ) 202 rpoE - - extmcytoplasmic and periplasmic genes 

618 (6F r1) 173 fed - - extracytoplasmic and ferric-uptake genes 

Table 1.2. E. coli a-factors. Shown in green are those belonging to the cyn-class, and in red those 
belonging to the a54-class. The intracellular concentrations of all 7 a subunits were determined for 
both exponential and stationary phases of E. coli W3110 strain (Maeda et al., 2000; Jishage et al., 
1996; Jishage & Ishihama, 1995). 
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Alternative a-factors and 654  are involved in both reversible (adaptive) changes and 

irreversible (developmental) pathways of gene expression. The former category includes 

changes in gene expression which adapt cells to alterations in the environment. The latter 

category includes programmed changes in gene expression which transform cells of one 

cell type into another cell type. A paradigm for programmed changes in gene expression is 

sporulation in B. subtilis, where a cascade of alternative a-factors is involved (see Sullivan 

& Maddock, 2000; Kroos et al., 1999 for recent reviews). In E. coli, most housekeeping 

genes expressed during exponential growth are transcribed by the RNAP holoenzyme 

containing the a70  subunit (Ea"). The holoenzyme Ea54  is involved in transcribing genes 

of various metabolic functions, historically those associated with deficiency of nitrogen 

(reviewed in Buck et al., 2000). The transcription of stationary phase and stress related 

genes is dependent upon the RNAP holoenzyme containing the a38  subunit (reviewed in 

Ishihama, 2000). Ea32  transcribes the genes for heat shock proteins (Yura et al., 1993); 

Eo-28  is needed for the expression of some of the flagella genes and chemotaxis genes 

(Helmann 1991); and Ea24  is responsible for the transcription of genes that are needed to 

cope with damage to extracytoplasmic proteins caused by heat or other factors (Raina et 

al., 1995). aFecI,  like 624  is a member of the extracytoplasmic function subfamily of a 

factors and is involved in transcriptional activation of the fec operon (Angerer et al., 1995). 

The total number of a molecules of all types is less than the total number of core 

RNAP molecules (Jishage et al., 1996, Jishage & Ishihama, 1995). This is consistent with 

the fact that the RNAP is not always associated with the a subunit during processive RNA 

chain elongation. The concentration of each a subunit is subject to variation depending on 

cell growth, although the concentration of core RNAP enzyme stays constant at a level 

characteristic of the rate of cell growth. The intracellular concentration is highest for the 

a70 subunit in both exponential and stationary phases of cell growth (Table 1.2 and Maeda 

et al., 2000; Jishage et al., 1996, Jishage & Ishihama, 1995). In exponential phase, two of 

the alternative a subunits, 654  and .-24, are present in significant concentrations. The level 

of a38  becomes detectable only in the stationary phase (Maeda et al., 2000a; Jishage et al., 

1996, Jishage & Ishihama, 1995). In growing E. coli cells, the total number of RNAP is 
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2000 molecules/cell, of which only 1300 molecules are involved in transcription (Maeda et 

al., 2000b). Studies on the binding affinities of all seven E. coli a factors to the core RNAP 

lead to the conclusion that of the 700 "free" RNAPs, 78% (550 molecules) must exist as 

Ea", 8% (55 molecules) as Ea54  and 14% (95 molecules) as Eo-24  (Maeda et al., 2000b). It 

seems doubtless that upon entering into stationary phase or encountering stress conditions 

this distribution will change; the complex regulation leading to a large transient increase in 

632  activity is a clear example (Yura et al., 1993). Thus, a-factors are widely used as a 

regulatory device of gene expression in bacteria. The association of the a-factor with core 

RNAP is an economical way to regulate the expression of large numbers of co-ordinately 

controlled genes by generating effectively different RNAPs from a single core enzyme. 

Additionally, the a-factor replacement not only serves to switch on new gene expression, 

but also to reduce the potentially "wasteful" expression of genes. 

1.5.2 Anti-Sigma Factors 

Anti-a factors function to negatively regulate the activity of the cognate a subunit 

by forming a binary complex with it and thereby inhibiting its function. A paradigm for 

anti-a factor activity is exemplified in B. subtilis during sporulation control (Kroose et al., 

1999; Brown et al., 1995). For the seven E. coli a-factors, only three anti-a factors (for 

a", 0-28  and a24) have been to date identified (Jishage & Ishihama, 1999). A protein called 

Rsd (regulator of sigma D) forms a binary complex with the a" and inhibits its function. 

Jishage & Ishihama (1998, 1999) found that Rsd is not expressed during exponential 

growth, that is, under conditions in which most of the free RNAP is in the Ea" form (see 

above & Maeda et al., 2000b), ready to be used immediately for transcription of growth 

related genes. During stationary phase, the levels of Rsd increases and inhibits a" function 

by binding to region 4 of a". Thus, it seems that in the stationary phase, some unused a" 

is stored in an inactive form ready to be used when growth conditions improve for the 

expression of growth related genes (Akira Ishihama, personal communication). 
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The rseA gene, located downstream of the rpoE gene (which encodes a24) within 

the same operon negatively regulates 624 activity. It has been shown that the amino 

terminus of RseA interacts directly with a24  (Missiakas, et al., 1997). The F1gM protein 

forms a binary complex with a28  resulting in the inactivation of the a28  subunit. The 

contact site for FlgM is located in region 4 of the 628  subunit (Iyoda & Kutsukake, 1995). 

Even though 654  is not essential for growth, levels of a54  in E. coli seem to remain 

constant throughout the growth transfer from exponential phase to stationary phase (Table 

1.2). In comparison with the number of genes under the control of 654  however, the molar 

ratio of 654  to a.70  is high (Jishage et al., 1996). Therefore, it is possible that 654  may 

complex with another as yet unidentified protein as in the case of a70, a28  and 624. It is 

postulated that one or more additional factor(s) may check the ability of 654  to initiate 

transcription from its promoters by preventing 654  interacting with the core RNAP, 

promoter DNA or activator protein (Mike Jishage, personal communication). Carmona & 

de Lonrenzo (1999) showed that E. coli cells lacking the ftsH gene, which encodes FtsH 

protease, express 654  at normal levels, but behave in vivo as if the a54  subunit were 

inactive, suggesting a link between the FtsH protease and 654  such that the FtsH protease 

might control 654  activity. 

Overall, it appears that anti-a factors represent a new chapter in the versatile 

mechanisms employed in regulating bacterial gene expression. 

1.6 Regulation of Gene Expression: Other Regulatory Systems 

Various other mechanisms exist which regulate transcription in bacteria. One of 

these, attenuation, allows transcription to begin but when active as a regulatory mechanism 

cuts transcription off almost immediately, before the first coding sequence of the operon is 

reached (Yanofsky et al., 1996). Attenuation is particularly important as a regulatory 

mechanism of many operons encoding enzymes that synthesise amino acids (Antson et al., 

1995). Another system, antitermination, works in long, complex operons that contain 
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internal signals for termination of transcription in addition to their final terminators 

(Ruthberg et al., 1997) When active the antitermination mechanism prevents termination at 

one or more of the internal terminators, causing the RNAP to read further downstream in 

the operon and include more of its coding sequences. 

Bacterial genes are also regulated by mechanisms not directly involving positive 

or negative regulatory factors, sigma factors, attenuation or antitermination. The degree of 

supercoiling, for example, regulates some bacterial operons (Wang & Lynch 1993, Lilley 

et al., 1996). Okamoto et al., (1988) found that transcription of the E. coli gene encoding 

the cAMP receptor protein (CRP) is inhibited by an RNA molecule instead of regulatory 

proteins. This RNA molecule is complementary (antisense RNA) to sequences in the 5' 

region of the mRNA copied from the gene. The CRP, when present in high quantity, 

stimulates transcription of the antisense RNA, which slows or stops transcription of the 

CRP gene. Presumably, the antisense RNA pairs with the 5' end of the CRP mRNA, 

forming a secondary structure which stops transcription at this point. 

The variety and multiplicity of mechanisms controlling bacterial gene expression 

at the level of transcription ties the regulatory mechanisms into networks that provide a 

balanced, precise, and sensitive adjustment of the entire cell to suit environmental 

conditions and allow maximum efficiency in the use of available nutrients. The entire 

mechanism is aided by the fact that bacterial mRNAs are very short-lived. This permits the 

cytoplasm to be cleared quickly of the mRNAs produced by one set of operons as they are 

replaced in activity by another set, and reduces the lag time for a cellular response to an 

environmental change. 

The remainder of this chapter is dedicated to the 654  RNAP subunit which confers 

on the bacterial RNAP holoenzyme a unique form of regulatory mechanism that is 

common in eukaryotic RNAP II transcription systems, and which is the main subject of my 

Ph.D. research. 
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1.7 The RNAP Sigma Subunit Sigma 54 

1.7.1 Mechanism of Function 

The 654  subunit, in marked contrast to a" and a70-class members, binds promoter 

DNA in the absence of core RNAP (Buck & Cannon, 1992). The .57°  class of a-factors 

confer promoter specificity to core RNAP by enabling it to recognise promoters with 

consensus —35 and —10 sequences, whereas a54  allows the RNAP to recognise promoters 

with the consensus (underlined) TGGAC-N5-TTGCa/t at —24 and —12, respectively from 

the transcription start site (Barrios et al., 1999). This property implies that the a54  RNAP 

holoenzyme is involved in a transcription cycle which is different from that of the RNAP 

holoenzyme containing the a" subunit or one of its class members (reviewed in Buck et 

al., 2000). In contrast to the 670-type RNAP holoenzyme, the holoenzyme containing a54  

binds to the promoter DNA in a transcription incompetent closed complex. Isomerisation 

of this closed complex to form a transcription competent open complex is only initiated in 

the presence of an activator protein (Figure 1K). 
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Figure 1K. Cartoon illustrating the functional differences in a" dependent and 054  dependent 
transcription initiation (see text for details). 

At 670-type promoters, activation of transcription results from recruitment of the RNAP 

and stabilised DNA binding (Ptashne et al., 1997 and see above). In contrast, 654  

containing RNAP holoenzyme binds to its cognate promoters in the absence of activator 

protein and other factors to form stable and inactive closed complexes, both in vivo and in 

vitro (Buck & Cannon, 1992; Sasse-Dwight & Gralla, 1990). Thus, the function of a54-

dependent activator proteins is not one of recruitment, but to catalyse post-binding steps. 

The rate limiting step in o mediated transcription is the isomerisation of the closed 
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complex to an initiation competent open complex. Isomerisation requires nucleoside 

triphosphate hydrolysis by the activator protein and is mediated by direct activator-1554  

interactions within the closed complex (Guo et al., 2000; Cannon et al., 2000; Wyman et 

al., 1997; Wedel & Kustu, 1995; Chaney et al., in preparation). Open complex formation is 

initiated when oligomers of the activator protein, bound to an enhancer-like sequence 

located more than 100bp upstream of the transcription start site, interacts with the 1554  

RNAP holoenzyme at the promoter site by DNA looping (Wyman et al., 1997; Popham et 

al., 1989). For this reason of similarity to the eukaryotic RNAP II activation system, 1554-

dependent activators are called prokaryotic enhancer binding proteins (EBPs). At some 

promoters, the DNA looping event is facilitated by the DNA bending protein called the 

integration host factor (IHF) (Hoover et al., 1990). This effect can be mimicked by HU or 

even the mammalian non-histone chromatin protein HMG-1 and can be bypassed by 

intrinsically curved DNA (Perez-Martin & Lorenzo, 1997, 1995). Interestingly, IHF has 

been proposed to stimulate recruitment of o RNAP holoenzyme at at least one promoter 

(Bertoni et al., 1998), but this seems a rare example. 

The progression from the closed to an open complex proceeds through numerous 

conformational adjustments in the RNAP holoenzyme and promoter DNA. In particular, cr-

core RNAP and RNAP holoenzyme-DNA interfaces are likely to be significantly altered to 

allow correct positioning of the catalytic centre upon open complex formation. 654  and 157°  

are clearly distinct in their mechanisms of open complex formation. The association of am  

causes the RNAP holoenzyme to change its regulatory properties and to assume an 

enhancer responsive mechanism. Both c and 670  promoters have two consensus 

elements, although the recognition sequences are entirely different (Barrios et al., 1999; 

Gross et al., 1992). These two elements allow recognition of the DNA in double-stranded 

form. In both cases the subsequent DNA melting originates within the promoter proximal 

of the two elements (Cannon et al., 2000; Chen & Helmann, 1997; Morris et al., 1994). 

Recent work from our laboratory (Cannon et al., 2000; Cannon et al., 1999) and others 

(Guo et al., 2000; Fenton et al., 2000; Guo et al., 1999; Guo & Gralla, 1998) with stably 

melted heteroduplex promoter DNA fragments or fork junction promoter DNA probes, that 

mimic the various transition stages of the promoter DNA during open complex formation, 
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have revealed that both types of holoenzymes bind optimally to a fork junction DNA 

structure at a common —12/-11 location, relative to the transcription start site. Therefore, all 

a-factors have a common ability to direct selective recognition of a fork junction structure 

that must be created when DNA melting originates. However, the mode of binding to this 

fork junction structure and regulating DNA melting differs significantly between a" (and 

its class members) and 654. At the initial stages of DNA melting, both RNAP holoenzymes 

are inhibited from proceeding with the required conformational changes to fully melt the 

DNA. This inhibition is very strong for 654  RNAP holoenzyme, and weak for the RNAP 

holoenzyme harbouring the a" subunit. The strong inhibition of the a54  RNAP 

holoenzyme may be due to a lack of interaction with non-template strand DNA adjacent to 

the —12/-11 fork junction structure. This interaction is a critical feature of open complex 

formation for the a" RNAP holoenzyme. The two types of holoenzyme differ with respect 

to which of the two single stranded DNAs that lead out of the fork junction structure are 

tightly bound. The a" RNAP holoenzyme binds tightly to the non-template strand. In 

contrast, the 654  RNAP holoenzyme prefers binding to the template strand. Since extensive 

interactions along the non-template strand are important for the promoter DNA melting 

process leading to transcription initiation (Marr & Roberts, 1997), this single-strand DNA 

binding preference highlights an important functional difference between a54  and a". For 

a", elevated temperature can promote the conformational changes to interact with non-

template strand DNA downstream of the —12/-11 fork junction structure. a" promoters do 

not necessarily require activators, and when they do, the assistance is either in promoter 

binding or RNAP isomerisation (Hochschild & Dove, 1998; McClure, 1985). For 054, 

interaction with the activator coupled to nucleoside triphosphate hydrolysis serves to 

relieve the inhibition of melting, helping the 654  RNAP holoenzyme to establish (via the 

a54 subunit) the missing interaction with non-template strand sequences downstream of the 

—12/-11 fork junction structure by unmasking protein determinants required for non-

template single-stranded DNA interaction. 
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1.7.2. Domain Structure, Organisation and Function 

To date, there is no structural information for G54. From the 36 available rpoN 

genes sequenced (Appendix A), there is a clear indication of three distinct regions in G54. 

The purified 654  from Klebsiella pneumoniae is acidic (Cannon et al., 1995), which is 

largely due to the numerous aspartic and glutamic acid residues of Region II which links 

the conserved amino terminal Region I to the conserved carboxyl terminal Region III. 

Region II is not conserved. Each of these three regions (I-III) is required for various steps 

during the regulated transcription process. The schematic structure of a54  is depicted in 

Figure 1L. 

Region I Region II 	 Region III 

180 	306 329 346 366 386 454 463  477 

C 
RpoN 
Box 

N 
Modulation X-Link HTH 

1 	56 	120 	215 

Act ivator Response 	Strong Core Binding 
Weak Core Binding 

Figure 1L. K pneumoniae o domain organisation (see text for details) 

Region I. The functional domain organisation of o is complex and appears to 

differ significantly from that of a70. In particular, the overall DNA binding by cr70  is 

modulated by amino terminal sequences, whereas the amino terminal sequences in U54  are 

required for activation. Extensive deletion and mutational analyses of .54  have allowed 

functions to be assigned to different regions of the protein (Buck et al., 2000; Gallegos & 

Buck, 1999; Cannon et al., 1995; Wong et al., 1994) The amino terminal Region I of a54  is 

regulatory and closely implicated in polymerase isomerisation and DNA melting (Cannon 

et al., 2000; Guo et al., 2000; Cannon et al., 1999; Gallegos et al., 1999; Guo et al., 1999). 

It plays a central role in mediating the response to activator proteins and in binding to 

early melted DNA structures (Cannon et al., 2000), but is dispensable for overall core 
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RNAP and DNA binding (Cannon et al., 1999; Wang et al., 1995). Mutant a54s with 

certain point mutations in Region I or removal of Region I (ARIa54) display an "activator-

bypass" phenotype, that is, closed complexes formed with such mutants can initiate 

transcription in the absence of activator proteins and nucleotide hydrolysis (Casaz et al., 

1999; Wang et al., 1995, 1997), suggesting a role for Region I in inhibition of polymerase 

isomerisation and transcription initiation under normal conditions. Polymerase 

isomerisation that occurs with the ARIa54-RNAP holoenzyme is reversed when Region I is 

added in trans, suggesting that activator overcomes the inhibition caused by Region I in cis 

in a reaction involving nucleoside triphosphate hydrolysis (Gallegos et al., 1999). Some 

properties of the RNAP holoenzyme that depend upon Region I are likely to rely upon the 

interaction Region I makes with core RNAP (Gallegos & Buck, 1999); others may depend 

upon more direct domain communication between Region I and other parts of 654  or 654  

and promoter DNA. Hydroxyl-radical footprinting experiments on 654  have shown that the 

conformation of the carboxyl terminal DNA binding domain is changed when Region I is 

deleted (Casaz & Buck, 1999). Ortho-copper phenanthroline footprinting of closed 

complexes with the wild-type 4554-RNAP holoenzyme detects a hypersensitive site around 

position —12 (Morris et al., 1994). This hypersensitive site is absent in footprints with 

ARIa54-RNAP holoenzymes (Cannon et al., 1995), but is present after the addition of 

Region I in trans, suggesting that Region I is responsible for altering the interactions 

between holoenzyme and the —12 promoter DNA element. 

Region II. Region II which lies between two conserved regions in cr54  (Region I 

and Region III), is very variable both in length and in sequences, although it is 

characterised by a predominance of acidic residues (Appendix A). Early in vivo studies on 

Region II dealt with a conserved subregion of high amino acid homology and negative 

charge density in which every third amino acid is an acidic residue. This motif is termed 

the acidic trimer repeat (ATR) (Hsieh et al., 1994; Wong & Gralla., 1992). The ATR has 

been implicated in promoter melting at physiological temperatures (Wong & Gralla, 1992). 

Mutant 654  proteins with deletions of the ATR showed reduced promoter DNA melting. In 

contrast, mutant 654  proteins with duplications of the ATR showed elevated DNA melting 
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and transcription initiation. Recent in vitro studies on a Region I+II deleted 0554  or with 

mutants containing partial deletions within Region II showed that Region II is dispensable 

for polymerase isomerisation, but is required for holoenzyme formation and the DNA 

binding properties of the holoenzyme (Southern & Merrick, 2000; Cannon et al., 1999). 

Core RNAP binding. The core RNAP binding interface of 654  comprises at least 

two functionally distinct sequences: a 95 amino acid residue sequence (120-215) within 

Region III, which binds core RNAP strongly, and a second sequence within Region I that 

binds core more weakly (Gallegos & Buck, 1999). Comparison of hydroxyl-radical 

mediated cleavage profiles of wild-type and Region I deleted proteins indicate that the 

overall solvent exposed surface of 654  is not greatly altered by deletion of Region I (Casaz 

& Buck, 1999). Residues protected from hydroxyl-radical mediated cleavage in the 

holoenzyme made with ARI654  largely coincide with residues protected specifically by 

DNA in the wild-type holoenzyme, implying a role for Region I in establishing an 

appropriate conformation of the DNA-binding domain in the wild-type holoenzyme (Casaz 

& Buck, 1999). Therefore, it is possible that the interaction of Region I with core RNAP is 

important for controlling DNA binding domain conformation. Residues in the DNA 

binding domain of 654  exist (see later) that are required for activator-dependent 

isomerisation of the RNAP holoenzyme (Wang & Gralla, 2000; Chaney et al., 2000; 

Chaney & Buck, 1999; data in chapters 4, 5 & 7), suggesting that they contribute to the 

interfaces of 654  that interact with the core RNAP and probably also the DNA, and which 

may change upon activation. Thus, it appears that the interface between 654  and core 

RNAP is probably very extensive, as indicated by protein footprinting experiments (Casaz 

& Buck, 1997; data in chapter 4). 

Region III & promoter DNA binding. The primary DNA binding functions of 654  

are associated with the highly conserved Region III. Purified fragments yielded by 

proteolysis of the K pneumoniae 654  protein yielded a minimal 161cDa DNA binding 

fragment consisting of residues 329-477 which interacts with promoter DNA in a similar 

way to the wild-type protein (Cannon et al., 1995). Two highly conserved motifs exist 

within this 161cDa peptide: (1) a putative helix-turn-helix (11TH) motif (residues 366-386) 
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and (2) a 654 diagnostic motif known as the RpoN box (residues 454-463). A small 

sequence of amino acids from residues 329-346 spans a region, called the X-link, which 

UV-crosslinks to promoter DNA (Cannon et al., 1993). A discrete domain between 

residues 180-306 has been identified which fails to interact with the core RNAP, but 

greatly enhances the DNA binding of the 16kDa fragment. The mechanism of —12 

promoter element recognition by 654  is believed to be complex, involving the putative 

HTH motif and Region I sequences (Merrick & Chambers, 1992; Gallegos et al., 1999). 

The —24 recognition is presumed only to occur via determinants in the carboxyl terminus 

of 654 (Taylor et al., 1996; Guo & Gralla, 1997), although direct evidence is still lacking. 

Existing data, although indirect, suggest that the RpoN box most likely has a direct role in 

recognition of the —24 promoter element. The —24 region interactions are known to be 

dominant for DNA binding by o. That is, there are no known a54  mutants that destroy-24 

binding, but still allow the holoenzyme to become bound to the DNA. This is in contrast to 

the existence of many mutations in the carboxyl terminal domain that interfere with —12 

element binding but still allow the holoenzyme to become promoter bound (Wang & 

Gralla, 2000; Chaney et al., 2000; Chaney & Buck, 1999; data in chapter 7). Many 

mutations that alter —12 recognition also have regulatory defects, which are not seen with 

any of the RpoN box mutants or other Region III mutants (Wang & Gralla, 2000). This is 

consistent with the critical fork junction binding by 654 needed to silence transcription 

prior to activation. Carboxyl terminal mutant 654  proteins with alanine substitutions at 

residues F318 (data in chapter 7), R336 (Chaney & Buck, 1999), and K388 (Wang & 

Gralla, 2000) form holoenzymes that are deregulated for polymerase isomerisation 

(activator bypass mutants). Since the activator bypass phenotype is characteristic of many 

Region I mutants, it is possible that subdomains in Region III function, perhaps in 

conjunction with Region I regulatory sequences, to control the regulated properties of the 

654  holoenzyme. 

The —12 promoter element has multiple effects in 654  dependent transcription. 

Changes in this promoter region cause changes in transcription levels (Buck & Cannon, 

1989; Buck et al., 1985) and in vivo work has shown that the sequence at —12 can 

determine how sensitive the promoter is to a particular activator (Buck et al., 1985; Ray et 
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al., 1990). These and the observation that certain —12 sequences increase "activator 

bypass" transcription in vitro suggest a multiple role for the —12 promoter element in 

regulated transcription (Wang & Gralla, 1998). In a recent in vivo study, in which a 

consensus 654  promoter sequence (-28CTGGCACA-21 -18ATTTGC(A/T)T-11) was derived 

from the alignment of o promoters from three related bacteria, it was found that the 

consensus promoter was not the strongest promoter (Wang & Gralla, 1998). The authors 

explained this by suggesting that the binding of 654  to the promoter could be too tight for 

optimal function in the context of a fully consensus promoter. That is, as long as 654  

becomes bound to the promoter, other sequences (or sequence combinations which could 

have been missing from the consensus) may influence how many transcripts are produced 

by the bound holoenzyme. In the same study, mutational analysis of the —12 consensus 

promoter showed it to consist of two subregions that behave differently when mutated. 

Single changes in the upstream TTT consensus subregion led to increased transcription 

levels, whereas single changes in the downstream GC(A/T) led to decreased transcription, 

indicating a requirement for some minimal match to the consensus to fully bind the 654  

holoenzyme (Wang & Gralla, 1998). This and previous studies clearly suggest that 

recognition of the —12 promoter region by e is complex and is influenced by 

determinants in 654, promoter DNA and to some extent environmental cues (Wang & 

Gralla, 1998). 

1.7.3 654  biology 

GM  is implicated in expressing genes whose products have a wide range of 

different functions. a was initially identified as a positive transcription factor for the 

expression of the glnA gene product (glutamine synthetase) in enteric bacteria (Garcia et 

al., 1977). Later it was discovered that 654  is required for the expression of genes for 

nitrogen assimilation, hence o is also known as aN. Examination of all gene functions 

under the control of 0554  does not suggest any unifying area of cellular functions in which 

e operates (reviewed in Studholme & Buck, 2000). The o dependent promoters in E. 

38 



co/i indicate that 654  is involved in the expression of genes with diverse physiological 

functions (Table 1.3). Other examples include chemotaxis in Rhodospirillum capsulatus, 

flagellation and cell-cycle dependent stalk biosynthesis in Caulobacter crescentus and 

Vibrio cholerae, phenol utilisation in Pseudomonas putida, histidine transport in 

Salmonella typhimurium, urea utilisation in Pseudomonas spp. and many other cellular 

functions in many Gram-positive and Gram-negative bacterial species (reviewed in 

Studholme & Buck, 2000). 

Promoter Gene Function 
argT amino acid transport 
fdhF formate dehydrogenase H 
ginA glutamine synthetase 
glnH glutamine transport 
hycA formate hydrogenase regulatory protein 
hypA hydrogenase synthesis 
nac nitrogen assimilation control 

pspA phage shock 
rtcBA RNA metabolism 

Table 1.3. Biological functions for which there is evidence of 654  dependent transcriptional control 
in E. coli (Studholme & Buck, 2000). 

The majority of bacterial pathogen genomes investigated so far encode am. Examples 

include Neisseria gonorrhoeae (pilin synthesis), Erwinia chrysanthemi (protein secretion 

and pathogenicity), Pseudomonas aeruginosa (adhesion to mucin), Borrelia burgdorferi 

and Enterobacter cloacae (stress response), Vibrio anguillarum (flagellin synthesis), 

Chlamydia trachomatis (as yet unknown developmental process), Treponema pallidum 

(bacterioferritin) and Haemophilus influenzae (as yet unknown pathogenic function). 

However, virtually all genes expressed under a 654  dependent promoter have in common 

that they are not essential for growth. An exception, has to be made for some genes in 

Myxococcus xanthus because the am  in this bacterium appears to be essential for survival 

(Keseler and Kaiser, 1997). Interestingly, 654 is also associated with the expression of 

several ans-class 6-factors. Pallen (1999) proposed a role for 654  in transcriptional 
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regulation of the heat shock a-factor, 632. In Pseudomonas syringae and B. burgdorferi the 

stationary phase 638  is potentially regulated by e (Studholme & Buck, 1999). 

The distribution of the rpoN gene throughout phylogenetically diverse bacteria 

underlines its biological importance (Studholme & Buck, 2000). It has been found in 

Gram-positive bacteria (B. subtilis, Clostridium difficile), the hyperthermophile Aquifex 

aeolicus, the planctomycete Planctomyces limnophilus, chlamydias (Chlamydia 

trachomatis), spirochaetes (T. pallidum) and the green sulphur bacterium Chlorobium 

tepidum. Most 654  containing bacterial species contain one single rpoN gene, but 

Bradyrhizobium japonicum and Rhizobium sphaeroides contain two different copies of 

rpoN genes (Powell et al., 1995; Kulik et al., 1991). Inactivation of one of these genes in 

B. japonicum and R. sphaeroides has no influence on the phenotype of these bacteria. 

Expression of rpoN is usually constitutive but in some cases, such as in R. sphaeroides, it 

is regulated by oxygen and nitrogen levels. In C. crescentus it is regulated temporally 

during the cell cycle (Bruno & Sharpio, 1992). In B. japonicum, rpoN1 is regulated in 

response to oxygen while rpoN2 is negatively autoregulated (Powell et al., 1995). 

Negatively autoregulated rpoN genes are also found in K pneumoniae (Grande et al., 

1999), P. putida (Kohler et al., 1994), Azotobacter vinelandii (Merrick et al., 1987) and 

Rhizobium etli (Michiels et al., 1998). 

1.7.4 In a class of its own - 654  Transcription 

Bacterial a-factors carry out functions that involve many different polypeptides in 

eukaryotic RNAP II dependent transcription. The 654  factor forms a holoenzyme with 

some of its functional and regulatory properties shared by eukaryotic multisubunit RNAPs. 

These include (1) the requirement to be activated by activator proteins bound to enhancer-

like sequences, (2) the ability to form stable closed complexes that require an activator for 

isomerisation, (3) the requirement for activators that probably couple their nucleotide 

hydrolysis to promote open complex formation, and (4) some suggested structural 

similarities with eukaryotic activator proteins (Sasse-Dwight et al., 1990; Merrick, 1993). 

These properties can be summarised by proposing that the mechanism of transcription 
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initiation and regulation of gene expression by 054  are, at least conceptually, an 

intermediate step between those mediated by the 670  type of a-factors, and those involved 

in eukaryotes. These unique functional features of e and its existence in a structural class 

of its own, provide a model system to study the regulation of gene expression in bacteria 

and eukaryotes. 

Multisubunit RNAPs are targets of sophisticated signal transduction pathways that 

link environmental and temporal cues to changes in gene expression. Cannon et al., (2000) 

recently showed that promoter bound 654  undergoes a nucleotide hydrolysis dependent 

isomerisation on DNA which involved conformational changes in protein and DNA, thus 

suggesting that the 654  is the target of the activator protein. Current work in the laboratory 

(Chaney et al., in preparation) confirm that this is indeed the case. Together, these studies 

provide clear evidence that activator driven changes in 654  conformation trigger the 

conversion of a transcriptionally silent RNAP conformation to one able to interact 

productively with template DNA. As in the case for 67°  holoenzyme, activation of 654  

holoenzyme occurs by signal transduction pathways using numerous and diverse activators 

(reviewed in Shingler, 1996). Although these pathways are diverse, the most well-studied 

of 654  activators, exemplify a commonly used gene regulatory mechanism — the two 

component signal transduction system. 

1.8 Two Component Signal Transduction System 

1.8.1 Definition and Genomic Distribution 

Bacteria are remarkable for their ability to sense and respond rapidly to the 

chemical and physical composition of their environment, which often results in changes in 

gene expression. One widely distributed and core mechanism which contributes to this 

capacity is the two-component signal transduction system. The prototypical two-

component signal transduction system consists of a histidine protein kinase (HK), 

containing a conserved kinase core, and a response regulator protein (RR), containing a 
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conserved regulatory domain. Extracellular stimuli are sensed by, and serve to modulate 

the activities of the HK. The HK transfers a phosphoryl group to the RR, in a reaction 

catalysed by the RR. Phosphotransfer to the RR results in activation of a downstream 

effector domain that elicits the specific response (Figure 1M). 

Sensor 	 Kinase 	 Regulatory 	 Effector 
Domain 	 Core 	 Domain 	 Domain 

P 	phosphotransfer 

L 	 

1,7  
N-G1-His-F-G2 Asp 

ATP ADP 

Histidine Kinase 	 Response Regulator 

Figure 1M. The prototypical two component signal transduction system (see text for details). 

Two-component systems are found in organisms of all domains: eubacteria, 

archaea and eukaryotes. However, their abundance in each domain differs substantially. In 

E. coli there are 30 HKs (5 of which are hybrid HKs, which contain a RR domain — see 

later) and 32 RRs (Mizuno et al., 1996). However, the number of two-component system 

proteins differs greatly in different bacteria, ranging from 0 in Mycoplasma genitalium to 

80 in Synechocystis sp., in which these proteins account for —2.5% of the genome (Mizuno 

et al., 1996). Preliminary analyses of other completed bacterial genomes have estimated 

the numbers of two-component proteins to be as follows: 70 in B. subtilis (Fabret et al., 

1999); 9 in Haemophilus influenzae (Fabret et al., 1999); 11 in Helicobacter pylori 

(Mizuno, 1998), and 19 in Thermotoga maritima (Nelson et al., 1999). Similar analyses of 

two archaea have estimated 24 two component proteins in Methanobacterium 

thermoautotrophium, and 0 in Methanococcus jannaschii (Mizuno, 1998). Only a limited 

number of two-component proteins have been found in eukaryotes. In the genome of the 

budding yeast S. cerevisiae, there is only one phosphorelay system involved in 

osmoregulation (Maeda et al., 1994). The fission yeast Schizosaccharomyces pombe 

contains an RR that regulates a stress-activated MAP kinase cascade (Shieh et al., 1997). 
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Two-component proteins are not only limited to eukaryotic microorganisms; they have 

also been fo'und in plants such as Arabidopsis thaliana (Chang et al., 1993). However, 

several features distinguish eukaryotic two-component systems from those of prokaryotes. 

Hybrid HKs that contain RR domains are rare in prokaryotes (5 of 30 in K coli), whereas 

eukaryotic HKs are almost exclusively hybrid HKs. Prokaryotic RRs are predominantly 

transcription factors (at least 25 of 32 in E. coli), whereas there is only one known 

eukaryotic RR with a DNA-binding domain (Brown et al., 1993). 

1.8.2 Structure and Function of HKs 

Both prokaryotic and eukaryotic HKs contain the same basic signalling 

components, namely a diverse sensing domain and a highly conserved kinase core that has 

a unique fold. The overall activity of the kinase domain is modulated by input signals from 

the sensing domain. HKs undergo an ATP-dependent autophosphorylation at a conserved 

His residue in the kinase core. Autophosphorylation is a bimolecular reaction between 

homodimers, in which one HK monomer catalyses the phosphorylation of the conserved 

His residue in the second monomer. The RR stoichiometrically transfers the phosphoryl 

group from the phospho-HK to a conserved Asp residue in its own regulatory domain. 

Therefore, control in two-component pathways is accomplished through the ability of the 

HK to regulate the phosphorylation state of the downstream RR. Besides directing forward 

phosphorylation reaction, many HKs possess a phosphatase activity, enabling them to 

dephosphorylate their cognate RRs (Keener & Kustu, 1998). These bifunctional HKs are 

commonly present in phosphotransfer pathways that need to be shut down quickly. 

The kinase core of HKs is composed of a dimerisation domain and an ATP/ADP-

binding phosphotransfer or catalytic domain (Lau et al., 1997). There are five conserved 

amino acid motifs present in both eukaryotic and prokaryotic HKs (Stock et al., 1989). The 

conserved His substrate is the central feature in the H-box, whereas the N, Gl, F and G2 

boxes define the nucleotide binding cleft (Figure 1M). The H-box is part of the 

dimerisation domain. Sequence and structure analyses of HKs show that the nucleotide 

binding cleft is in a highly flexible region of the protein. This flexibility may reflect 
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conformational changes that accompany ATP binding. The amino terminally located 

sensing domains of HKs share little primary sequence similarity, thus supporting the idea 

that they have been designed for specific ligand/stimulus interactions. 

Most HKs, as exemplified by the E. coli osmosensor EnvZ, are periplasmic 

membrane receptors; EnvZ has two transmembrane regions that separate the protein into a 

periplasmic amino-terminal sensing domain and cytoplasmic carboxyl terminal catalytic 

domain that contains the kinase core. Other HKs, such as the S. meliloti FixL, contain 

multiple transmembrane segments (Lois et al., 1993). Not all HKs are membrane bound. 

The E. coli nitrogen regulatory protein NtrB (MacFarlane & Merrick, 1985) is an example 

of a soluble cytoplasmic HK. Soluble HKs, such as NtrB are regulated by intracelluar 

stimuli and/or interactions with cytoplasmic domains of other proteins. In transmembrane 

HKs, the sensing domain is connected to the cytoplasmic kinase core through a 

transmembrane helix and a cytoplasmic linker. Computational analyses of transmembrane 

HKs have suggested that this linker may adopt a coiled coil-like motif. It is proposed that 

the coiled-coils might be used as a structural relay, sensing conformational changes in the 

periplasmic region of the HK and communicating this signal to the kinase core (Singh et 

al., 1998). 

1.8.3 Structure and Function of RRs 

In most bacterial two-component signal transduction systems, RRs are the terminal 

component of the pathway, functioning as phosphorylation-activated switches to effect the 

adaptive response. The RR catalyses phosphoryl transfer from the phospho-His of the HK 

to a conserved aspartic acid residue in its own regulatory domain. Small molecules such as 

acetyl phosphate, carbamoyl phosphate, imidazole phosphate, and phosphoramidate can 

serve as phosphodonors to RRs, demonstrating that RR can catalyse phosphoryl transfer 

independently of assistance from an HK (Lukat et al., 1992). Most RRs also catalyse 

autodephosphorylation, limiting the lifetime of the activated state. Most RRs consist of two 

domains: a conserved amino terminal regulatory domain and a variable carboxyl terminal 

effector domain. The majority of bacterial RRs are transcription factors with DNA-binding 
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effector domains (25 out of 32 in E. coli). Some RRs lack the carboxyl terminal effector 

domain altogether. 

The single domain E. coli chemotaxis protein CheY has served as representative 

model for RR regulatory domains (Stock et al., 1990). The site of phosphorylation in CheY 

is D57. This residue lies adjacent to other acidic residues, D12 and D13 in CheY. Two 

other highly conserved residues, T87 and K109, complete the cluster of conserved residues 

surrounding the active site of the regulatory domain. The carboxylate side chains of the 

acidic cluster are involved in co-ordination of the Mg+2  that is required for phosphoryl 

transfer and dephosphorylation (Lukat et al., 1990). A majority of effector domains have 

DNA-binding activity and function to activate and/or repress transcription of specific 

genes. Detailed analyses of individual RRs have revealed a great deal of complexity in the 

functioning of these transcription factors, and therefore RRs are divided into three major 

subfamilies. The E. coli OmpR protein belongs to the largest subfamily of RRs, and 

functions as both an activator and repressor to regulate differentially the expression of the 

ompC and ompF genes that encode outer membrane porin proteins. Transcriptional 

activation by OmpR involves interaction with the a subunit of the RNAP. A second RR 

subfamily is represented by NarL, a transcription factor that both activates and represses 

genes involved in nitrate and nitrite metabolism (Iuchi & Lin, 1987). The most structurally 

and perhaps functionally complex RR subfamily is that represented by the nitrogen 

regulatory protein NtrC, a transcriptional enhancer that activates the RNAP holoenzyme 

containing the a54  subunit. The effector region of this subfamily consists of two domains: 

an ATPase domain and an HTH DNA binding domain (Morret & Segovia, 1993). NtrC 

dimers, capable of binding to DNA (Weiss et al., 1992), oligomerise into octamers upon 

phosphorylation (Wyman et al., 1997). Oligomerisation stimulates ATP hydrolysis (Austin 

& Dixon, 1992; Weiss et al., 1991), which provides energy for open complex formation 

and activation of transcription (Wedel & Kustu, 1995). The structure of the NtrC amino 

terminal domain and how it changes on phosphorylation are known, but the way in which 

phosphorylation controls the oligomerisation of NtrC is not fully understood. 

Oligomerisation is required for NtrC to hydrolyse ATP and activate the a54 holoenzyme, 

but not to bind ATP. 
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The regulatory domains of RRs are thought to exist in equilibrium between two 

conformation states, inactive and active. Phosphorylation of the regulatory domain shifts 

the equilibrium towards the active form. The different molecular surfaces displayed in the 

two forms can facilitate specific protein-protein (or possibly protein-DNA) interactions. In 

some cases, activation involves a relief of inhibition, as observed in RRs that can be 

activated by removing the amino terminal regulatory domain (Kahn & Ditta, 1991). In 

other cases, the phosphorylated regulatory domain plays an active role. Phosphorylation 

can promote dimerisation (Fiedler & Weiss, 1995), higher-order oligomerisation (Wyman 

et al., 1997), or interaction with other proteins (Blat & Eisenbach, 1994) or DNA (Aiba et 

al., 1989). Some proteins use a combination of these mechanisms (Anand et al., 1998). 

Recently determined structures of the phosphorylated regulatory domains of NtrC (Klose 

et al., 1993) and FixJ (Birck et al., 1999) show that phosphorylation causes long-range 

structural perturbations, altering the molecular surface of the regulatory domain. However, 

phosphorylation does not alter the overall fold or result in any substantial changes in 

secondary structure. Rather, the secondary structure elements are slightly repositioned, 

causing backbone deviations of only a few angstroms. These changes, however, 

dramatically affect the molecular surface, altering both topological and electrostatic 

features. The phosphorylation induced conformational change affects a large face of the 

regulatory domain, providing ample molecular surface to be exploited by multiple protein-

protein interactions. RRs that are members of the NtrC family also function as ATPases, 

thus providing energy for open complex formation and activation of transcription by the 

654 containing RNAP holoenzymes. Emerging data from our laboratory imply that the 

ATPase activity induces a conformation change in the effector domain of the RR that 

enables a 654-interacting domain within the latter to interact with the 654  subunit and 

thereby stimulate open complex formation (Chaney et al., in preparation). 

1.8.4 The NtrC-subfamily of RRs in E. coli : Activators of the .554 RNAP holoenzyme 

The 654-dependent family of prokaryotic transcriptional activators is unique in that 

a promoter utilising the 654  RNAP holoenzyme requires an activator capable of 
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hydrolysing ATP to promote RNAP isomerisation and open complex formation. 

Regulators of this family have a typical domain structure shown in Figure 1N. 

A 

NH COOH 

Signal Reception 	I Transcriptional Activation 	DNA 
Linker -  oligomerisation 

- nucleotide binding 
- 054  interaction 

Figure 1N. Domain organisation of a a54— dependent activator 

The central C-domain provides the ATP binding and hydrolysis activity and interacts with 

the o-54  RNAP holoenzyme (Figure 1N). This domain provides the essential transcriptional 

activation properties common to all the family and therefore exhibits the greatest 

conservation (Morett & Segovina, 1993). Sequence alignment of C-domains of am  

activators shows that the conserved residues lie in seven regions (C1 to C7). Region Cl is 

glycine rich and contains a conserved GESGTGK sequence known as Walker A domain 

and is implicated in mononucleotide binding (Walker et al., 1982). The lysine residue in 

the GESGTGK motif is suggested to be in close contact with the a-phosphoryl group of 

ATP (Fry et al., 1986). Region C3 (also known as Switch I region) contains a GAFTGA 

sequence that is conserved in many e-,54 activators and is suggested to be involved in 654  

RNAP holoenzyme interactions (Morett & Segovia, 1993). Region C4 (switch II) is 

glycine rich and is implicated in sensing the regulatory signal. In NtrC and DmpR (and 

ligand response regulator in Pseudomonas spp. — see later) mutations in this region lead to 

constitutively active proteins (Flashner et al., 1995; Shingler & Pavel, 1995). Region C6 is 

positively charged and rich in aromatics and prolines and region C7 has a core region of 

eight conserved amino acid residues, has been predicted to be involved in nucleotide 

binding and is probably involved in binding the nucleotide base (Weiss et al., 1991). 
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Figure 10. The central domain of 654  dependent activators (see text for details) 

The D-domain contains the DNA binding determinants and shows less homology 

among family members. It is involved in binding enhancer like sequences known as 

upstream activator sequences (UAS) located 100-200 base pairs upstream of the 

transcription start site. The UAS are composed of inverted repeats, which require 

positioning on the same face of the DNA helix to facilitate the oligomerisation of the 

activators (Wyman et al., 1997). The amino terminal A-domain has the greatest divergence 

in protein sequence and this is reflected in distinct activation mechanisms of the family, 

namely activation by phosphorylation, removal of inhibitory protein-protein contacts or 

direct binding of small effector molecules (reviewed in Shingler, 1996). The B-domain 

linker separates the A- and C- domains, and is assumed to be a flexible loop in NtrC and 

NifA (Wootton & Drummond, 1989). However, the function of a subset of the family is 

sensitive to mutations in the B-domain, suggesting its significance in their protein function 

(Perez-Martin & De Lorenzo, 1995). Recent mutational analysis of the B-domain in DmpR 

of Pseudomonas spp. showed that (i) the B-linker itself actively represses ATP hydrolysis, 

and (ii) that allosteric changes upon effector binding are transduced to alleviate both B-

linker repression of ATP hydrolysis and A-domain repression of transcriptional activation 

(Eric 0' Neill, Ph.D. thesis, Ronan 0' Toole, personal communication). The three 

mechanisms by which 654-dependent activators can sense signals and activate transcription 

in E. coli are briefly mentioned below, i.e. via phosphorylation, protein-protein contacts or 

direct effector activation. 

In E. coli, based on the genome sequence and prior genetic and physiological 

studies, there appear to be 11 transcription activator proteins which interact with the 654  
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RNAP holoenzyme to initiate transcription of genes of diverse physiological function 

(Table 1.4). At least three of these activator proteins (AtoC, HydG and NtrC) are RRs and 

belong to two-component signal transduction systems (Shingler, 1996 and references 

within). AtoC and HydG are both strongly similar to NtrC, in that they possess an amino 

terminal regulatory domain that can be phosphorylated by a HK partner and a 11TH DNA 

binding domain in their carboxyl terminus. In the case of NtrC, the membrane bound HK 

NtrB controls the level of phosphorylation at D54 in the A-domain of NtrC, in response to 

nitrogen limitation conditions. The gene sets which are activated by the hypothetical 

activators YfhA, YgaA and YgeV are, to date, not identified. However, comparison of 

their amino acid alignments with the other 654  activators show that these proteins contain 

an amino terminal regulatory domain (with a phosphorylation site) and a central domain 

which contains a nucleotide binding and o interacting domain (Appendix B). 

Fh1A, PspF, PrpR, RtcR and HyfR lack the amino terminal regulatory domain and 

thus do not have a cognate HK partner. An example of a protein-protein regulated 654-

dependent activator is PspF, the regulator of the phage shock proteins. This system is 

positively responsive to such signals as phage infection, heat shock and osmolarity. PspF 

promotes transcription of the pspABCDE operon in a constitutive manner as it completely 

lacks a regulatory A-domain (Jovanovic et al., 1996). However, negative control of the 

activator function is imparted by the product of the pspA gene, through binding and 

inhibition of PspF activity (Dworkin et al., 2000; Elderkin & Buck, unpublished data). The 

third group of 654  dependent activators have the ability to respond directly to their 

activating signal, that is, in the presence of specific ligands in the medium or cytoplasm, 

without the requirement for auxiliary sensory proteins. In E. soli, the formate-responsive 

FhlA protein represents this small ligand responsive subclass of a dependent activators 

(Hopper & Bock, 1995). In the absence of its effector molecule, the ATPase and 

transcriptional promoting activity of Fh1A is repressed by A/C-domain interactions. Upon 

binding to its effector by the A-domain, the A/C-domain interactions are broken and FhIA 

is free to hydrolyse ATP and activate transcription. Studies on the DmpR protein (which is 

another member of the ligand responsive subclass of 654  dependent activators) in 

Pseudomanas spp. showed that the action of binding of effectors can be mimicked by 
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deletion of the repressive A-domain, leading to a constitutively active effector-independent 

derivative (0' Neill et al., 1998). 

Response Regulator Gene Set(s) Activated Histidine Kinase 
AtoC acetoacetate metabolism AtoS 
HydG hydrogenase activity HydS 
NtrC nitrogen assimilation NtrB 
Fh1A carbon fermentation not applicable 
PspF phage shock response not applicable 
PrpR propionate catabolism not applicable 
RtcR putative rtcAB genes not applicable 
HyfR hydrogenase 4 structural 

genes 
not applicable 

YfhA not known putative 
YgaA not known putative 
YgeV not known putative 

Table 1.4. am  dependent E. coli transcription activator proteins. Shown in red are response 
regulators that belong to two component signal transduction systems, in black are putative two 
component members, and in green are activator proteins that do not belong too the two component 
signal transduction systems (see text for details). 

1.8 Objectives 

The domain organisation and specific DNA binding of a54  and its role in 

transcription initiation upon activation in response to environmental cues are clearly 

complex and do not obviously closely resemble the conventional bacterial gene expression 

and regulatory mechanisms. The general aim of my research was to provide functional and 

structural information on a54  in a structural framework that will enhance our understanding 

of how different et parts orchestrate the regulation of gene expression. 

Initially, two core RNAP binding fragments of 654  (residues 70-324 and 1-306) 

were used to assess the suitability of a cysteine tethered iron chelate methodology 

(FeBABE methodology) (reviewed in Ishihama, 2000c) to study the protein-protein and 

protein-DNA interactions that occur in 654  dependent transcription.. The promising results 

of this initial study prompted us to make single cysteine mutants of o at strategic 
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positions in Regions I and III of o. The FeBABE derived 654  proteins were used as 

chemical proteases and nucleases to elucidate the core RNAP and promoter DNA binding 

interface of 654, respectively. 

A am  protein FeBABE modified at residue R383 in the HTH motif failed to show 

any proximity to promoter DNA and core RNAP, even though previous genetic studies 

implicated R383 as having a role in recognising the G of the consensus GC element at the 

—12 promoter element (Merrick & Chambers, 1992). We made the R383A and R383K 

mutants to biochemically characterise the role of residue R383 in am  function in vitro. 

Casaz & Buck (1997) showed that am  undergoes specific alterations in protease 

sensitivity at different steps on the pathway leading from free o to one engaged in a 

transcription complex. We mutated surface exposed residues in Region III of 654  that were 

protected from protease attack by the core RNAP in the holoenzyme or by promoter DNA 

in the closed complex to alanine and glycine in order to seek a correlation between the 

protein footprinting and the functional importance of the amino acids. The in vivo and in 

vitro activities of these mutant 654  proteins were studied in an attempt to identify 

potentially significant residues for FeBABE footprinting work. 

Finally, small-angle X-ray Scattering (SAXS) was used to evaluate the envelope 

shape and tertiary domain organisation of am. We used SAXS measurements on am  

fragments comprising residues 70-324, 1-306, 117-477 and the full-length protein 1-477 to 

yield low resolution structural information on 654. The availability of structural 

information on the tertiary domain organisation of c provided us with a valuable tool for 

interpreting FeBABE footprinting data. 

The data presented in the remainder of this thesis involving the FeBABE 

methodology and SAXS were results of collaborative efforts with Professor Akira 

Ishihama at the National Institute of Genetics (NIG) at Mishima, Japan and Dr Dimitri 

Svergun from the Non-Crystalline Structure (NCS) outstation of the European Molecular 

Biology Laboratory (EMBL) in Hamburg, Germany, respectively, over the past three 

years. All FeBABE work on the core RNAP was done at the NIG in Japan and the SAXS 
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studies on 654  were conducted at the EMBL Outstation in Germany using the synchrotron 

radiation facilities of the Deutsches Elektronen Synchrotron (DESY). 
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CHAPTER TWO 

Materials and Methods 

2.1 Working Conditions and Materials 

A facemask was worn when weighing out hazardous solids or dispensing toxic or 

volatile liquids. Exposure to ultraviolet radiation was minimised by wearing a full-face 

visor in conjunction with a laboratory coat and gloves. All waste materials and media were 

autoclaved prior to disposal in accordance with Imperial College Safety Regulations. Strict 

sterile techniques were practised when handling bacterial cultures and during all 

experimental work. 

Radioactive isotopes were handled behind a perspex screen wearing disposable 

gloves in conjunction with a laboratory coat and safety goggles; working areas were 

monitored with a hand-held Geiger-Mtiller counter. Personal exposure to radioactivity was 

monitored by a film-badge, which was developed and checked every three months. All 

radioactive waste was disposed and handled in accordance with Imperial College Safety 

Regulations. 

2.2 General Materials 

2.2.1 Composition of Growth Media and Growth Conditions 

All bacterial growth media were autoclaved for 20 minutes at 120°C for 

sterilisation. The types of media used and their composition per litre are shown in Table 

2.1. 
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Medium Composition Application 

Luria-Bertani (LB) 
Medium (Miller 1972) 

lOg tryptone, 5g yeast 
extract, 5g NaCI, adjust 
pH to 7.3 with 1M NaOH 

General 

Luria-Bertani Agar (LA) 
(Miller 1972) 

lOg tryptone, 5g yeast 
extract, 5g NaCI, 15g 
agar, adjust pH to 7.3 

with 1M NaOH 

General 

2xYT Medium 
16g tryptone, lOg yeast 

extract, lOg NaCI, 
adjust pH to 7.3 with 1M 

NaOH 

Protein Overexpression 

Table 2.1. Composition of bacterial growth media per litre 

The sterilised media were supplemented with appropriate antibiotics and nutritional 

supplements to select for the bacterial strain/plasmid of interest. Detailed information on 

the antibiotics is summarised in Table 2.2. All inoculated agar plates and liquid media, 

unless otherwise stated, were incubated in a 37°C incubator or a shaking incubator rotating 

at 200rpm, respectively, unless otherwise stated. 

Antibiotic Preparation of 
Stock 

Final 
Concentration 

Storage 

Ampicillin 
200mg in sterile 
water to make a 

stock at 
200mg/m1 

200pg/m1 
filter sterilised 

and at —20°C in 
1 ml aliquots 

Kanamycin 
50mg in sterile 
water to make a 
stock at 50mg/m1 

50pg/m1 
filter sterilised 

and at —20°C in 
1 ml aliquots 

Chloramphenicol 50mg in methanol 
to make a stock 

at 50mg/m1 
50pg/m1 room temperature 

Nalidixic acid 5mg in sterile 
water to make a 
stock at 5mg/m1; 
adjust pH to 11 
with 1M NaOH 

15pg/nnl 
filter sterilised 

and at —20°C in 
1 ml aliquots 

Table 2.2. Preparation of antibiotics 
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2.2.2 General Laboratory Reagents and Solutions 

• 24:1 : 24 parts of chloroform to 1 part of isoamyl alcohol. 

• Laemmli Buffer x10: for 2L, 60g of Tris base, 280g of glycine and 20g of SDS. 

• PAGE Solution 2 : 1.5M Tris-HC1, pH 8.8, 0.3% (w/v) SDS. 

• PAGE Solution 3 : 0.5M Tris-HC1, pH 6.8, 0.3% (w/v) SDS. 

• Phenol : 100g phenol, 125m1 distilled water, 8-hydroxyquinoline to mop up free 

radicals. 

• Phosphate buffered saline (PBS) x10: 80g NaC1, 2g KC1, 11.5g Na2HPO4•7H2O, 2g 

KH2PO4. Add water to 1 litre. 

• STA Buffer xl : 25mM Tris-acetate, 8mM magnesium acetate, 10mM KC1, 1mM 

dithiothreitol (DTT), 3.5% (w/v) polyethyleneglycol (PEG), pH 8.0. 

• TBE Buffer x10: 108g Tris base, 55g boric acid, 40m1 0.5M EDTA, pH 8.0. Add 

water to 1 litre. 

• TE Buffer, pH 7.4, 7.5 or 8.0 : 10mM Tris-Cl at pH 7.4, 7.5 or 8.0, 1mM EDTA at pH 

8.0. 

• Tris-Cl (trishydroxymethylaminomethane) 1M : dissolve 121g Tris base in 800m1 of 

water. Adjust pH to desired value with concentrated HCl. Mix and make up to 1 litre 

with water. 

• Tris-Glycine Buffer x10 : 30.3g of Tris and 150g of glycine. Add water to 1 litre. pH 

8.6. 

2.2.3 Bacterial Strains and Plasmid Constructs 

All bacterial strains used for cloning, protein expression and in vivo activity assays 

are listed in detail in Table 2.3. The plasmid constructs used in this work are summarised 

in Table 2.4. 
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Strain Genotype Application Reference 

E. co/i B834(DE3) F ompT hsdSB(r-Bin-B) 
gal dcm met (DE3) 

General 
Expression' 

Host 
Novagen 

E. coli BL21(DE3) 
pLysS 

F ompT hsdSB(r-Bin-E) 
gal dcm (DE3) pLysS 

High 
Stringency2  
Expression 

Host 

Novagen 

E. coli JM109 

endA1 recA1 gyrA96 
thi hsdR17 (r-K m+K) 
relA1 supE44 A(lac- 

proAB) [F'traD36 
proAB lacicIZAM15] 

Cloning Promega 

E. coli XL2B 

recA1 endA1 gyrA96 
thi-1 hsdR17 supE44 

relA1 lac [FproAB 
lacrIZAM/5Tn 10(Tetr) 

Amy Camr] 

Mutagenesis Stratagene 

E. coli TH1 
ArpoN2518 endAl thi-1 

hsdR17 supE44 
dlacU169 

in vivo activity 
assay 

Oguiza & Buck, 
1997 

K. pneumoniae 
UNF2792 

hisD2 drpoN71::kan, 
recA56, sb1300::Tn10 

in vivo activity 
assay 

Coppard & 
Merrick, 1991 

1 Expression means that the strain is a XDE3 lysogen, i.e. i carries the gene for T7 RNA Polymerase under 
lacUV5 control. It is therefore suited to expression from T7 promoters. 
2 High-stringency means that the strain carries pLysS, a pET-compatible (see later) plasmid that produces T7 
lysozyme, thereby reducing basal expression of target genes. Even greater stringency is provided by pLysE 
hosts. 

Table 2.3. Host strains used in this work 
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Plasmid Background Application Antibiotic 
Resistance 

Reference 

pMTHa pET28b+ - wild-type 654  
overexpression' 
- template for 
mutagenesis 

Km Gallegos & 
Buck, 1999 

pMJ15 pQE-32 PspFAHTH 
overexpression 

Amp Jovanovic et 
al., 1996 

pMTH 1-306 pET28b+ 
overexpression 
of the 1-306aa 
654 fragment 

Km 
Gallegos & 
Buck, 1999 

pMB7.7:760 pET28b+ 
overexpression 
of the 70-324aa 

a-54  fragment 
Km 

Missailidis et 
al., 1997 

pSRW117-477 pET28b+ 
overexpression of 

the 117-477aa 
am  fragment 

Km This Work 

pSRW36 pET28b+ 
overexpression 
of 654  mutant 

Cys36 
Km This Work 

pSRW346 pET28b+ 
overexpression 
of 654  mutant 

Cys198 
Km This Work 

pSRW336 pET28b+ 
overexpression 
of 654  mutant 

Cys336 
Km This Work 

pSRW198 pET28b+ 
overexpression 
of 654  mutant 

Cys346 
Km This Work 

pSRW383 pET28b+ 
overexpression 
of 654  mutant 

Cys383 
Km This Work 

pSRWCys(-) pET28b+ 
- Cys(-) mutant 
overexpression 
- template for 
mutagenesis 

Km This Work 

pSRWR383A pET28b+ 
overexpression 
of am  mutant 

R383A 
Km This Work 

pSRWR383K pET28b+ 
overexpression 
of am  mutant 

R383K 
Km This Work 
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Plasmid Background Application Antibiotic 
Resistance 

Reference 

pSRWE36G(83) pMM832  
rpoN with 

E36G 
mutation 

Cm This Work 

pSRWF318A(83) pMM83 
rpoN with F318A 

mutation Cm This Work 

pSRWE325G(83) pMM83 
rpoN with 

E325G mutation Cm This Work 

pSRWE410A(83) pMM83 
rpoN with E410A 

mutation Cm This Work 

pSRWE414A(83) pMM83 
rpoN with E414A 

mutation Cm This Work 

pSRWE431A(83) pMM83 
rpoN with E431A 

mutation Cm This Work 

pSRWDM(83) pMM83 
rpoN with 

EE410/414AA 
mutation 

Cm This Work 

pMM83 pHSG575 
rpoN template 

for mutagenesis Cm 
Merrick & 
Gibbins, 

1985 

pSRWE36G pET28b+ 
overexpression 

of 654  mutant 
E36G 

Km This Work 

pSRWF318A pET28b+ 
overexpression 

of 654  mutant 
F318A 

Km This Work 

pSRWE325G pET28b+ 
overexpression 

of am mutant 
E325G 

Km This Work 

pSRWE410A pET28b+ 
overexpression 
of 654  mutant 

E410A 
Km This Work 

pSRWE414A pET28b+ 
overexpression 
of 654  mutant 

E414A 
Km This Work 

pSRWE431A pET28b+ 
overexpression 

of 0.54  mutant 
E431A 

Km This Work 

pSRWDM pET28b+ 
overexpression 
of a54  mutant 
EE410/414AA 

Km This Work 

Overexpression means that the proteins were expressed as amino-terminal 6His-tagged proteins (see later, 
section 2.2). 2  pMM83 is a low copy number plasmid harbouring the K. pneumoniae rpoN gene 

Table 2.4. Plasmid constructs used in this work 
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2.3 General DNA Methods 

2.3.1 Preparation and Purification of Plasmid DNA 

Plasmid DNA for manipulation and analysis was obtained using the alkaline lysis 

method. Typically, a 5-50m1 (depending on plasmid copy number) culture is grown to 

saturation, cells are pelleted and the supernatant discarded. The pellet from a 50m1 culture 

is then resuspended in 2m1 of cold GTE buffer (50mM glucose, 25mM Tris-HC1, 10mM 

EDTA, pH 8.0) and left at room temperature for 10mins. 4m1 of cold lysis buffer (0.2M 

NaOH, l%(w/v) SDS) is added, mixed gently and incubated on ice for 5mins to lyse the 

cells. Then, 3m1 of 5M potassium acetate at pH 5.5 is added, mixed by vortexing for 5-

lOsecs and stored on ice for at least 10mins before being centrifuged at 15000g for 10mins. 

The supernatant is transferred to a fresh tube and 101.tg of DNase-free RNase A is added to 

the supernatant and incubated at room temperature for at least 5 minutes. The supernatant 

is then phenol/24:1 extracted and precipitated by adding 0.25 volumes of cold 10M 

ammonium acetate and 2.5 volumes of cold 100% ethanol and stored at —80°C for 1 hour. 

The supernatant is centrifuged at 15000g for 10mins. Following centrifugation, the 

supernatant is discarded and the pellet washed with 80% ethanol, re-centrifuged at 15000g 

for 10mins and air-dried. The dried pellet is resuspended in 0.25-1ml of TE buffer to 

obtain the desired concentration of plasmid DNA. The concentration is determined by 

running 1-5111 of plasmid DNA preparation on an agarose gel alongside a known 

concentration of marker DNA and by spectrophotometrically at absorbance (A) 260nm. 

The concentration of double-stranded DNA is calculated as follows: 

[dsDNA] = A260 x dilution factor x 50 = pg/ml. 

High quality plasmid DNA for site-directed mutagenesis and sequencing was 

prepared using QIAGEN anion exchange columns. The plasmid purification protocol is 

based on an alkaline lysis procedure, followed by binding of plasmid DNA to the anion 

exchange resin under appropriate low salt and pH conditions. RNA, proteins and other low 

molecular weight impurities are removed by a medium salt wash. Plasmid DNA is eluted 

from the columns using TE buffer (Qiagen Plasmid Purification Handbook). 
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2.3.2 Restriction Analysis of Plasmid DNA 

Restriction enzyme digestions were carried out in a total reaction volumes of 10-

50111. Typically, a reaction consisted of the plasmid DNA to be digested, the restriction 

enzyme(s) and the appropriate reaction buffer. All enzymes and buffers were purchased 

from New England Biolabs. The reaction was incubated at 37°C for 1-1.5 hours and was 

then analysed by agarose gel electrophoresis. Typically, 10µ1 of digest were mixed with 

2µ1 of x10 agarose loading dye (0.2M EDTA pH 8.3, 50% (v/v) glycerol, 0.05%(w/v) 

bromophenol blue). 

2.3.3 Agarose Gel Electrophoresis 

Solid agarose (BDH, Molecular Biology Grade) was added to xl TBE buffer at the 

desired concentration (w/v) as indicated in Table 2.5 and microwaved at medium power for 

5-10mins for the agarose to dissolve. The molten agarose was left on the bench for a few 

minutes to cool and poured into a gel-casting tray, where it was allowed to set prior to use. 

% (w/v) Agarose Optimum Resolution of DNA (kbp) 
0.8 12 to 0.8 

1 10 to 0.5 
1.5 3 to 0.7 
2 1 -0.1 

Table 2.5. Concentration of agarose gel to use for optimum resolution of DNA 

2.3.4 Isolation of DNA Fragments from Agarose Gel 

The DNA fragment(s) of interest was excised out of the agarose using a fine, clean, 

sharp blade, and excess agarose was removed carefully without disrupting the fragment. 

The fragment was placed in a Petri dish and stored at —80°C for at least 60mins. Using a 

clean and sharp blade, the solidified agarose fragment was chopped into very fine pieces, 

which are then placed in a 1.5m1 Eppendorf tube. 100111 of sterile distilled water and 100111 
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of buffer saturated phenol were added to the tube containing the chopped pieces, vortexed 

briefly for 1 Osecs, and frozen in liquid nitrogen for lmin. The tube is placed on the bench 

to thaw. Once thawed, the mixture is vortexed for 1 Osecs and microcentrifuged for 10mins 

at full-speed. The supernatant with the recovered DNA is transferred into a fresh 

Eppendorf tube, extracted with phenol/24:1, precipitated with 0.25 volumes of cold 10M 

ammonium acetate and 2.5 volumes of 100% ethanol and stored at —80°C for lhr. The 

supernatant is microcentrifuged at 15000g for 10mins. Following centrifugation, the 

supernatant is discarded and the pellet washed with 80% ethanol, re-microcentrifuged and 

the pellet air-dried. The pellet was resuspended in the appropriate volume of sterile 

distilled water to obtain the desired concentration of plasmid DNA. The concentration was 

determined by running 1-5µ1 of the plasmid DNA preparation on an agarose gel alongside 

a known concentration of marker DNA or by spectroscopy. 

2.3.5 DNA Ligation Reactions 

Ligation reactions were carried out in a 20111 reaction volume using 1 unit of T4 

DNA ligase (New England Biolabs), 1mM ATP, and T4 DNA ligase buffer (50mM Tris-

Cl, pH 7.8, 10mM MgC12, 1mM DTT). The reaction containing the insert fragment in 10 

fold molar excess over the vector fragment was heated at 65°C for 2-3 minutes and cooled 

on ice prior to adding the T4 DNA ligase. The reaction was then incubated at 4°C for 16-

24 hours. For transformation, half (100) of the ligation reaction was used with 150µ1 of 

competent cells. Positive transformants were screened by colony screening PCR (see 

below). 

2.3.6 Preparation of Competent Cells & Transformation 

The CaC12  method was used to prepare competent cells for transformation by heat-

shock. A primary culture was prepared by inoculating 10m1 of LB medium containing the 

appropriate antibiotics with a single colony of the appropriate strain, and grown at 37°C 

(shaking) to saturation. The primary culture was used to inoculate 100m1 of LB medium 
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containing with the appropriate antibiotics, which was then grown for 2-3 hours until it 

reached mid-log phase (0D600nm  of 0.5-0.6). At this point, the cells were harvested by 

centrifugation at 15000g for 10mins at 4°C. The supernatant was discarded and the cell 

pellet was resuspended in 10m1 of ice cold 50mM CaC12/15%(v/v) glycerol and left on ice 

for 30mins. The cells were then harvested by centrifugation at 15000g at 4°C. The cell 

pellet was resuspended in a 5m1 solution of 50mM CaC12/15%(v/v) glycerol. The cell 

suspension was stored as 100µ1 aliquots at —80°C. 

For transformation, typically 100µ1 of competent cells were mixed with 5-10µ1 of 

DNA (depending on concentration) and stored on ice for 30mins. The cells were then heat 

shocked by placing them in a 42°C water bath for 45secs and cooled on ice for a further 

2mins. Then lml of LB liquid medium was added to the cells and incubated at 37°C 

(shaking) for 1-2 hours before plating all the cells onto LB agar plates containing the 

appropriate antibiotics and/or growth supplement. The plates were incubated at 37°C for 

12-16 hours. 

2.3.7 Polymerase Chain Reaction (PCR) 

PCR reactions were performed using Taq polymerase (Promega). The standard 

reaction volume used was 500. Typically, a reaction mix consisted of 5µ1 of 10x Taq 

polymerase reaction buffer (20mM Tris-HC1, 100mM NaC1, 0.1mM EDTA, 1mM DTT, 

50% (v/v) glycerol, 1% (v/v) Triton, pH 8.0), 0.2mM of each dNTP, 500pmoles of forward 

and reverse primers, 2pmoles of template DNA, 2.5U of Taq polymerase and sterile 

distilled water to a final volume of 50µ1. Each amplification reaction was set up with a 

series of final MgC12  concentrations at 2mM, 4mM, 6mM and 8mM, to determine the 

optimal MgC12  concentration for that particular reaction. Each reaction was overlayed with 

50µ1 of mineral oil to prevent evaporation during temperature cycling. The PCR program 

had the following parameters: 30 cycles, denaturation at 94°C for 45secs, annealing at 50-

65°C (depending on primer melting temperature) for 30secs and extension at 72°C for 

lmin /kb of DNA to be amplified. The PCR product was checked by agarose gel 

electrophoresis. For cloning experiments, the PCR reaction was precipitated with 0.25 
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volumes of 10M ammonium acetate and 2.5 volumes of 100% ethanol at —80°C for 1 hr, 

then microcentrifuged at full speed for 20mins. Following microcentrifugation, the 

supernatant was discarded and the pellet was washed with 80% ethanol, microcentrifuged 

at 15000g for 10mins and the pellet air dried. The pellet was resuspended in the 

appropriate volume of TE buffer. 

Colony screening PCR was essentially done as described above. A single colony 

was picked from LB agar plates and inoculated into the PCR reaction buffer without the 

Taq polymerase. The reaction mixture was heated at 100°C for 5mins. Prior to temperature 

cycling, 2.5U of Taq polymerase were added and each reaction was overlayed with 501.11 of 

mineral oil. The PCR reaction was checked by agarose gel electrophoresis. 

2.3.8 Site-Directed Mutagenesis 

All mutant 654  proteins used in this work were made using a PCR based site-

directed mutagenesis method (developed by Stratagene GmbH) which employs two 

enzymes: (1) Pfu DNA polymerase — a DNA polymerase from the hyperthermophilic 

Archae Pyrococcus furiosus with a blend of a thermostable factor that has x12 lower error 

rate than conventional thermostable polymerases, e.g. the Taq DNA polymerase; and (2) 

Dpnl restriction endonuclease, which specifically digests methylated and hemimethylated 

DNA with the target sequence 5'Gm6ATC-3'. The basic procedure of this site-directed 

mutagenesis method is outlined in Figure 2.1. The protocol uses supercoiled, double 

stranded DNA as a template and requires two synthetic oligonucleotide primers containing 

the desired mutation. The mutagenic primers are complementary to each strand of the 

plasmid DNA and are extended during temperature cycling by the Pfu DNA polymerase. 

Following temperature cycling, the reaction mix (which will contain the in vivo methylated 

parental DNA and the in vitro synthesised mutated DNA) is treated with Dpnl, which will 

digest away the parental strand. 
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Digest Digest parental 
DNA template 

sense 

Transform the resulting 
annealed double-stranded 
nicked DNA molecules 

lkansform 

After transformation, 
X1.1-81ue E. colt cell 
repairs nicks in plasmid 

Ge 

Denature plasmid 
and anneal primers 
containing 
desired mutation 

Mutapenk pringuS 

Temperature cycle 
to extend and incorporate 
mutation primers resulting 
in nicked circular strands 

Mix 

Cycle 

Figure 2A. Site-directed mutagenesis methodology. Adapted from Stratagene's catalogue 1999. 
Note that E. coli XL2B cells were used in this work for transformation, instead of the indicated 
XL1B cells. 

The mutagenic oligonucleotide primers were synthesised and HPLC purified by 

Sigma Genosys. The parental plasmid DNA was prepared using Qiagen plasmid DNA 

preparation columns (see above) after growth in a dam+  E. coli background (plasmid DNA 

isolated from dam+  strains is methylated at the adenine base in the sequence 5'GATC-3', 

making it susceptible to digestion by Dpnl). Sample reactions for the mutagenesis PCR 

contained 5Ong of parental plasmid DNA, 125ng of each mutagenic oligonucleotide 

primer, 2.5mM of each dNTP, 51.11 of x10 reaction buffer, 2.5U of Pfu DNA polymerase 

and sterile distilled water to a final volume of 50µ1. Each reaction mix was overlayed with 

301.11 of mineral oil and subjected to PCR with cycling parameters as summarised below in 

Table 2.6. 
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Segment Cycles Temperature Time 
1 1 95°C 45 seconds 
2 25 95°C 30 seconds 

55°C 60 seconds 
68°C 2 mins / kbp 

plasmid size 
Table 2.6. Site-directed mutagenesis PCR parameters 

Following the PCR reaction, the mixtures were placed on ice for 2mins to cool. 

10U of DpnI restriction enzyme was directly added to each reaction below the mineral oil 

layer using a small, pointed pipette tip and mixed gently by pipetting the solution up and 

down several times. Each reaction was then incubated at 37°C for 2hrs to digest the 

parental (non-mutated) template DNA. Following incubation, 10µ1 of the reaction mix 

were used to transform competent E. coli XL2B cells. Positive transformants were selected 

for by plating the cells onto LB agar containing the appropriate antibiotics. The LB agar 

plates were incubated at 37°C for >16hrs. 

Single colonies were picked from the transformation plates and inoculated into 

10m1 of LB medium containing the appropriate antibiotics. The mutant plasmid DNA was 

isolated using the Qiagen plasmid preparation columns (see above) and the rpoN gene 

sequenced prior to further application. 

2.3.9 DNA Sequencing 

All DNA sequencing reactions were performed using the "ABI Prism Big Dye 

Terminator Cycle Sequencing Reaction Kit" (Perkin Elmer). This system uses a variation 

of the chain termination method developed by Sanger et al., 1997. The DNA to be 

sequenced acts as a template for the enzymatic synthesis of new DNA starting at a defined 

primer binding site. A mixture of both deoxynucleotides and fluorescent labelled 

dideoxynucleotides is used in the reaction, at concentrations which create a finite 

probability that a dideoxynucleotide will be incorporated at each position in the growing 

chain. Incorporation of a dideoxynucleotide blocks further chain elongation, resulting in a 

population of truncated fragments of varying lengths. The identity of the chain terminating 
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dideoxynucleotide is determined by separating the fragments by size on a denaturing high 

resolution polyacrylamide gel and using a laser to detect the fluorescent label at the end of 

the fragment. The sequence is subsequently specified by correlating the order of the bands 

on the gel with the dideoxynucleotide used to create each band. 

The sequencing reactions were all performed in the laboratory strictly following the 

manufacturer's instructions. The electrophoresis and laser detection were done at the 

Biomedical Sciences (BMS) Sequencing Service, Department of Molecular Pathology, 

Imperial College. 

2.4 General Protein Methods 

2.4.1 Protein Overexpression 

The Expression System 

The pET system. The pET28b+ (plasmid for expression by T7 DNA-dependent 

RNA polymerase) (Novagen) contains a T7 promoter region which is selectively (and 

with high specificity) recognised by the bacteriophage T7 DNA dependent RNA 

polymerase. The multiple cloning into which the target DNA can be inserted, is directly 

downstream of the T7 promoter. The pET28b+ plasmid has a KmR  gene which confers 

kanamycin resistance to the bacterial cell transformed with this plasmid, a feature which 

can be used to select transformed colonies of E. coli expression strains on agar plates 

containing kanamycin. The pET28b+ plasmids also contain a consecutive stretch of six 

histidine residues which are expressed at the amino terminal end of the target protein. This 

histidine sequence allows the target protein to be purified by metal chelating 

chromatography. Induction and overexpression of target protein from the pET28b+ 

plasmids occurs as follows: transcription from the lac promoter is controlled by the lac 

repressor, the product of the lad gene. In the absence of the inducer, lactose or IPTG, the 

lac repressor inhibits transcription from the lac promoter by binding to the operator site 
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and thereby preventing the proper binding of the RNA polymerase to the promoter region 

so that transcription of downstream genes does not occur. However, there is a low basal 

level of transcription of these genes, due to the equilibrium which exists between the 

bound and unbound repressor molecules, which causes the operator site not to be 

continuously occupied by the lac repressor. When the cell encounters lactose or IPTG, 

these will bind to and inhibit the binding of the lac repressor to the operator region. As a 

consequence, transcription of the downstream genes will increase many fold. In DE3 (see 

blow), the T7 DNA dependent RNA polymerase is under the control of the lacUV5 

promoter. The lacUV5 promoter contains a mutation in the consensus region of the lac 

promoter that increases promoter strength, and therefore has been used in place of the 

wild-type lac promoter in DE3. All E. coli strains used for protein overexpression are 

lysogenised with the bacteriophage DE3, which is a X derivative (see Table 2.3). In the 

presence of lactose or IPTG, high level expression of the T7 RNA polymerase 

consequently results in the expression of the target proteins from pET28b+ plasmids 

containing the target protein under the control of the T7 promoter. 

The pQE system. The pQE overexpression vector series (Qiagen) provides high 

level expression of target proteins containing a 6xHis affinity tag. It contains a 

promoter/operator element consisting of the E. coli T5 promoter and two lac operator 

sequences. When the lac repressor is present no expression of the target protein occurs. 

Target protein expression is rapidly induced by the addition of IPTG. A synthetic ribosome 

binding site encoded by this plasmid, RBSII, allows optimal mRNA recognition and 

binding during protein expression. Since the expression from the T5 promoter is extremely 

efficient, it must be controlled by the presence of high levels of lac repressor, which are 

provided by the pREP4 plasmid. The multiple copies of pREP4 present in this expression 

system ensure the presence of high levels of lac repressor and tight regulation of protein 

expression. The double operator system in the pQE vectors, in combination with the high 

levels of lac repressor provided by pREP4, permit strict control over the level of 

expression of the target protein. In principle, any E. coli strain containing both the 

expression (pQE) and the repressor (pREP4) plasmids can be used for the overproduction 
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of target proteins. pQE and pREP4 are selected for by kanamycin and ampicillin, 

respectively. 

The Expression Protocol 

The following protocol has been optimised to maximise recovery in the soluble 

fraction (>95%) of the overexpressed target protein, usually a 654  derivative. Colonies 

from freshly (overnight) transformed plates were used to inoculate 2xYT medium with the 

appropriate antibiotics to select for the transformants. Typically, 50 colonies were used to 

inoculate 1L of medium. The cells were pre-grown in a 37°C shaking incubator for 2-3 

hours until the culture reached mid-log phase (0D600nm= 0.5). The cells were shifted to a 

25°C shaking incubator and the culture was cooled to 25°C for 30mins. The cells were 

induced with 1mM of IPTG. Overexpression of the target protein was stopped after 2-3 

hours by adding frozen blocks of PBS buffer. The cells were harvested at 4°C by 

centrifugation at 10000g for 10mins. Following harvesting, the cells were resuspended in a 

lysis buffer solution (composition depending on purification method used — see below) 

containing a cocktail-tablet (1 tablet / 50m1 of lysis buffer solution) of protease inhibitors 

(Boehringer Mannheim) against proteases in pancreas extract (0.015mg/m1), pronase 

(0.0015mg/m1), thermolysin (0.0008mg/m1), chymotrypsin (0.0015mg/m1), trypsin 

(0.0002mg/ml) and papain (lmg/ml). The cells were lysed using a French press, which 

achieves cell lysis by placing the cell sample under high pressure (1400 kg/cm3) followed 

by a sudden release into atmospheric pressure. The rapid change in pressure causes the 

cells to burst. The lysate (L) was sampled before analysis by SDS polyacrylamide gel 

electrophoresis (PAGE) and centrifuged at 4°C for 45mins at 18000g. The supernatant (S1) 

was collected in a fresh tube and stored at 4°C. The pellet (P1) was resuspended in lysis 

buffer, sampled for SDS-PAGE analysis and centrifuged at 4°C for 45mins at 18000g. The 

resulting supernatant (S2) was collected in a fresh tube and stored at 4°C. The pellet (P2) 

was resuspended in lysis buffer and sampled for PAGE analysis. All samples were 

subjected to PAGE to determine whether the overexpressed protein was predominantly in 
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soluble form, i.e. in the soluble fractions Si and S2, or in inclusion bodies, i.e. in the 

insoluble fractions P1 and P2. 

2.4.2 SDS Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

All protein samples were checked and analysed by SDS-PAGE using the BioRad 

Mini-Protean II gel system. The percentage of gel chosen for SDS-PAGE analysis depends 

on its molecular weight of the protein of interest. Table 2.7 summarises the composition of 

the SDS gel: 

Component 5% 7.5% 10% 12.5% 15% 20% 
Acrylamide 1.7m1 2.5m1 3.25m1 4.1nnl 5.0m1 6.7m1 
Solution 2 2.7m1 2.5m1 2.5m1 2.5m1 2.5m1 2.5m1 

Water 5.7m1 5.0m1 4.2m1 3.4m1 2.5m1 0.8m1 
10% (w/v) 

APS 
100p1 100p1 100p1 100p1 100p1 100p1 

TEMED 10p1 10p1 10p1 101x1 10p1 10p1 

Component Volume to add 
Acrylamide 0.75m1 
Solution 3 1.25m1 

Water 3.0m1 
10% (w/v) APS 50p1 

TEMED 5p1 
Table 2.7. Compositions of the 2x SDS-PAGE separating gel (top table) and stacking gel (bottom 
table). 

In preparation for loading (5µ1) the protein samples onto the SDS-gel, the samples (10µ1) 

were mixed with 1 volume of x2 SDS sample buffer (Sigma), heated at 95°C for 5mins and 

microcentrifuged at full speed for 10mins. The gels were run at 200V in x 1 Laemmli 

running buffer and stained with Coomassie blue stain (minimum sensitivity: 3Ong protein). 
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2.4.3 Protein Purification 

All proteins purified for this work and the purification methodologies applied are 

listed in Table 2.8. A detailed description of each purification method is given below. 

Protein Plasmid Purification 
Step 1 

Purification 
Step 2 

Purification 
Step 3 

General 
H654  p MTH a Ni Hep - 

PepFAHTH pMJ19 Ni - - 

Chapter 3 
70-324 pMB7.7:760 Ni - - 
1-306 pMTH1-306 Ni - - 

Chapter 4&5 
Cys36 pSRW36 Ni - - 
Cys198 pSRW346 Ni - - 
Cys336 pSRW336 Ni - - 
Cys346 pSRW198 Ni - - 
Cys383 pSRW383 Ni - - 
Cys(-) pSRWCys(-) Ni - - 

Chapter 6 
R383A pSRWR383A Ni Hep MQ 
R383K pSRWR383K Ni Hep MQ 
NtrC pDW78 Ni - - 

Chapter 7 
E36G pSRWE36G Ni Hep - 
F318A pSRWF318A Ni Hep - 
E325G pSRWE325G Ni Hep 
E410A pSRWE410A Ni Hep - 
E414A pSRWE414A Ni Hep - 
E431A pSRWE431G Ni Hep - 

EE410/414AA pSRWDM Ni Hep 

Chapter 8 
70-324 pMB7.7:760 DEAE Ni MQ 
1-306 pMTH1-306 DEAE Ni MQ 

117-477 pSRW117-477 DEAE Ni MQ 
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Table 2.8 (previous page). List of proteins used in this work. DEAE means (diethylaminoethyl)-
Cellulose anion exchange chromatography; Hep means Heparin column affinity chromatography; 
Ni means Ni-column affinity chromatography; and MQ means Mono Q ion exchange 
chromatography (all column material were from Pharmacia). 

(Diethylaminoethyl)-Cellulose Anion Exchange (DEAE) Chromatography 

Principle. DEAE chromatography is an ion-exchange (IEX) chromatography 

method which separates biomolecules on the basis of charge characteristics. Charged 

groups on the surface of a protein interact with oppositely charged groups immobilised on 

the IEX medium (solid phase). The solid phase of an IEX packing consists of functional 

groups that have either a positive charge (anion exchange), used to separate negatively 

charged target molecules, or a negative charge (cation exchange), used to separate 

positively charged target molecules. IEX binding occurs when the salt concentration (ionic 

strength) of the mobile phase is reduced to the point that the ionic groups on the target 

molecule begin to serve as the counter ions for the charged groups on the solid phase. This 

causes the target molecules to bind to the surface. Elution of the bound target molecule 

takes place when the ionic strength of the mobile phase is increased. As this happens, the 

salt molecules (counter-ions) displace the bound target molecule back into the mobile 

phase. At the same time, salt molecules (co-ions) with the same charge as the mx medium 

(solid phase) bind to the charge groups of the target molecules, hence elution of the target 

molecule occurs. Thus, DEAE is an anionic IEX medium and elution of the target 

molecule occurs when the Cl-  ions (counter-ions) bind to DEAE, and Na+  ions (co-ions) 

bind to the target molecule. 

Protocol. For DEAE IEX chromatography the protein solution was buffer 

exchanged (by dialysis) into buffer ADEAE (20mM imidazole, 100mM NaC1, 1mM DTT, 

0.1mM EDTA, 5% (v/v) glycerol, pH 7, filter sterilised). DEAE IEX chromatography was 

usually the first purification step. Thus, the overexpressed cells were resuspended and 

lysed in buffer ADEAE•  The lysate was ammonium sulphate (in order to "salt out" 

(concentrate) the protein) and streptomycin sulphate precipitated (in order to remove 

nucleic acids by precipitation) to concentrate and remove contaminating proteins and 

nucleic acids, respectively. Following the precipitation steps the lysate was centrifuged at 
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18000g for 45mins at 4°C. The resulting pellet was resuspended in buffer ADEAE  and 

dialysed against buffer ADEAE to remove the ammonium/streptomycin sulphate, overnight 

at 4°C. The dialysate was centrifuged at 18000g for 45mins at 4°C and was loaded (at a 

flow rate of lml/min) onto a 150m1 DEAE column previously equilibrated with 5 column 

volumes (CV) of buffer ADEAE, 5CV of buffer BDEAE (same as buffer ADEAE, but with final 

concentration of 1M NaC1) and 10CV of buffer ADEAE. The flow-through (FT) was 

collected and the column was washed with 5CV of buffer ADEAE•  The washes were 

collected as 20m1 fraction. The protein was eluted with 800m1 linear gradient, 0.1-1M 

NaCl gradient in buffer ADEAE  at a rate of lml/min. Elution fractions of 5m1 were collected 

and analysed by SDS-PAGE for the presence of the target protein. 

Heparin Column Chromatography 

Principle. Immobilised heparin has two main modes of interaction with proteins. It 

can operate as an affinity ligand; or, as used here it can function as a high capacity cation 

exchanger, due to its anionic sulphate groups (solid phase). For the elution of bound target 

molecules a salt gradient is used, as described above for DEAF IEX chromatography. 

Protocol. For heparin chromatography the protein solution was buffer exchanged 

(dialysed) into dialysis buffer (10mM Tris-C1, 50mM NaCl, 0.1mM EDTA, 5% (v/v) 

glycerol, 1mM DTT, pH 8). The dialysate was centrifuged at 18000g for 45mins at 4°C 

and loaded (at a flow rate of lml/min) onto a 5m1 heparin column (Pharmacia) previously 

equilibrated with 5CV of buffer AHED (10mM Tris-C1, 50mM NaCI, 0.1mM EDTA, 5% 

(v/v) glycerol, 1mM DTT, 10mM MgC12  , pH 8), 5CV of buffer BHEP (same as buffer AHEP 

but with 1M NaCI), and 10CV of buffer AHEp. The FT was collected and the column was 

washed with 5-10CV of buffer AHED. The washes were collected as 5m1 fractions. The 

protein was eluted with an 80m1 linear gradient, 0.05-1M NaC1 in buffer AHEp at a rate of 

lml/min. Elution fractions of lml were collected and analysed by SDS-PAGE. 
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Mono Q IEX Chromatography 

Principle. Mono Q, like DEAE is an anionic IEX chromatography material. Mono 

Q is a strong anionic exchanger based on a beaded hydrophilic resin with a very narrow 

particle size distribution, designed for high resolution. A quaternary amine group, - 

CH2N+(CH3)3 , is attached to the resin which binds positively charged target molecules. 

The positively charged quaternary amine groups remain equally charged over the entire 

useful pH range of 3-11. As described above for DEAE chromatography, elution of the 

target molecule occurs when the Cl-  ions (counter-ions) bind to Mono Q matrix, and Na+  

ions (co-ions) bind to the target molecule, thereby displacing the target molecule from the 

Mono Q matrix. 

Protocol. For Mono Q chromatography the protein sample was buffer exchanged 

(by dialysis) into buffer AMQ (10mM Tris-C1, 50mM NaC1, 0.1mM EDTA, 5% (v/v) 

glycerol, 1mM DTT, pH 7, filter sterilised). The dialysate was centrifuged at 18000g for 

45mins at 4°C and loaded (at a flow rate of lml/min) onto a 5m1 Mono Q column 

(Pharmacia) previously equilibrated with 5CV of buffer AMQ, 5CV buffer BMQ (same as 

buffer AMQ, but with a final concentration of 1M NaCl), and 10CV of buffer AMQ. The FT 

was collected and the column was washed with 5CV of buffer AMQ. The washes were 

collected as 5m1 fractions. The protein was eluted with an 80m1 linear gradient, 0.05-1M 

NaCl gradient in buffer AMQ at a rate of lml/min. Elution fractions of 1-5ml were collected 

(depending on protein preparation) and analysed by SDS-PAGE. 

Metal Affinity Chromatography 

Principle. Proteins containing 6His affinity tags, located at either the amino or 

carboxyl terminus of the target protein, can bind to Ni-NTA (Ni-Nitrilotriacetic acid, 

QIAGEN) groups immobilised on a matrix. Binding of the 6His tag does not depend on the 

three-dimensional structure of the protein. Even when the 6His tag is not completely 

accessible it will bind as long as more than two histidine residues are available to interact 

with the nickel ion; in general, the smaller the number of accessible histidine residues, the 
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weaker the binding will be. Untagged proteins (other host proteins) that have histidine 

residues in close proximity on their surfaces will also bind to the Ni-NTA resin, but in 

most cases this interaction will be much weaker than the binding of the 6His tag. Any host 

protein that binds non-specifically to the Ni-NTA resin is washed away under relatively 

mild conditions that do not affect the binding of the 6His tagged target proteins. Elution of 

the target protein is achieved with an imidazole gradient chromatography. The imidazole 

ring is part of the structure of histidine. The imidazole rings in the histidine residues of the 

6His tagged proteins bind to the nickel ions immobilised by the NTA groups on the matrix. 

Imidazole itself can bind to the nickel ions and disrupt the binding of histidine residues to 

the Ni-NTA resin. At sufficiently high imidazole concentrations the 6His tagged target 

protein can no longer bind to the nickel ions and will dissociate from the Ni-NTA resin. 

Thus, elution of the 6His tagged target protein occurs. The Ni-NTA resin was packed into 

5-20m1 of chromatography column (Pharmacia) and the chromatography was done on a 

Fast Protein Liquid Chromatography (FPLC) machine (Pharmacia). 

Protocol. For the metal affinity chromatography the protein solution was buffer 

exchanged (by dialysis) into buffer AN! (20mM sodium phosphate, 0.5M NaC1 5% (v/v) 

glycerol, pH 7, filter sterilised). If the metal affinity chromatography was the first 

purification step, the overexpressed cells were resuspended and lysed in buffer ANI. The 

protein sample (dialysate / lysate) was loaded (at a flow rate of lmllmin) onto a 5-20m1 Ni 

column previously equilibrated with 5CV of buffer ANI, 5CV of buffer BNI (same as buffer 

AN!, but with final concentration of 1M imidazole) and 10CV of buffer ANI. The FT was 

collected and the column was washed with 5CV of 5% buffer BNI. The washes were 

collected as 5m1 fractions. The protein was eluted with a 40m1 imidazole gradient 

(5%-80% buffer BNI in ANI) at a flow rate of lmllmin. Elution fractions of 5m1 were 

collected and analysed by SDS-PAGE for the presence of the target protein. For the 

purification of NtrC, buffer ANT contained 50mM Tris-C1, 300mM NaC1, 20mM imidazole, 

10% (v/v) glycerol, pH 8), buffer BNI contained the same components as buffer Am but 

with 1M imidazole. 
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2.4.4 Protein Handling & Storage 

All purified 654  derivatives and PspFAHTH were buffer exchanged into storage 

buffer (10mM Tris-HC1, 50mM NaC1, 0.1mM EDTA, 1mM DTT, 50%(v/v) glycerol, pH 

7) at 4°C. Stock solutions were stored at —80°C; working solutions, at —20°C. PspFAHTH 

was stored at —80°C in 10µ1 aliquots. NtrC was stored in NtrC storage buffer (50mM Tris-

Cl, 300mM NaC1, 20mM imidazole, 10%(v/v) glycerol, pH 8) at —80°C in 100 aliquots. 

2.43 Measuring Protein Concentration by the Bradford Assay 

The Bradford assay for protein concentration determination is a rapid and reliable 

dye-based assay for determining protein content in solution. Prior to measuring the 

concentration of the target protein, a standard curve with samples of known protein 

concentration is prepared in parallel with the unknown samples. The standard curve is 

essential for the quantitative assessment of protein concentration. Bovine serum albumin 

(BSA) is the most commonly used standard protein. The absorbance values for a range of 

BSA concentrations (1.0µg/m1 to 1014/µ1) was used to generate the standard curve. 

2.5 In vivo Activity Assays 

23.1 Promoter Activation Assay ((3-galactosidase Assay) 

Activator constitutively expressed. In vivo promoter activation assays were done in 

E. coli TH1 containing the plasmid pMB221 (Table 2.9), which carries the p-galactosidase 

gene under the control of the K. pneumoniae nifH promoter and constitutively expresses K 

pneumoniae activator NifA. Plasmids harbouring mutant rpoN genes were transformed 

into E. coli TH1 cells containing the pMB221 plasmid. Three or four independent colonies 

were grown at 30°C in LB with antibiotics to an ()Dom= of 0.6-1.0. The cultures were then 

placed on ice for 10mins before lml was taken to measure cell density at 600nm. 50111 of 
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culture was added to 950µ1 of Z-buffer (for 1L: 16.1g Na2HPO4. 2H20, 5.5g NaH2PO4  • 

H2O, 0.75g KC1, 0.246g MgSO4  • 7H20, 2.7m1 (3-mercaptoethanol) to make a final volume 

of 1 ml for each reaction. The cells were lysed by adding 2 drops of chloroform and 1 drop 

of 0.1%(w/v) SDS solution and vortexing for lOsec. The reaction tubes were then placed in 

a 28°C water bath for 5mins before the reaction was started by adding 200µ1 of freshly 

prepared ONPG (o-Nitrophenyl (3-D-galactopyranoside) from a stock solution of 4mg/m1 

in Z-buffer to each tube, with vortexing for 1 sec. Once the solution had turned pale yellow, 

the time was noted and the reaction stopped by adding 500µ1 of 1M sodium carbonate 

solution. The absorbance at 420nm was measured. 13-galactosidase activity (in Miller units) 

was calculated using the following equation: 

Units of - galactosidase Activity = 1000 x OD420 

where, T = reaction time in minutes, V = volume of culture (ml) used in the reaction, and 

OD600  is that of the culture when sampled. 

Activator chromosomally expressed. Assays were done in K pneumoniae 

UNF2792 cells harbouring either pMB1 or pMB210 (Table 2.9), which carry the p-

galactosidase gene under the control of the K. pneumoniae nifH and S. meliloti nifH 

promoters, respectively. For activation, these promoters are dependent on the 

chromosomally expressed NifA protein which is induced under nitrogen limiting and 

anaerobic conditions. Compatible plasmids harbouring mutant rpoN genes were 

transformed into the K. pneumoniae UNF2792 cells containing the pMB1 or the pMB201 

plasmid. Three or four independent colonies were grown at 37°C in nutrient broth (NB) 

(15g in 1L H2O) overnight. 100µ1 of these cultures were used to inoculate 3mls of nitrogen 

free Nitrogen-Free Davis & Mingoli Medium (NFDM) (For 1L: 3.4g K2HPO4.3H20, 

12.05g KH2PO4  , 0.025g Na2MoO4  , 0.025g FeSO4•7H20, 7g glucose) and grown under 

anaerobic conditions for 18hrs. Chromosomal ntrC and nifA expression was activated by 

supplementing NFDM with 100µg/m1 of aspartic acid (and in control cultures repressed 

with 200µg/m1 of ammonium sulphate). Following this incubation period, the assay was 

conducted essentially as described above. 

Tx V x OD600  
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Plasmid Promoter Activation 
System 

Resistance Reference 

pMB1 K.p nifH Cx; NifA Ampicillin Cannon & 
Buck, 1989 

pMB210 S.m nifH Cx; NifA Tetracyclin Better et al., 
1985 

pMB221 K.p nifH Px; NifA 
Chloroamphenicol 

Cannon & 
Buck, 1992 

Table 2.9. Reporter plasmid system used for the in vivo il-galactosidase assays. Keys: K.p = K 
pneumoniae; S.m = S.meliloti; Cx = chromosomally expressed; Px = expressed constitutively from 
plasmid. 

2.5.2 Immunoblotting 

The in vivo stabilities of mutant 654 proteins were measured in E. coli TH1 or K. 

pneumoniae UNF2792 strains, which have a deletion of the chromosomal rpoN gene. 

Mutant plasmids were transformed into TH1 or UNF2792 cells and grown to late 

exponential phase (Op000nm - 1). Cells (1m1) were collected by centrifugation and 

resuspended in 60[11 of 10mM Tris-Cl, 0.1mM EDTA, pH 7.9. 10111 of concentrated cells 

were lysed with 10111 of 2 x SDS sample buffer, heated at 95°C and 6111 of each loaded. 

Proteins were separated on denaturing SDS 7.5% PAGE minigels and blotted onto PVDF 

membranes (BioRad) as follows: The gel, a similar sized piece of methanol soaked PVDF 

membrane and 6 gel sized pieces of 3MM Whatman filter paper were equilibrated in 

transfer buffer (25mM Tris-Cl, 190mM glycine, 20% (v/v) methanol, pH 8) for a few 

minutes. Three pieces of filter paper, the PVDF membrane, the gel and then three more 

layers of filter paper were assembled on the immunoblotter (BioRad). The immunoblot 

was run for 30mins at 10V. The membrane was blocked with 5%(w/v) dry milk powder 

solution (in water) for lhr. Following this, the membrane was incubated with anti-654  

antibodies (Jishage et al., 1996) (diluted 1:3000 in 5% (w/v) dry milk powder solution) for 

lhr, then the membrane was washed in Tween buffer (for 1L: 3g Tris, 8g NaC1, 0.2g KC1, 

1% (v/v) Tween-20) for 2 x 15mins. The washed membrane was then incubated with anti-

rabbit alkaline phosphate conjugated antibodies (Promega) (diluted 1:7500 in 5% dry milk 

powder solution). The membrane was then washed in Tween buffer for 2 x 15mins and 

developed with 10m1 of developing buffer (100mM Tris-HCI, 100mM NaCl, pH 9.5) 
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containing 100µ1 of NBT (nitro blue tetrazolium) and 50111 of BOP (5-bromo-4-chloro-3-

indolyl-phosphate) (both from Promega). The phosphatase reaction was stopped by 

washing the membrane with sterile distilled water. The membrane was then air dried. 

2.6 In Vitro Activity Assays 

2.6.1 Core RNAP Binding Assays 

Native gel holoenzyme assembly assays were used to detect complexes forming 

between core RNAP and 654  based on the different mobility of free core RNAP versus 

holoenzyme. Reactions were done in Tris-NaC1 buffer (40mM Tris-HC1, 0.1mM EDTA, 

1mM DTT, 100mM NaC1, 10% (v/v), pH 8). E. coli core RNAP (Epicentre Technologies) 

(250nM) and different amounts of a proteins / fragments were mixed together and 

incubated at 30°C for 10mins in a total reaction volume of 10µ1. The reactions were 

stopped by the addition of 2µ1 x5 native loading dye (STA buffer with 50% glycerol and 

0.05%(w/v) bromophenol blue). Samples were loaded onto native 4.5% polyacrylamide 

Bio-Rad Mini-Protean II gels and run at 50V for 2hrs at room temperature in x 1 Tris-

glycine buffer. Complexes were visualised by Coomassie blue staining. 

2.6.2 DNA Binding Assays 

DNA homoduplex & heteroduplex formation: 32P end-labelled double-stranded 

homoduplex or mismatched heteroduplex DNA fragments consisting of the —60 to +28 S. 

meliloti nifH promoter sequence (unless otherwise stated) were used as templates for the 

gel mobility shift assays (see below). Complementary (for homoduplex) or non-template 

strand mismatched double stranded S. meliloti nifH promoter sequences (unless otherwise 

stated) were prepared by annealing of 5' 32P end-labelled and unlabelled oligonucleotides. 

Size purified oligonucleotides (supplied from Sigma Genosys) were labelled with [y-
32P]ATP and T4 polynucleotide kinase by the standard protocol. For preparing labelled 
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duplex, pairs of DNA strands with the unlabeled strand present at a twofold molar excess 

(10pmoles in 20µ1) were heated at 95°C for 3mins in TM buffer (10mM Tris-HC1, 10mM 

MgC12, pH 8) and then chilled rapidly in iced water for 5mins to allow duplex formation. 

The DNA duplex was then stored at —20°C. 

Gel mobility shift assays: The 10111 binding reactions contained 16nM DNA, and 

either 100nM holoenzyme (core RNAP:654  1:2) (unless otherwise stated) or 11..tM 654  

(unless otherwise stated) in STA buffer, and were incubated at 30°C for lOmins. Free DNA 

was separated from holoenzyme/654  bound DNA on 4.5% polyacrylamide gels run in xl 

Tris-glycine buffer. For heparin stability assays, heparin (100µg/m1) was added for 5mins 

prior to gel loading. The gel was run at 60V for 80mins and complexes were visualised and 

quantified by phosphoimager analysis or autoradiography. 

2.6.3 Holoenzyme Stability Assays on Heteroduplex DNA 

A gel mobility shift assay (as described above) was used for holoenzyme stability 

assays on heteroduplex DNA. Typical reactions consisted of 100nM holoenzyme (core 

RNAP:4354  1:2) and 16nM of 32P end-labelled heteroduplex DNA in STA buffer. 

Holoenzyme and DNA were pre-incubated at 30°C for lOmins and, then, if necessary, 

nucleotide and activator were added for lOmins followed by a glycerol bromophenol blue 

loading dye (final concentration 10% (v/v) glycerol) and, if required, heparin (at 

100µg/ml), for 5mins prior loading. Then, samples were loaded on 4.5% native gels and 

run at 60V for 80mins at room temperature in xl Tris-glycine buffer. Free DNA and 

proteins from protein-DNA complexes were detected by autoradiography and quantified by 

phosphoimager analysis. 

2.6.4 Sigma — Isomerisation Assays 

Typically, 32P end-labelled S. meliloti nifH heteroduplex promoter DNA fragment 

containing a non template strand mismatch at positions —12 and —11 (respective to the 

transcription start site) was used as a template for the sigma isomerisation assays (unless 
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otherwise stated). am  (at 1µM) and DNA were pre-incubated at 30°C for 10mins. 

Hydrolysable nucleotide (at 4mM) and PspFAHTH (at 4µM) were added for 10mins 

followed by a glycerol bromophenol blue loading dye (final concentration 10% glycerol) 

and, if required, heparin (at 100µg/m1) for a further 5mins prior loading. The samples were 

loaded on 4.5% native gels and run at 60V for 80mins at room temperature in x 1 Tris-

glycine buffer. 654  bound to the —12 to —11 mismatched heteroduplex DNA responds to 

activator in a nucleotide hydrolysis-dependent reaction to form a new supershifted DNA 

complex with lower mobility than the initial 654-DNA complex (Cannon et al., 2000) Free 

DNA and DNA-654  and the supershifted 654-DNA complex were detected by 

autoradiography and quantified by phosphoimager analysis. 

2.6.5 Transcription Assays 

Activator dependent assays: The template for the transcription assays was the 

supercoiled plasmid pMKC28, which contains the S. meliloti nifH promoter, or one of the 

pFC50 series of plasmids containing the E. coli wild-type and mutant glnHp2 promoters 

(Chaney & Buck, 1999; Claverie-Martin & Magasanik, 1991). Transcription reactions 

(10µ1 final volume) were performed in STA buffer containing 100nM (unless otherwise 

stated) holoenzyme (core RNAP:a54  1:6), lOnM supercoiled plasmid template, 50µg/m1 

bovine serum albumin, 10 units of RNasin (Promega), 4mM ATP and 4µM PspFAHTH. 

The reactions were incubated for 15mins at 30°C to allow initiated complexes to form. The 

remaining NTPs (100nM), 3µCi of [a-32P]UTP and heparin (100µg/m1) were added and 

incubation continued for 15mins at 30°C. 411 of x3 formamide loading buffer (3mg xylene 

cyanol, 3mg bromophenol blue, 0.8m1 of 250mM EDTA in 10m1 of deionised formamide) 

were added and 7µ1 of the samples loaded onto denaturing 6% sequencing gels. The dried 

gel was analysed and transcripts were quantified by phosphoimager analysis. 

Activator independent assays: These were performed essentially as described above 

for activator dependent transcription, but in the absence of PspFAHTH activator protein. 

The S. meliloti nifH start sequence is GGG (+1 to +3, non-template strand) and the E. coli 
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glnHp2 start sequence is TGT (+1 to +3, non-template). To allow activator independent 

initiated complex formation the holoenzyme was incubated with 4mM GTP (when using S. 

meliloti nifH as the template) or with 4mM GTP, 0.1mM UTP and 0.1mM CTP (when 

using E. coli glnHp2 as the template) for 15mins at 30°C. The remaining nucleotides 

(100nM), 3µCi of [a-32P]UTP and heparin (100µg/m1) were added and incubation 

continued for 15mins at 30°C. 4111 of formamide loading buffer were added and 7111 of the 

samples loaded onto denaturing 6% sequencing gels (Chaney & Buck, 1999). The dried gel 

was analysed and transcripts were quantified by phosphoimager analysis. 

2.7 Chapters Three & Four Specific Methods 

2.7.1 Construction of Single Cysteine a54  Mutants 

Construction of Cys198 and Cys346: pMTHa (pET28b+) (Gallegos & Buck, 1999) 

containing the K pneumoniae rpoN gene as a 1.68kbp NdeI-HindIII fragment was used to 

make the Cys198 and Cys346 protein donor plasmids by site-directed mutagenesis, using 

the HPLC purified primers purchased from Sigma Genosys (see Appendix C for 

sequences) to remove the other naturally occurring Cys-codons by C198A and C346A 

mutagenesis, respectively. The presence of the C198A (pSRW346) or C346A (pSRW198) 

mutations was confirmed by sequencing the whole rpoN gene in the pET28b+ vector using 

T7 and T7T primers (see Appendix C for sequences). 

Construction of the Cys(-) protein: The Cys(-) mutant 654  protein, donor plasmid, 

pSRWCys(-) was made by a double ligation procedure. The NdeI-BamHl (770bp) and 

BamH1-HindIII (914bp) fragments containing the C198A and C346A mutations, 

respectively, were ligated. This ligation reaction was then digested with NdeI and HindIII 

for lhr and the restriction enzymes were heat inactivated. The 1.68kbp ligated product 

(NdeI-HindIII) was then ligated into a pET28b+ vector previously digested with NdeI and 

HindIII. The ligation products were transformed into E. coli JM109 cells. Positive 

transformants were identified by colony PCR and the presence of the 1.68kpb NdeI- 
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Hindill  fragment containing the C198A and C346A mutations was confirmed by DNA 

sequencing. 

Construction of Cys36, Cys336 and Cys383 protein donor plasmid mutations: The 

mutations were made by site directed mutagenesis using pSRWCys(-) as the template 

DNA and primers purchased from Sigma Genosys (see Appendix C for sequences) The 

presence of the E36C, R336C and R383C mutations, respectively, were confirmed by 

sequencing the whole rpoN gene in the pSRWCys(-) derivatives. 

2.7.2 Assay for Free Sulfhydryl Groups (CPM Test) 

A modified version of the method by Parvari et al., (1993) was used to 

fluorimetrically determine the presence of free sulfhydryl groups on am  single cysteine 

mutants. Briefly, P--Mercaptoethanol (BME) standard solutions were prepared in MOPS 

buffer (10mM MOPS (pH 8.0), 0.1mM EDTA, 50mM NaC1) at concentrations of 100, 50, 

20, 10, 5, 1, 0.5 and 0.104. The single cysteine mutant am  was exchanged into MOPS 

buffer by dialysis at 4°C and protein concentration was determined by Bradford assay. A 

15ptl aliquot of 0.4mM CPM (7-diethylamino-3-[4'-maleimidylphenyl-4-methylcoumarin) 

(Molecular Probes) in DMF (dimethylformamide) (BDH) was added to 15m1 of each 

standard and each protein sample. After 1 hour incubation at 37°C, the reaction was 

stopped by adding 3m1 of 1%(v/v) Triton X-100. The intensity of fluorescence emission 

was measured on lml samples, using a Perkin-Elmer 2000 fluorescence 

spectrophotometer. The excitation wavelength was 390nm, and the emission wavelength 

was 473nm. A negative control reaction was also conducted using the cysteine-free 654  

mutant. 

2.7.3 Conjugation of e Single Cysteine Mutants with FeBABE 

For conjugation with FeBABE [ (p-bromoacetamidobenzyl)-EDTA Fe] the am  

mutants/fragments were buffer exchanged into conjugation buffer (10mM MOPS, 0.2M 
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NaC1, 5% (v/v) glycerol, 2mM EDTA) by dialysis overnight at 4°C. Conjugation reactions 

were initiated by adding 10-fold molar excess of FeBABE (Dojindo Chemicals, Japan) to 

each 654  single cysteine mutant/fragment. After lhr incubation at 37°C, excess FeBABE 

was removed by overnight dialysis against storage buffer (10mM Tris-C1, 0.1mM EDTA, 

50mM NaC1, 50% (v/v) glycerol, pH 8). For conjugation with FeBABE under denaturing 

conditions, the protein was dialysed overnight at 4°C against conjugation buffer containing 

6M deionized urea and treated essentially as described above. Control reactions consisted 

of using the cysteine-free 654  for conjugation and carrying out the conjugation reaction 

with single cysteine 654  mutants in the absence of FeBABE (unconjugated samples). 

2.7.4 Estimation of FeBABE Conjugation Yield 

The conjugation yield is estimated fluorimetrically by the CPM test by comparing 

the fluorescence intensity of conjugated versus unconjugated samples relative to the BME 

standard curve. To calculate the yield, the fluorescence value is plugged into the linear 

equation (y=mx+c) (see below) obtained for the BME standard curve and the x-value is 

calculated. This x-value represents the reactive concentration of cysteine on the protein, i.e. 

[cys]. Dividing the [cys] by protein concentration, i.e. [cys]/[protein] will give the fraction 

ratio of free cysteine on the protein. For unconjugated samples, this number will be close 

to one. Clearly, the [cys] should be lower after FeBABE conjugation (presuming some 

conjugation was achieved) than for the unconjugated protein. But note that the reactive 

cysteine concentration of a protein is usually less than the actual concentration of the 

protein (due to thiol oxidation, protein structure etc.). The % conjugation yield is 

[cys]/[protein] unconjugated [CyS] /[prOte111]conjugatedX 1 00.  

2.7.5 Core RNAP cleavage by FeBABE modified 654  

The E. coli RNAP holoenzymes were prepared by incubating core RNAP with 

FeBABE modified 654  mutants/fragments (core RNAP:654  1:2) at 30°C for 10mins. in 

cleavage buffer (10mM MOPS, 10mM MgC12, 10% (v/v) glycerol, 200mM NaC1, 2mM 
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EDTA). Holoenzymes formed with the cysteine-free 654  (subjected to the FeBABE 

reagent) constituted the negative control reaction for the cleavage assays. Cleavage 

reactions were initiated by the rapid sequential addition of freshly prepared ascorbate 

(5mM final) and hydrogen peroxide (5mM final) and were allowed to proceed for 2mins at 

30°C. Reactions were stopped with x5 SDS sample buffer (62.5mM Tris-Cl, 2% (w/v) 

SDS, 5% (v/v) BME, 10% (v/v) glycerol, 25mM EDTA, 0.02% (w/v) bromophenol blue) 

and immediately frozen in liquid nitrogen and stored at —80°C. The cleaved fragments 

were separated on 7.5%, 12.5% and 15% SDS polyacrylamide gels, blotted and visualised 

by immunostaining with affinity purified subunit 13 and 13' N-terminus-specific antibodies 

(provided by Akira Ishihama) 

2.7.6 Assignment of Cleavage Sites on 13 or f3' Subunits 

The p and 13' subunits were cleaved at either cysteine or methionine residues using 

the sequence-specific chemical reagents NTCB (2-nitro-5-thiocyanobenzoate) and CNBr 

(cyanogen bromide), respectively. NTCB cleavage was performed as described previously 

(Jacobson et al., 1973). For the NTCB cleavage, core RNAP was buffer exchanged into 

unfolding buffer (0.1M MOPS, 8M urea, pH 8.5) and incubated for 10mins at 37°C. 

Cleavage was initiated by adding a 5-fold molar excess of NTCB (in 0.1M MOPS buffer) 

over total sulfhydryl groups in core RNAP. After overnight incubation at 37°C, the 

cleavage reactions were stopped with 2 volumes of x5 SDS sample buffer (125mM Tris-

CI, 4% (w/w) SDS, 20% (v/v) glycerol, 10% (v/v) BME, 0.004% (w/v) bromophenol blue) 

and analysed by SDS-PAGE and immunostaining with p and 13' N-terminus-specific 

antibodies. CNBr cleavage was performed essentially as in Grachev et al. (1989). Initially, 

core RNAP was brought to 10% SDS and incubated at 37°C for 30mins. For cleavage, 1M 

HC1 and 1M CNBr in acetonitrile were then added and incubated at room temperature for 

6hrs. The reaction was stopped with x5 SDS sample buffer and analysed as described 

above. The cleavage sites for each NTCB- and CNBr- generated fragment of p and 13' were 

assigned by using third-order polynomial fit of log molecular weight versus migration 
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distance on SDS-PAGE of a known set of marker fragments, and the known 13 and f31  

amino acid sequences. 

2.8 Chapter Five Specific Methods 

2.8.1 DNA Cleavage of the S. meliloti nifH Promoter DNA 

10111 654-DNA (either homoduplex, early or late melted DNA) binding reactions 

were conducted in cleavage buffer (40mM HEPES (pH 8.0), 10mM MgC12, 5% (v/v) 

glycerol, 0.1M KC1, and 0.1mM EDTA) with 20nM DNA and 204 am, and incubated for 

10 minutes at 30°C. For a54-isomerisation assays, 4mM dGTP (or where indicated, 

GTPyS) and 404 PspFAHTH were added for a further 10 minutes. Closed complexes were 

formed with 100nM holoenzyme (ratio 1:2, core RNAP to Fe-BABE modified a54). For 

open complex formation, 4mM dGTP (where indicated GTPyS) and 4µM PspFAHTH were 

added and incubated for a further 10 minutes. Following DNA-binding or activation, 

cleavage of promoter DNA carrying FeBABE modified 654  proteins or holoenzymes 

containing FeBABE modified a54  proteins was initiated by the rapid sequential addition of 

2mM sodium ascorbate (pH 7.0) and 1mM hydrogen peroxide. Reactions were allowed to 

proceed at 30°C for 10 minutes before quenching with 30111 stop buffer (0.1M thiourea and 

100µg/m1 sonicated salmon sperm DNA) and 80111 TE buffer. The stopped reactions were 

phenol:chloroform extracted, precipitated with ethanol and electrophoresed on 10% 

denaturing urea-polyacrylamide gels. The cleavage sites were determined by using 32P end-

labelled fragments of the S. meliloti nifH promoter DNA. 
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2.9 Chapter Six Specific Assays 

2.9.1 Construction of R383A and R383K cr54  Mutants 

These mutations were made by site directed mutagenesis using pMTHa (Gallegos 

& Buck, 1999) as the template DNA and primers purchased from Sigma Genosys (see 

Appendix C for sequences) The presence of the R383A and R383K mutations, 

respectively, were confirmed by sequencing the whole rpoN gene in the pMTHa 

derivatives using T7 and T7T primers (see Appendix C for sequences). 

2.9.2 Making E. coli glnHp2 Promoter Fragments by PCR 

The E. coli glnHp2 promoter fragments were obtained by PCR (denaturing: 96°C 

for 45s; annealing: 52°C for 45s; extension: 72°C for 30s; 30 cycles)) using pFC50 and 

pFC50-m12 (Claverie-Martin & Magasanik, 1991) as templates and the primers glnHp2-53 

and glnHp2-35 (see Appendix C for sequences). The promoter fragments were gel purified 

and end-labelled with 32P. 

2.9.3 In vitro Transcription Assay with NtrC 

These were conducted essentially as described in section 2.6.5, but using 100nM 

NtrC and 10mM carbamyl phosphate (for NtrC phosphorylation) for activation. 

2.10 Chapter Seven Specific Methods 

2.10.1 Construction of .54 Mutants for in vivo Work 

For in vivo promoter activation assays, the 654  mutantations E36G, F318A, E325G, 

E410A, E414A, E431A and EE410/414AA were made by site-directed mutagenesis using 
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pMM83 as a template. The sequences of primers used for making these 654  mutantions are 

given in Appendix C. pMM83 is a low copy number plasmid that contains a 1.98kbp 

fragment containing the K. pneumoniae rpoN gene under the control of its own promoter. 

pMM83 also contains the cat gene which confers resistance to chloramphenicol. Thus, 

pMM83 is a suitable vector for in vivo study of am  mutants in the K. pneumoniae 

UNF2792 background, which contains a kanamycin cassette inserted into the chromosomal 

rpoN gene, and thus is unsuitable for use with plasmid vectors which encode for 

kanamycin resistance, such as the pET family of vectors. The presence of the E36G, 

F318A, E325G, E410A, E414A, E431A and EE410/414AA mutations, respectively, were 

confirmed by sequencing the whole of the rpoN gene in the pMM83 derivatives using the 

primers MP64, N1780 and RpoN120 (see Appendix C for sequences). 

2.10.2 Construction of crs4  Mutants for in vitro Work 

For overexpression plasmids producing the am  mutants E36G, F318A, E325G, 

E410A, E414A, E431A and EE410/414AA were made by site-directed mutagenesis using 

pMTHa (Gallegos & Buck, 1999) as the template and primers as indicated above. The 

presence of the E36G, F318A, E325G, E410A, E414A, E431A and EE410/414AA 

mutations, respectively, were confirmed by sequencing the whole of the rpoN gene in 

pMM83 using the primers T7 and T7T (see Appendix C for sequences). 

2.11 Chapter Eight Specific Methods 

2.11.1 Construction of 117-477aa c Fragment-encoding Plasmid. 

To express the 117-477aa fragment as an N-terminal 6His-tagged fusion protein a 

NdeI site was introduced in the DNA encoding amino acid residue 116 by PCR 

mutagenesis, using pDJS14.22 (provided by D. Studholme, which contains the 117-477aa 

fragment has a BamH1-HindIII fragment in a non-expression vector) and primers 
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RpoN117 and T7T (see Appendix C for sequence). The PCR product was gel purified and 

digested with NdeI and HindIII.  The PCR fragment was then phenol:chloroform 

extracted, precipitated with ethanol and ligated into a pET28b+ vector previously digested 

with NdeI and HindIII to make pSRW117-477. The ligation products were then 

transformed into E. coli JM109 cells. Positive transformants were identified by colony 

PCR and the sequence of the His-tagged 117-477aa protein encoding region was confirmed 

by DNA sequencing prior to expression and purification. 

2.11.2 Small Angle X-ray Scattering (SAXS) Measurements 

For the SAXS measurements the protein samples were dialysed against a buffer 

solution containing 10mM Tris-Cl (pH 8), 5% glycerol, 75mM sodium thiocyanate at 4°C. 

For the measurements, protein concentrations ranging from 3-20mg/m1 were used (protein 

concentrations were determined by the Bradford assay). All measurements (at k=0.15nm) 

were done using the X33 camera of the EMBL on the storage ring DORIS III of the 

Deutsches Elektronen Synchrotron (DESY), Hamburg, Germany, essentially as described 

in Svergun et al., (2000). The sample solution was placed in a quartz cell of 100[11 volume, 

and the temperature was kept at 15°C by circulating water through the sample holder. The 

Q value (see Appendix D) was calibrated for forward scattering, I(0) using BSA as a 

standard. Scattering data for the Guinier plots and P(r) function were collected at separate, 

individual sample concentrations to increase the statistical value of the data. Analyses of 

the scattering data for shape determination by computer analysis were done by Dimitri 

Svergun and Michel Koch, essentially as described in Svergun et al., (2000). 
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CHAPTER THREE 

Tethered Footprinting as a Methodology for Studying the 
654

-core RNA Polymerase Interface 

3.1 Introduction 

The identification of protein-DNA, protein-RNA and protein-protein contact 

networks within the transcription apparatus is crucial for understanding the molecular 

events that occur in transcription and its regulation. Transcription initiation by am  involves 

multiple protein-protein (a54-core RNAP and a54-activator) and protein-DNA (Ea54-DNA) 

interactions. A description of the interface .-54 adopts in these macromolecular interactions 

and target surfaces proximal to 654  within the macromolecular complexes (a54-core RNAP 

and Ea54-DNA) will greatly enhance our understanding of the role 654  has in converting 

the core RNAP into a holoenzyme form that is dependent on enhancer binding activator 

proteins coupled to nucleoside triphosphate hydrolysis for transcription initiation. 

In the past, the results of genetic studies, chemical cross-linking, DNA and protein 

footprinting have provided partial information on which parts of 654  are involved in core 

RNAP binding, promoter DNA interaction and activator response. However, when 

interpreting the results of genetic studies (random or site-directed mutagenesis and deletion 

analyses) it is often difficult to discriminate between indirect effects of conformational 

changes introduced by the mutation or deletion and direct functional effects. In the case of 

footprinting data (both protein and DNA) specificity limitations of the footprinting reagent 

and effects of steric hindrance must be considered. 

A way forward to overcome the limitations of genetic and footprinting approaches 

in elucidating the parts of a54  that constitute an interface with core RNAP and/or promoter 

DNA is provided by a methodology known as protein tethered footprinting. This approach 

employs 654  conjugated at a chosen location to a small metal chelate that cleaves peptide 

bonds and DNA, independent of amino acid or nucleic acid sequence, at sites determined 
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by their proximity to the chelate. The results of protein tethered footprinting provide direct 

information on the proximity of the tethered probes to particular peptide bonds or DNA 

sequence, easily exceeding the scope and resolution of chemical cross-linking reagents and 

conventional footprinting methods. 

Furthermore, cleavage of protein or DNA by metal chelates is an important new 

approach to characterising important structural features of proteins and their complexes 

(for example with nucleic acids) in solution. Artificial proteolytic reagents such as 

FeBABE [iron (S)-1(p-bromoacetamidobenzypethylenediaminetetraacetate] or 2IT-

FeBABE [2-iminothio lane (S)-1(p-bromoacetamidobenzyl) ethylenediaminetetraacetate] 

are useful for dissecting protein structure and function and represent a new approach which 

could be employed for structural analysis and/or determining spatial arrangement of 

subunits within a macromolecular structure. Cleavage by such reagents is directed by 

proximity rather than by residue or sequence type. 

3.2 Objectives 

The core RNAP binding interface of .554 consists of at least two functionally 

distinct sequences: a 95 amino acid residue sequence (120-215) within Region III which 

binds core strongly and a second sequence within Region I that binds core more weakly 

(Gallegos & Buck, 1999). Comparison of hydroxyl radical mediated cleavage profiles of 

wild-type and Region I-deleted (AR1cY54) proteins indicates that the overall solvent exposed 

surface of Regions II and III of free a54  is not greatly altered by deletion of Region I (Casaz 

& Buck, 1999). Residues protected from hydroxyl radical mediated cleavage in the 

holoenzyme made with AR1a54  largely coincide with residues protected specifically by 

DNA in the wild-type holoenzyme, implying a role for Region I in establishing an 

appropriate conformation of the DNA-binding domain in the wild-type holoenzyme (Casaz 

& Buck, 1999). Thus, it is possible that the interaction of Region I with core RNAP is 

important for controlling DNA binding domain conformation. 
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To date, little is known about the location of (754  binding sites on the core RNAP. 

Recently, we showed by small-angle x-ray scattering studies that a core RNA polymerase 

binding fragment of a54  (70-324aa) and the crystal structure of a 670  fragment (114-448aa), 

which includes the main core-binding site have a similar envelope shape, leading to the 

suggestion that both a classes might be located in similar places on the core RNAP (see 

Chapter 8; Svergun et al., 2000). However the sequence differences that exist between 654  

and c770  must also account for the markedly different properties of the two holoenzymes. 

The affinities of 654  and a7°  for the core RNAP, measured in vitro, are similar (Gallegos & 

Buck, 1999). Both a factors could use the same binding site on core RNAP, have partially 

overlapping sites or even utilise independent binding sites. Recent protein-protein 

interaction and footprinting studies have revealed that the 13' subunit of core RNAP 

provides the major binding interaction for 670  in the holoenzyme while the p subunit 

contributes a further binding interaction (Katayama et al., 2000; Arthur & Burgess, 1998; 

Owens et al., 1998). 

The overall objective of the present work is to extend our understanding of the a54-

core RNAP interface using FeBABE derivatives of c to map core RNAP surfaces (of 0 

and (3' subunits) proximal to a54. Our approach involved the following experimental stages: 

I. 	To test the suitability of FeBABE tethered footprinting as a method to describe 

the (754-core RNAP interface initially by modifmg core RNAP binding (754  

fragments (1-306aa and 70-324aa), each of which contains a single cysteine, 

with the FeBABE reagent and mapping the surfaces on core RNAP subunits 13 

and p' proximal to the FeBABE probe. 

Construct mutant c proteins with single cysteine residues located at strategic 

positions and characterise their phenotypes using in vivo and in vitro activity 

assays. 

III. 	Derivatise the o single cysteine mutants with the FeBABE reagent and use 

the products to map sites on the 13 and 13' subunits of the core RNAP proximal to 

each FeBABE modified residue of c. 
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The experimental stages I and II are presented in the this chapter 

3.3 Chemistry of FeBABE 

3.3.1 FeBABE modified Proteins as Chemical Proteases 

FeBABE is derived from BABE, which is a bifunctional chelating agent that has a 

strong Fe binding moiety. The iron bound BABE (FeBABE) can be tethered covalently to 

sulphydryl groups of cysteine residues in proteins to make a FeBABE conjugated protein 

(Figure 3A). The FeBABE modified protein can be used as a molecular protease or 

nuclease that cleaves amino acid or DNA sequences that are within 12A from the FeBABE 

attachment site, irrespective of the amino acid residues or DNA base pairs involved. 

BABE 
	 Fe-BABE 	Fe-BABE attached to 

sulfhydryl group of cysteine 

metal binding moiety 

0,v0H H 

HDN 	OH 

NH 	tethers to sullhydryl 
°‘") 4—  groups of cysteine 

Br 

Figure 3A. Biochemical properties of the FeBABE reagent 

Target protein cleavage by FeBABE modified proteins is not believed to result 

from the generation of a powerful nucleophile that selectively attacks carbonyl carbon, 

rather than from generation of hydroxyl radicals. In the presence of H202  (or 02  ) and 

ascorbate, Fe-BABE forms an intermediate oxygen-activated complex that leads to 
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nucleophilic attack by oxygen on the carbonyl carbon of the peptide bonds within 12A 

proximity from the FeBABE, and the chemistry is outlined in Figure 3B. 

The peptide bond cleavage appears to be dominated by a powerful nucleophilic 

iron-peroxo complex. The first step involves the formation of intermediate A by the direct 

binding of H202  to the Fe chelate. Formation of intermediate A can also occur when 02  is 

reduced to 11202  by ascorbate in the presence of the Fe chelate. The coordinated peroxide 

acts as a nucleophile to attack the peptide bond, resulting in the formation of intermediate 

B. The final step (via intermediates C1  and C2) causes heterolytic cleavage of the C-N bond 

and of the peroxide bond to yield a new carboxyl terminnus. Using [018111202, it has been 

shown that this chemistry results in the transfer of an oxygen atom from 11202  to the newly 

formed C-terminal carboxyl group (Rana & Meares, 1991). Following cleavage, the metal 

complex is presumed to be converted back to its original form, since peptide chains were 

cleaved twice during the cleavage of bovine serum albumin (Rana & Meares, 1991). 

Evidently, the chelate generates reactive species at least twice, and possibly more times 

(Rana & Meares, 1991, 1990). 
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Figure 3B. Proposed mechanism of peptide bond cleavage by the FeBABE reagent (adapted from 
Rana & Meares, 1991). Shown in green is the target protein being cleaved by the FeBABE reagent 
(see text for details). 

The oxidation state of the Fe in intermediate B is unknown. If it is in ferrous form 

(Fe+2), intermediate B will decompose, resulting in hydroxyl radicals (OW) formation. 

However, it is thought that the efficiency of the nucleophilic attack is such that it occurs 

before hydroxyl radical formation can take place, in which case the proximity and 

orientation of the reacting groups is crucial to the observed selectivity of the reaction. 

Furthermore, the proposed mechanism of nucleophilic cleavage also satisfies the 

experimental observations of 1:1:1 ascorbate : H202  : cleavage stoichiometry, 0 atom 

transfer to the new carboxyl group, extremely narrow geometric constraints, insensitivity 

to radical scavengers and the regeneration of the starting metal species (Rana & Meares, 

1991 & 1990). 
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3.3.2 Derivatisation of Single Cysteines on Proteins with the FeBABE reagent 

FeBABE is a sulphydryl specific protein modifying reagent. The general protocol 

for the derivatisation of proteins with FeBABE is illustrated in Figure 3C. 

PROTEIN 

vi 
	

Dialysis into conjugation 
buffer 

PROTEIN 

Ily Add excess 
Fe-BABE 

SH 

SH 

PROTEIN -----Fe-BABE 

vt 
Dialysis into conjugation 
buffer to remove 
unconjugated Fe-BABE 

PROTEIN 

  

S 	Fe-BABE 

  

    

CPM test to assay 
for conjugation 
efficiency 

Activity & Cleavage Assays 

Figure 3C. General procedure for FeBABE conjugation of proteins (see text for details) 

The procedure begins with dialysis of the protein against a Tris or MOPS based buffer 

containing 0.1mM EDTA. The presence of EDTA in the conjugation buffer is important as 

it is necessary to scavenge any unbound metal. The conjugation buffer also contains simple 

salts (NaCI or KC1) and glycerol for macromolecular stability. The buffer must not contain 

any free thiols. The amount of FeBABE added should be in 10-fold excess relative to the 

free thiol present in the protein sample. Covalent modification of sulphydryl groups with 

FeBABE is brought about by incubating the sample with the FeBABE reagent at 37°C for 

1 hour or at room temperature overnight. The conjugation reaction is then stopped by 

dialysing the reaction against fresh conjugation buffer to remove free FeBABE from the 
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solution. The conjugation yield is fluorimetrically determined using the sulphydryl specific 

dye CPM (7-diethylamino-3[4'-maleimidylpheny1]-4-methylcoumarin). 

3.3.3 Using FeBABE Methodology to Characterise the o54-core RNAP interface 

K pneumoniae 054 protein contains two native cysteine residues in the C-terminal 

Region III at positions 198 and 346. Core RNAP binding am  fragments (70-324aa and 1-

306aa), each containing single cysteines at position 198, and the full-length wild-type 654  

containing an additional cysteine residue at position 346 were used for FeBABE 

modification (Figure 3D). 

1 	56 	 1807198  306 329 	366 386 
Cys346 

Region I 	Region II 	 Region III 

A 

B 

C 

Figure 3D. Schematic diagram showing 054  fragments used for FeBABE modification. (A) full-
length, (B) 70-324aa fragment and (C) 1-306aa fragment. The native cysteines at positions 198 and 
346 are shown. 

The general approach taken to characterise the am-core RNAP interface, initially 

using FeBABE modified am  fragments, is schematically shown in Figure 3E. This cartoon 

also serves to illustrate the limitations of the technology, which are mainly associated with 

the role and nature of the cysteine residue to which the FeBABE is tethered. 

Stage 1: Initially, all native cysteine residues must be removed from the test protein 

(e.g. 054  in Figure 3E). The cysteine-free mutant test protein can then be used as a control 

for FeBABE modification. Single cysteines can now be introduced where required. 

454 463  477 

RpoN 
Box 
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Stage 2: Some proteins are sensitive to the removal or introduction of cysteine 

residues from or at, functional sites, respectively. It is therefore important to determine the 

functionality of the single-cysteine mutant test proteins (i.e. here does the single cysteine 

mutant 654  complex with core RNAP to form a holoenzyme ?) 

Stage 3: Once a functionally active single-cysteine mutant of the test protein is 

made, the cysteine residue could be unreactive towards alkylating reagents. For example, 

the cysteine residue could be structurally buried and therefore inaccessible for the FeBABE 

reagent. One commonly used approach to overcome this problem is to conjugate the test 

protein under denaturing conditions (see later). 

Stage 4: A crucial experimental step when using the FeBABE methodology is to 

assess the functionality of the FeBABE modified test protein. The test protein could be 

functionally intolerant to the presence of the 490 Da FeBABE molecule. 

Stage 5: Some single-cysteine mutant test proteins may become conjugated with 

the FeBABE reagent but produce no cleavage upon treatment with ascorbate and hydrogen 

peroxide. 

Nevertheless, if the conjugation and cleavage reactions are successful, the results 

will provide direct information on the proximity of the tethered probe to particular peptide 

bonds within the target protein (e.g. core RNAP in Figure 3E), which can be mapped either 

by using terminal specific antibodies or Edman sequencing of the cleavage products. In 

this work, we aimed to modify two core RNAP binding 654 fragments with FeBABE and 

use them as chemical proteases to preliminarily characterise the proximity of 654  to the 

core RNAP subunits (3 and 13' within the holoenzyme. 
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1. Remove Native Cysteines 
	Cysteine free Protein 

	Introduce Cysteine at Strategic 
Position 

2. Is the single cysteine mutant Sigma 54 active? 

7 

3. Can the single cysteine mutant Sigma 54 be modified with FeBABE ? 

4. Is the FeBABE modified Sigma 54 active ? 

5. Does target protein cleavage occur'? 

Detect cleavage products after SDS-PAGE using amino or carboxyl terminal 
specific antibodies against core RNAP subunits 

Figure 3E. Cartoon showing the experimental stages involved in using the FeBABE footprinting 
methodology for mapping surfaces on core RNAP proximal to a54. Black diamonds (+) symbolise 
cysteine residues and a red star (4) indicates the FeBABE reagent. 
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3.4 Modifying c? Fragments with FeBABE 

3.4.1 FeBABE Modification 

The am  fragments 70-324aa and 1-306aa and the full-length wild-type protein 

failed to become conjugated by FeBABE under native conditions, suggesting some burying 

of the native cysteine residues at positions 198 and 346, although not sufficient to stop 

access by the CPM reagent (see later). However, under denaturing conditions, that is, in the 

presence of 8M urea in the conjugation buffer, FeBABE modification of cysteines 198 and 

346 occurred with high efficiency (Figure 3F) 
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Figure 3F. FeBABE conjugation efficiency of the 654  fragments 70-324aa and 1-306aa and the 
wild-type (1-477aa) protein. Shown are conjugation efficiencies when conjugated under native 
(white bars) and denaturing (black bars) conditions. 

The great improvement of the FeBABE conjugation yield under denaturing 

(unfolded) conditions suggests that the cysteine residues at positions 198 and 346 are 

located in hydrophobic regions of the 654  protein, because the hydrophobic reagent CPM 

reacted with the sulphydryl groups with higher yield under native conditions, whereas the 
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hydrophilic FeBABE did not (data not shown). A similar interpretation arose from a study 

by Miyake et al., (1998) in which FeBABE conjugation of native cysteines in the E. coli 

core RNA polymerase a-subunit significantly improved under denaturing conditions. 

3.4.2 Core RNAP binding of FeBABE modified 654  fragments 

Next, we assayed the ability of the renatured (by dialysing into urea-free storage 

buffer) FeBABE modified 654  fragments to bind the core RNAP. The results showed that 

the two core RNAP binding fragments 70-324aa and 1-306aa with FeBABE at as 198 and 

the wild-type 654  harbouring FeBABE at positions 198 and/or 346, complexed with core 

RNAP to form holoenzyme at a 1:1 molar ratio (Figure 3G). The results imply that the 

FeBABE modified proteins still retain the ability to bind core RNAP. The presence of the 

490 Da FeBABE reagent has not caused conformational changes in the 654  core RNAP 

binding fragments (or the wild-type protein) that disrupt proper binding to core RNAP. 

0.54 	1 -477 aa 	1-306aa 	70-324aa E 

2 3 	4 	5 	6 	7 8 
*""4 11"11  

10001,  114044044 40•4 Sofa 4004 E6s4 

-- 	free .554  
FeBABE - 

Figure 3G. Holoenzyme gel assembly assay with FeBABE modified (+, lanes 2, 4 and 6) and 
unmodified (-, lanes 3, 5 and 7) a54-fragments (70-324aa and 1-306aa) and the wild-type (1 -477aa) 
protein. The migratory positions of the free core RNAP (lane 8) , holoenzyme (Ea54) and free a54  
(lane 1) are as indicated. 
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3.4.3 Holoenzyme Cutting with FeBABE modified 4554  

Holoenzyme cleavage by the FeBABE modified 654  fragments and the full-length 

wild type 654  was initiated by the sequential addition of ascorbate and H202. Conditions 

were developed wherein only a small percentage of the holoenzyme complexes was 

cleaved, that is, the cleavage reaction was only allowed to proceed for two minutes. Longer 

cleavage periods resulted in artifacts produced by secondary cleavage and the instability of 

the 13 and [3' core RNAP subunits (personal communication, Akira Ishihama and data not 

shown). The cleavage products were separated by denaturing PAGE and blots were 

immunostained with affinity-purified and 13' amino terminal specific antibodies (Figure 

3H). The summary of the cleavage data relating to the proximities of Cys198 and Cys346 

to sites on p and [3' is shown in Figure 31, in which the a cleavage sites are also compared 

to those obtained by using FeBABE modified a" proteins (Owens et al., 1998). 

Comparison of the relative molecular weights of the cleavage products with the 

amino acid sequence of the [3 and [3' subunits reveals that Cys346 is proximal to the Riff 

cluster of the [3 subunit. Cleavage of the holoenzyme formed with the FeBABE modified 

(at Cys198 and Cys346) wild-type am  protein produces a —50kDa R  cleavage product 

which is absent in cleavage reactions in which holoenzyme was cleaved either with the 70-

324aa or 1-306aa fragment, having only Cys198 conjugated with FeBABE (Figure 3H-A, 

compare lanes 2 and 4 with lane 6). Thus, we conclude that the 50IcDa cleavage product is 

due to cleavage of [3 occurring from the FeBABE conjugated to the Cys346. However, we 

do not exclude the possibility that wild-type 654  and the 70-324aa or 1-306aa fragments 

adopt different conformations when complexing with core RNAP to form the holoenzyme, 

hence explaining the different cleavage patterns. Cys198 appears to be closer to the 

carboxyl terminal end of the p subunit. It strongly cleaves the 13' subunit at sites near its 

amino (most clearly for (3' subunit) and carboxyl terminal ends. However, it is noteworthy 

that some inherent unstable sites (most clearly for (3' subunit) become intensified by the 

addition of H202  and ascorbate. Similarly, we note a loss of cleavage at the most amino 

proximal site of p' when the intact o is used, possibly indicating that the oritientation of 
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Cys198 w.r.t. 13' is changed when present in the intact 654  as opposed to in the 70-324aa 

and 1-306aa fragments. 

The strong cleavage patterns observed with the 654 fragments 70-324aa and 1-

306aa harbouring a FeBABE modifed cysteine residue at position 198 are consistent with 

previous observations that Cys198 is located within a 95aa sequence (120-215aa) that 

binds core RNAP with high affinity (Gallegos & Buck, 1999). Even though Cys346 is 

located outside the minimal core RNAP binding domain in 654, it is adjacent to a region in 

a that is protected by core RNAP when Region I is removed in hydroxyl radical 

footprinting experiments (Casaz & Buck, 1999). We also observe cleavage at sites 

proximal to the carboxyl terminal end of the 13' subunit. In contrast, FeBABE modified 670  

proteins did not produce any cutting near the carboxyl terminal end of the 13' subunit 

(Owens et al., 1998). This is the main difference seen between the 13 and 13' contact sites for 

654  and 670, which are otherwise strikingly similar. 

102 



M2 1 	2 3 4 5 	6 	7 

203kDa 
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Figure 3H. Holoenzyme cutting by FeBABE modified 654  fragments. Immunostained blots of 
SDS-PAGE detecting (A) f3 and (B) (3'-subunit cleavage products using affinity purified N-terminal 
antibodies. Lanes 1&2: 70-324aa fragment conjugated and unconjugated, respectively; lanes 3&4: 
1-306aa fragment conjugated and unconjugated, respectively; lanes 5&6: full-length 654  conjugated 
and unconjugated, respectively; lane 7: core RNAP; Ml and M2 are prestained markers. Red 
arrows indicate cleavage products. All samples were treated (+) or untreated (-) with ascorbate and 
hydrogen peroxide. 
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Figure 31. Summary of cleavage data in Figure 31-1, showing the proximities of Cys198 (red) and 
Cys346 (green) in 43.54  to residues on (A) 13 and (B) 13' subunits. The thickness of the arrows 
indicates the cleavage efficiencies. The (57°  cleavage sites, based on the results from Owens et al., 
1998, are shown for comparison. 

3.5 Single Cysteine Mutants of .554  

In order to expand the preliminary data obtained with FeBABE modified 654  

fragments and to further characterise the 654-core RNAP interface we constructed five 

single cysteine mutants of 654. Using information from extensive mutational analysis of 

654, we selected five sites (E36, C198, R336, C346, and R383, described below) of 
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potential interest for tethering FeBABE. Figure 3J shows a schematic representation of the 

primary structure of cr54, in which the positions of introduced cysteine residues are 

indicated. 

Cys198 and Cys346. The 654  from K pneumoniae contains two highly conserved 

cysteine residues at amino acid positions 198 and 346. Cys198 is located in a 95 amino 

acid sequence (120-215) which binds core RNAP strongly and which is likely to include 

most of the fold critical for forming stable holoenzyme (Gallegos & Buck, 1999). Cys346 

borders a DNA interacting patch in (754  (Cannon et al., 1994) and is strongly protected by 

core RNAP in hydroxyl radical cleavage experiments when Region I is absent (Casaz & 

Buck, 1999). By changing Cys198 and Cys346 to alanine, we produced two full-length 

mutant um  proteins with single cysteines at positions 198 (C346A) and 346 (C198A). The 

fully Cys(-)rpoN construct was then made, allowing further mutant construction, and also 

production of the cysteine-free double mutant (C198A and C346A) protein which was 

used as a negative control protein in the FeBABE conjugation and cleavage assays. The 

Cys(-)654  protein was found to maintain 90% of its transcriptional activity (see later), 

implying that substitution of the conserved Cys198 and Cys346 with alanine does not 

significantly affect the conformation of the mutant protein. 

Cys36. In the next step, single cysteine residues were introduced into Cys(-)a54. 

Region I of 654  has multiple roles in regulating a function: (1) inhibiting polymerase 

isomerisation in the absence of activation and (2) directing fork junction DNA binding 

(Cannon et al., 1999; Guo et al., 1999; Syed & Gralla, 1998; Wang et al., 1995), (3) 

stimulating initiation of open complex formation in response to activation (Casaz et al., 

1999; Sasse-Dwight & Gralla, 1990; Syed & Gralla, 1998; Gallegos & Buck, 2000). The 

low affinity of Region I sequences for core RNA polymerase and its protection from 

proteolysis by core RNAP (Casaz & Buck, 1997; 1999; Gallegos & Buck, 1999) prompted 

us to introduce a single cysteine residue in Region I in the Cys(-)a54  protein. The increased 

protease sensitivity of residue E36 detected upon open complex formation suggested that a 

cysteine here might lie close to the core RNAP subunits in the closed promoter complex 

(Casaz & Buck, 1997). 
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Figure 3J. Single cysteine mutants of 654. The sites chosen for introducing a cysteine residue are 
marked in red (see text for details) 

Cys336. Recently it has been shown that a single amino acid substitution R336A in 

the Region III DNA binding domain of 654  allows holoenzyme to isomerise and transcribe 

without activator (Chaney & Buck, 1999), a phenotype previously only associated with 
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Region I mutations (Casaz et al., 1999; Syed & Gralla, 1998; Hsieh & Gralla, 1994; Hsieh 

et al., 1994). We justify our choice of R336 for introducing a single cysteine residue by 

suggesting that R336 is involved in a network of interactions necessary for maintaining the 

transcriptionally silent state of the holoenzyme and thus might make close contact with 

core RNAP subunits. 

Cys383. The highly conserved arginine at position 383 is located within the second 

helix of the proposed helix-turn-helix motif in Region III of 654, suggested to make direct 

contact with the conserved —12 promoter sequences (Merrick & Chambers, 1992; Coppard 

& Merrick, 1991). In light of recent evidence that conserved arginine residue in the Region 

III DNA binding domain of a54  prevents polymerase isomerisation (Chaney & Buck, 1999) 

and the view that the —12 promoter sequence is part of a molecular switch that has to be 

thrown by the action of the activator to allow transcription initiation to proceed (Guo et al., 

1999) through a network of communication involving R383, other parts of a54  and/or the 

core RNAP subunits, we targeted R383 to introduce a single cysteine residue. 

3.6 654  Single Cysteine Mutants are Active for Transcription in vivo and in 

vitro 

3.6.1 In vivo promoter activation assays 

13-Galactosidase assays were used to assess the in vivo activity of the single cysteine 

mutants. E. coli TH1 cells, which lack functional a54, were transformed with the mutant 

rpal‘r containing vectors, and with pMB221, a combination reporter and activator plasmid 

(Cannon & Buck, 1992). The 0-galactosidase gene in the reporter is under control of the 

a54-dependent K pneumoniae nifH promoter, while the activator NifA is constitutively 

expressed from the bla promoter (Cannon & Buck, 1992). Figure 3K shows the in vivo 13-

galactosidase activity measured for each single cysteine mutant. Two different classes can 

be distinguished. The single mutants C198A and C346A, the double mutant 
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C 1 9 8A/C3 46A (Cys(-)654) and the triple mutant R3 83 C (C1 9 8A/C3 46 A) (hereafter called 

R3 83C) have near wild-type 654  activity, suggesting substitution of native cysteines (C198 

and C346A) with alanine and substitutions at the conserved arginine residue R383 have not 

caused conformational or other changes in the mutant proteins that affect in vivo function. 

The triple a54  mutants E36C (C198A/C346A) and R336C (C198A/C346A) (hereafter 

called E36C and R336C, respectively) retain less than 20% of the wild-type level of 

activity. One explanation for the apparent low activity of the E36C and R336C mutants 

could be protein instability in vivo. The levels of e expressed in E. coli TH1 cells under 

the same conditions as used in the activation assays were therefore measured by 

immunoblotting. R336C was found to be expressed at near wild-type levels in E. coli TH1 

cells (data not shown). Thus, decreased protein stability in vivo does not adequately 

explain the inability of the R336C mutant to support transcription at the K pneumoniae 

nifH promoter in vivo. However, in comparison to wild-type expression levels, the E36C 

mutant was less well expressed (-25% of wild-type level) (data not shown), and this 

observation supports the moderate levels of transcription by the E36C mutant in vitro (see 

later). Overall it appears that the R336C mutants is defective at one or more levels for 

activator dependent transcription initiation in vivo, and that E36C mutation causes (at the 

least) protein instability in vivo. These results are also consistent with previous 

observations that mutations in Region I between residues 33 and 38 reduce initial binding 

of G54  to DNA and reduce in vivo expression and stability (Casaz et al., 1999). These 

overall result, together with the location of residue R336 within a DNA crosslinking patch 

in Region III of (3.54, argue that in the mutants E36C and R336C some contacts between cy54  

and DNA needed for transcription initiation may be lost, causing the apparent defects in 

vivo. 
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Figure 3K. In vivo activity of the single cysteine mutants. Shown are activity levels relative to the 
wild-type 654  measured in a 13-galactosidase assay in E. coli TH1 cells. 

3.6.2 In vitro single-round transcription assays 

Next, the activity of each single cysteine mutant and the Cys(-)654  protein was 

compared with the activity of wild-type e in an in vitro activator-dependent single round 

transcription assay using the E. coli glnHp2-m12 promoter in the template (Claverie-

Martin & Magasanik, 1992). Initially we tested whether the single-cysteine mutants and 

the Cys(-)654  were active for core RNAP binding. Native gel holoenzyme assembly assays 

showed that all mutant proteins formed holoenzyme at a 1:1 molar ratio of core RNAP to 

e (data not shown; see Chapter 4). Transcription assays were conducted with sub-

saturating amounts of holoenzyme to allow quantitative assessment of holoenzyme 

activities. The mutant proteins were all found to exhibit more than 50% the activity of the 

wild-type e (Figure 3L). 
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Figure 3L. Activator-dependent in vitro transcription activity of 654  single cysteine mutants on 
supercoiled E. coli glnHp2-m12 promoter DNA. Transcript gels were scanned and % activity was 
determined by removing the background activity in each lane (not shown). 

We therefore conclude that a replacement of both endogenous cysteines with 

alanine residues and the introduction of cysteine residues at alternative positions (see 

above) had no gross negative effect on the function of the e protein. Also, because 

transcriptional activity of 654  involves numerous unique stereospecific interactions, the 

preservation of transcriptional activity, both in vivo and in vitro, in the single cysteine 

mutants and the Cys(-)654  protein suggests that the conformation of the mutant proteins 

important for function is not significantly altered. The in vitro and in vivo activity of the 

single cysteine mutants are in good agreement with each other, except that the functional 

defects of E36C and R336C are more pronounced in vivo. 

Region I sequences and R336 are involved in preventing unregulated RNAP 

isomerisation (Chaney & Buck, 1999; Casaz et al., 1999; Syed et al., 1998; Syed et al., 

1997). We therefore tested whether the single cysteine 654  proteins were active for 

unregulated transcription (also called "activator bypass" transcription), that is, whether 

they allowed RNAP isomerisation in the absence of activator proteins. The protocol for 

these assays begins by incubating the holoenzyme with GTP, CTP and UTP. The first six 

110 



bases transcribed from the E. coli glnHp2-m12 template are UGUCAC (+1 to +6), so 

transcripts can be initiated under these conditions if an activator-independent open 

complex forms. ATP and [a-32P]UTP are then added, together with heparin, to destroy 

residual closed complexes and unstable open complexes, and allow elongation of any 

initiated transcripts. E36C and R336C holoenzymes showed activator independent 

transcription activity (Figure 3M). 
a) 0. 
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Figure 3M. Activator-independent transcription activity of 654  single cysteine mutants and Cys(-
)654  relative to the wild-type holoenzyme. A(21-27)4554  (Gallegos & Buck, 2000) was used as the 
positive control (Positive) in the assays. 

The lack of unregulated transcription activity from the Cys(-)654  protein suggests that the 

bypass phenotype of E36C and R336C is attributable to the substitutions at positions E36 

and R336, and not to the replacement of the two endogenous cysteines at positions C198 

and C346. Consistent with previous observations by us (Chaney & Buck, 1999; Casaz et 

al., 1999) and others (Syed & Gralla, 1998; Hsieh & Gralla, 1994; Hsieh et al., 1994) E36 

and R336 in 654  have a function in inhibiting RNAP isomerisation in the absence of 

activation. 

3.7 Overview 

The bifunctional chelating agent FeBABE covalently conjugates to the free 

sulphydryl groups of cysteine residues. After the addition of ascorbate and peroxide, the 

Fe-BABE generates nucleophiles which cleave polypeptide chains in proximity (-12A) to 

the chelate, independent of the amino acid sequence involved (Rana & Meares, 1991; 
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Ishihama, in press). We have successfully applied this footprinting methodology to study 

4554-core RNAP interaction. Using two core RNAP binding fragments of 4554  harbouring a 

native cysteine at position 198 and the wild-type 654 containing an additional native 

cysteine at position 346, the surfaces on core RNAP subunits 13 and 13' proximal to Cys198 

and Cys346 were investigated. The preliminary data indicate the use of the same or 

overlapping sequences in the 13 and (3' subunits for interaction with the two as (4554  and 

cr"). One site of 654  proximity, towards the carboxyl end of to the 13' subunit, is not evident 

with cr", and may represent a specialised interaction of 654  with core RNAP. 

In order to further evaluate the preliminary data and characterise the 654-core 

RNAP interface we constructed plasmids for production of five mutant 654  proteins 

harbouring single cysteines at strategic locations. In vitro and in most cases in vivo activity 

assays revealed that the mutant proteins retain more than 50% the wild-type activity. 

Moreover, the in vitro activator-dependent promoter activation assays, revelaled that two 

of the single-cysteine mutant proteins (E36C and R336C) when complexed with core 

RNAP, yielded as predicted, holoenzymes that were deregulated for transcription 

initiation, that is the mutant holoenzymes were able to form stable open complexes in the 

absence of activator and nucleotide hydrolysis. 
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CHAPTER FOUR 

Conservation of Sigma-Core RNA Polymerase Proximity 
Relationships between the Enhancer Independent and 
Enhancer Dependent Sigma Classes 

4.1 Introduction 

Two distinct classes of RNAP a-factors exist in bacteria and are largely unrelated 

in primary amino acid sequence and their modes of transcription activation. Using tethered 

iron chelate (FeBABE) derivatives of two core RNAP binding fragments (70-324aa and 1-

306aa) of the enhancer dependent 654  we mapped sites of proximity to the 13 and 13' 

subunits of the core RNAP. Remarkably most sites localised to those previously identified 

as close to the enhancer independent a70. Primarily, our initial data indicated a common 

use of sets of sequences in core RNAP for interacting with the two a classes. In the present 

work, we aim to use five FeBABE modified single cysteine mutants (E36C, C198A, 

C346A, R336C, R383C) to map 13 and (3' surfaces proximal to the FeBABE attachment site 

on 654. Some sites chosen in a54  for modification with FeBABE (Cys36 and Cys336) were 

positions which when mutated deregulate the a54-holoenzyme and allow activator-

independent initiation and holoenzyme isomerisation. We infer that these sites in e may 

be involved in interactions with core RNAP that contribute to maintenance of alternate 

states of the holoenzyme needed for either the stable closed promoter complex 

conformation or the isomerised holoenzyme conformation associated with the open 

promoter complex. 
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4.2 FeBABE Modification of 054  Single Cysteine Mutants 

Previously we showed that the single cysteine mutants were active for transcription 

in vivo and in vitro directly implying that introduction of cysteine residues at functionally 

strategic positions has not resulted in conformational changes that inhibit 054  function. 

Next, each single cysteine o mutant and the Cys(-) protein was derivatised with chemical 

cleavage reagent FeBABE under native conditions and the conjugation yield was 

determined fluorimetrically by the CPM test (N44-[7-(diethylamino)-4-methylcoumarin-3-

yl]phenyl]maleimide) (Greiner et al., 1997) from the fluorescence difference between the 

conjugated and unconjugated proteins. The conjugation yield for the single cysteine 

mutants E36C, R336C, C198A and R383C was estimated to be >47% (Table 4.1). The 

mutant am  harbouring the native single cysteine at position C198 (the C346A mutation) 

proved difficult to be conjugated under native conditions (conjugation yield of 20%) 

implying that C198 is probably slightly buried or located in a hydrophobic region in the 

folded state because the hydrophobic reagent CPM reacted with high yield (data not 

shown) while the hydrophilic molecule FeBABE did not. When conjugation with C198 

was performed under denaturing conditions, the yield increased to 50%. This is consistent 

with our previous observation with the 70-324aa and 1-306aa fragments in which FeBABE 

conjugation only occurred under denaturing conditions. The Cys(-) protein failed to 

detectably react with CPM and FeBABE under native and denaturing conditions, directly 

implying that under the conditions used FeBABE conjugation has only occurred at the free 

sulfhydryl side groups of cysteine residues, and not at other nucleophilic sites such as 

histidine or lysine side chains (Greiner et al., 1997). 
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Table 4.1 Fe-BABE Conjugation Efficiency 

Residue 	Mutation 	 Conjugation 
Efficiency (%) 

36 	 E36C 	 53 
198 	 C346A 	 46* 
336 	 R336C 	 51 
346 	 C198A 	 47 
383 	 R383C 	 76 
Cys(-) 	C198A/C346A 	3 / 5* 

* denotes conjugation under denaturing conditions 

4.3 The FeBABE Derivatised Single Cysteine Mutants of 654  are Active for 

Holoenzyme Formation and Transcription 

We investigated the properties of the derivatised single cysteine mutants of a54  

proteins in vitro to determine if core RNAP binding and transcription were affected. Native 

gel holoenzyme assembly assays were used to detect complex formation between core 

RNAP and 654. The holoenzyme migrates slower than the core enzyme. With the exception 

of the conjugated R336C mutant, all derivatised 654  mutant proteins bound core RNAP 

with the same apparent affinity as the non-conjugated wild-type cr54  (Figure 4A-A). 

Residue 336 lies outside the minimal core binding region defined by deletion mutagenesis 

(Gallegos & Buck, 1999), but adjacent to a region in 654  (residues 290-310) that is 

protected by core RNAP from hydroxyl radical mediated cleavage (Casaz & Buck, 1999) 

and within a sequence (residues 325-440) strongly protected by core RNAP when Region I 

is removed (Casaz & Buck, 1999). Because the unconjugated R336C binds core RNAP 

with a similar affinity as the wild-type o, we conclude that the presence of the 490Da 

FeBABE molecule at position R336 leads to steric hinderance of core binding, or causes 

the R336C protein to undergo conformational changes that diminish binding to the core 

RNAP. We also note that conjugated Cys198 binding to core RNAP produces two different 
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complexes. One has the mobility of normal holoenzyme; the nature of the other is 

unknown (Figure 4A-A, lane 10, marked with arrow). 

To determine the effect of FeBABE conjugation on the transcriptional activity of 

each single cysteine 654  mutant, single-round transcription assays were also performed 

after conjugation with the FeBABE probe. Assays were conducted with sub-saturating 

(50nM holoenzyme : lOnM promoter template) amounts of holoenzyme to allow detection 

of activity differences. Holoenzymes were formed at a 1:2 molar ration of core RNAP to 

e. Only the wild-type, E36C and Cys(-) proteins show negligible effects of conjugation 

on activity. After correction for the presence of unconjugated protein, the remaining four 

conjugates show on average about half the activity of their unconjugated forms, with 

R336C (at 15% of the wild-type 4754  activity) the most severely affected, and the R383C 

(65% of wild-type) least (Figure 4A-B). The R336C result is consistent with our previous 

observation that the conjugated R336C mutant has reduced affinity to core RNAP. 

Nevertheless the conjugated R336C 654  forms an holoenzyme that is active for a 

significant level (10%) of activated transcription. 

We used the activator bypass transcription assay on the conjugated E36C and 

R336C mutants as a further indicator of conformational preservation of these proteins 

following conjugation. We reasoned that if the E36C and R336C mutants retained bypass 

activity following FeBABE conjugation then the presence of the FeBABE molecule at 

these positions did not drastically affect the conformation of the conjugated proteins. 

Having taken the presence of unconjugated 654  into consideration, both mutants, E36C and 

R336C retained considerable activator bypass activity following conjugation with 

FeBABE (Figure 4A-C) In conclusion, the core RNAP binding assays, the activator 

dependent and the bypass transcription assays altogether suggest that the FeBABE 

conjugation did not grossly affect overall conformation and structural integrity of the 

mutant o proteins. 
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Figure 4A. (A) Formation of holoenzyme by the unconjugated (-) and FeBABE conjugated (+) asa 

single cysteine mutants at a molar ratio of 1:4 of core RNAP to am. Migration positions of free 
core RNAP, holoenzyme and free am  proteins are indicated (see text for details). (B) In vitro 
activator dependent transcription assay. The activities of the 654  single cysteine mutants before 
(black bars) and after (white bars) FeBABE conjugation are compared. The values for conjugated 
proteins are corrected for the presence of unconjugated proteins. (C) Activator bypass activity of 
the E36C and R336C cs54  proteins after FeBABE conjugation (C); the activator bypass activity of 
unconjugated proteins (UC) is shown for comparison. Positive control as in Figure 3M. 
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4.4 Enhancer Dependent .3.54  and Enhancer Independent 670  Interacting Sites 

on 13 and f3' Core Subunits are Conserved 

Holoenzymes were formed with conjugated and unconjugated single cysteine 

mutants of a54  and cleavage reactions were carried out essentially as previously described 

(Owens et al., 1998). In our approach, we assigned the cleavage sites on the 13 and [3' 

subunits by comparing the relative migration of the FeBABE cleavage products with 

homologous markers generated by cleaving [3 and 13' subunits at either cysteine or 

methionine residues (using 2-nitro-5-thiocyanobenzoate and cyanogen bromide, 

respectively). The cleavage sites and molecular sizes for each 13 and 13' marker fragments 

were assigned, where possible, by calculating the molecular weight of each expected 

fragment from the known locations of cysteine or methionine residues in the amino acid 

sequence of 13 and [3' subunits (Figure 4B) and using a plot of log molecular weight versus 

relative migration distance of a known set of marker proteins (data not shown) 
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Figure 4B (from previous page). Immunoblot of SDS-PAGE fractionated markers generated by 
treating core RNAP with NTCB (N) and CNBr (C), respectively, using anti-13 or anti-13' N-
terminus-specific antibodies. Where possible, numbers indicate the positions where cleavage has 
occurred. * indicates cleavage products which could not be assigned a position/site of cleavage on 
the p and 13' subunit, respectively; and have probably resulted from secondary cleavage events 
and/or inherent instability of the 13 and iv subunits. Because these lie outside the "cleavage area" 
obtained by FeBABE mediate cleavage using a54-derivative (see later), little attention is paid to 
their identities (Figure 4C-B and Figure 4C-C). Pre-stained molecular weight markers (M; BioRad, 
Low Range SDS-PAGE Standards) were used as reference molecular weight markers; their 
molecular sizes in kDa are shown on left of each pannel. 

Initially we showed that self cleavage of 654  did not occur (Figure 4C-A), 

indicating that cutting of 13 and 13' was attributed to binding of intact e proteins. 

Ascorbate and hydrogen peroxide treated and untreated reactions of each single cysteine 

mutant 654-holoenzymes were separated, blotted and visualised by immunostaining with 

affinity-purified 13 and 13' amino terminal specific antibodies (Figure 4C-B and 4C-C, 

respectively). The lack of cleavage of free core RNAP and the holoenzyme formed with 

the Cys(-)654  (Figure 4C-B and 4C-C, controls) protein serves as an essential control 

experiment, demonstrating that under the conditions used there is scarely detectable 

artifactual cutting of the core RNAP subunits. Hence we believe that each strong cut seen 

in other tracks (Figure 4C-B and 4C-C) is attributable to a specific FeBABE form of 654  

created by derivatising a cysteine residues. 

Cys198 and Cys346. Initially, we looked for the p and 13' interactions made by the 
54  cy single cysteine mutants with FeBABE conjugated to the endogenous cysteines at 

positions Cys198 (C346A) and Cys346 (C198A), respectively. Cys198 cleaves 13 and 13' at 

multiple sites. On the 13 subunit strong cleavage by Cys198 is seen within the Rifl cluster 

(between conserved (3 regions C and D) and in conserved region G (Figure 4C-B, Cys198 

lane 4). A few weak cleavages are also seen within the DR1 region. Moderate cleavage by 

Cysl 98 of the (3' subunit occurs in conserved regions B and C and within region G (Figure 

4C-C, Cys198 lane 2). In contrast, Cys346 only moderately cleaves 13 and 13' at single sites, 

these map proximal to the conserved region D on the 13 subunit and within conserved 

regions C and D on the 13' subunit (Cys346 lane 6, Figure 4C-B and 4C-C, respectively). 

These results are consistent with previous observations: Cys198 is located within a 
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sequence (residues 120-215) in Region III of 654  which has a strong affinity to the core 

RNAP (Gallegos & Buck, 1999), while Cys346 is located within a region (residues 325-

340) which is weakly protected by core RNAP during hydroxyl radical cleavage (Casaz & 

Buck, 1999), consistent with the differences in the f3 and [V cleavage patterns generated by 

the Cys198 and Cys346 conjugated e proteins. 
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Figure 4C. (A) Self-cleavage immunoblot of am-holoenzyme (formed with FeBABE conjugated 
His-tagged 654  proteins) cleavage using anti-6His antibodies (Promega). The migration position of 
FeBABE unconjugated wild-type 654  is shown for comparison. (B) and (C) Holoenzyme cutting by 

54 a single cysteine FeBABE conjugates. Immunostained blots of 12.5% SDS-PAGE detecting 
either (B) R  or (C) IT subunit fragments by using affinity-purified amino terminal antibodies. The 
am-holoenzymes were either treated (+) or untreated (-) with ascorbate and hydrogen peroxide. The 
markers were as in Figure 4B. 

Cys36 and Cys336. Next, we used the activator-independent single cysteine 

mutants of o with FeBABE conjugated to Cys36 (E36C) and Cys336 (R336C) in the 

Cys(-) protein background to map their interaction sites on the 13 and [3' subunits of core 

RNAP. The Cys36 is in Region I of 654  which functions to keep the closed complexes in a 

transcriptionally silent state in the absence of activation (Gallegos et al., 1999) and has 

been shown to have weak affinity to core RNAP (Gallegos & Buck, 1999). The core 

RNAP cleavage by Cys36 shows that Region I strongly interacts with 13 and iv subunits. 

Cleavage sites map to within the Rifl cluster and the conserved region D on 13 and within 

conserved region C on ry (Cys36 lane 2, Figure 4C-B and 4C-C ). Cys336 locates within a 

sequence in e that lies outside the minimal DNA binding domain but nevertheless 

crosslinks to DNA (Chaney et al., 2000; Chaney & Buck, 1999). Remarkably, the cleavage 

data indicates that Cys336 interaction sites on both r3 and 13' subunit unambiguously 
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overlap with those of Cys36. Given the shared activator independent transcription 

phenotypes of the E36C and R336C o mutants, we rationalise this observation by 

suggesting that E36 and 8336 belong to an interface between 654  and core RNAP that acts 

to prevent polymerase isomerisation in the absence of activators, and propose that activator 

probably functions in changing the interface. 

Cys383. Attempts to cleave core RNAP by Cys383 (R383C) conjugated 654  

revealed no discernible cleavage of either 13 or 13' subunit (Cys383 lane 10, Figure 4C-B 

and 4C-C, respectively). In o, Cys383 is proposed to fall within the recognition helix 

(helix 2) of the putative HTH and to contribute to the recognition of the -12 promoter 

element by the 654-holoenzyme (Merrick & Chambers, 1992; Coppard & Merrick, 1991). 

We can conclude that Cys383 is not located proximal (at least not within a radius of 12A) 

to the core RNAP subunits 13 and IT and may be facing promoter DNA rather than core 

RNAP 

A comparison to crm-core RNAP proximity. Because binding of o to core RNAP 

results in the formation of a holoenzyme which has very distinct functional properties 

compared to the cr"-holoenzyme, we compared our cleavage data with those obtained for 

cy70-holoenzyme cleavage by FeBABE modified cy" (Owens et al., 1998) (Figure 4D). 

B-subunit 	 fi'-subunit 

A.  

Cys383     Cys383 
Cys346 	 1 I 	 II 	11 	 Cys346 
Cys336 	 N 	 111111 	  Cys336 
Cys198 	I 1111 	11 	 I 	IIII 	I 	 II 	 Cys198 
Cys36     Cys36 
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Figure 4D. (A) Summary of the cleavage data in Figure 4C-B & C-C showing the proximities of 
54 a 	residues to surfaces on the 13 and 13' subunits. The thickness of the lines indicates the cleavage 
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efficiency observed on immunoblots. (B) Surfaces (shaded boxes) proximal to & as determined by 
FeBABE cleavage studies (Owens et al., 1998). Conserved regions in 13 and 13' are indicated along 
the horizontal axes. 

Notably, cleavage by Cys198 is within 13' subunit conserved region G whereas an 

interaction of a7°  with this region has not been observed. Several lines of evidence show 

that the amino terminal portion of the 13' subunit is involved in the specific binding of the 

a70 subunit (Katayama et al., 2000; Arthur et al., 1998; Owens et al., 1998; Luo et al., 

1996). The interaction made by Cys198 within conserved 13' region G may well be 654  

specific. Interestingly, a part of the sequence in 13' involved in chelating Mg+2  to the active 

(catalytic) centre of RNAP, is in conserved region G (Zaychikov et al. 1996). We note that 

Cys198 is also proximal to the iv rudder, a region distant from the active centre of the 

RNAP (Zhang et al., 1999; Figure 4D-A), suggesting significant conformational changes 

occurring in 13' following a binding. Remarkably, other surfaces of the core RNAP 

proximal to the two classes of a factors appear to largely overlap (residues 480-600 and 

around residue 900±10 in the 13 subunit and between residues 200-350±20 in the (3' 

subunit). Some are proximal to the parts of the RNAP catalytic centre, contributed by 13 

conserved regions D and H and 13' conserved regions D and H (Mustaev et al., 1997). 

Locating the proximity sites of am  and a70  within the recently resolved crystal structure of 

T aquaticus core RNAP (Zhang et al., 1999) serves to further illustrate the degree of 

overlap between the core surfaces that are proximal to the two classes of a factors (Figure 

4E). 
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A 
	 B 

Figure 4E. RIBBONS diagrams of the three-dimensional structure of core RNAP from T 
aquaticus (Zhang et al., 1999). The 13 subunit is shown in pink and the 13' subunit in blue. The two 
a subunits are shown in green and yellow. (A) a"- and (B) am-interacting surfaces on the 13 and fy 
subunits are as indicated in dark red and blue, respectively. 

4.5 Discussion 

The tethered hydroxyl radical FeBABE footprinting methodology using FeBABE is 

a powerful tool to study protein-protein interactions that occur during transcription and has 

been successfully applied previously (Miyake et al., 1998; Owens et al., 1998). It is 

particularly well suited to the study of proximity relationships of a single site on one 

subunit to one or more other sites. Results can add considerably to our understanding of the 

overall architecture of large macromolecular complexes. We have used the FeBABE 

cleavage methodology to look at proximity relationships between functional domains of 

(554 and the core RNAP subunits 13 and 13' and to widen our understanding of this 

specialised form of bacterial enhancer dependent transcription. 

Residue 36 in Region I. Our cleavage data for the Cys36 are consistent with the 

demonstrated interaction of Region I sequences with core RNAP (Gallegos & Buck, 1999; 

Casaz & Buck, 1999; 1997). Partial proteolysis studies on the o.54-holoenzyme have shown 
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that an amino terminal region of a54  spanning residues 36-100 is protected from proteolytic 

cleavage (Casaz & Buck, 1997) and free hydroxyl radical footprinting experiments have 

shown that core RNAP protects a region of a54  comprising residues 36-140 from hydroxyl 

radical cleavage (Casaz & Buck, 1999). Even though Region I of 654  is dispensable for the 

binding of both the core RNAP and DNA, it is essential in mediating response to activator 

proteins (Casaz et al., 1999; Cannon et al., 1995; Hsieh & Gralla, 1994; Hsieh et al., 1994; 

Wong et al., 1994; Sasse-Dwight & Gralla, 1990). The proximity of Region I E36 to core 

RNAP provides further physical evidence consistent with the view that Region I interacts 

with core RNAP to exert some of its effects, including the inhibition of polymerase 

isomerisation and the stabilisation of holoenzyme on melted DNA (Cannon et al., 1999; 

Gallegos & Buck, 1999; Gallegos & Buck, 2000). It seems that each of these functions are 

achieved in part through interacting with core RNAP, but we cannot say precisely if 

proximity relationships revealed by the FeBABE data correlate to one or both roles for 

Region I. The interface of a factors with core RNAP is now recognised as being 

functionally specialised, contributing to more than just anchoring core and a together, and 

is likely to contribute to communicating information about promoter conformation to the 

core RNAP (Sharp et al., 1999; Gross et al., 1998). 

Residue 336 in Region III. We previously concluded that an interaction between 

the amino and carboxyl sequences of 054  in the holoenzyme is closely associated with 

inhibiting polymerase isomerisation (Chaney & Buck, 1999), consistent with the view that 

the 654  Region I sequences may be in communication with other sequences in 654  (Cannon 

et al., 1995; Casaz & Buck, 1999) probably including the major carboxyl terminal DNA 

binding domain (Guo et al., 1999; Guo & Gralla, 1997; Taylor et al., 1996; Wong et al., 

1994). The recently discovered role of residue 336 in Region III of 654  in maintaining 

closed complexes in a transcriptionally silent state in the absence of activation (Chaney & 

Buck, 1999) and the unambiguous similarity of Cys336 cleavage data to that of Cys36, 

together argue that residues around 336 contributes to the same interface with core RNAP. 

Our FeBABE cleavage data provide indirect structural evidence for an interaction between 

Regions I and III occurring via the core RNAP. However, the similarity in the cleavage 

patterns seen with Cys36 and Cys336 must also be viewed in the context that both mutants 
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(E36C and R336C) form the deregulated holoenzyme conformation, in which a54  Region I 

and III may be proximal to each other hence providing similar cleavage patterns. Thus, we 

do not discount the possibility that Regions I and III may normally only interact with each 

other following polymerase isomerisation after activation, or at some earlier intermediate 

step en route to the open complex. 

Residue 198 in Region III. Residue 198 seems to be able to establish two proximities 

to the 13 subunit (centred between regions B and D and between F and G) and 13' subunit 

(between regions C and D and centred around region F). Interestingly, according to the T 

aquaticus core RNAP structure the (3 proximities (as opposed to (3' proximities) are well 

separated in space (Zhang et al., 1999). Possibly binding of 654 results in two different 

holoenzyme conformers, or movement in core RNAP upon the binding of o brings the 

two sites closer together. Inspection of the native gel showing core RNAP binding of the 

FeBABE modified Cys198 o supports the former suggestion. We also note that core 

RNAP binding of a small fragment of o (120-215aa) resulted in two discrete complexes 

(Gallegos & Buck, 1999), consistent with the two binding modes suggested by the Cys198 

FeBABE cleavage data. The 120-215aa fragment seems to contain the major high affinity 

determinant for core RNAP binding. A short & similarity sequence of 654  important for 

core RNAP binding in both is found between residues 175 and 189 of a54  (Tintut & Gralla, 

1995). Kinetic studies have shown that initial binding of 654  to core RNAP is followed by 

a slower rearrangement of the holoenzyme (Scott et al., unpublished data). The 

relationship of this conformational change to interactions made by sequences around 

Cys198 remains to be determined. Mutational analysis around position Cys198 has shown 

that the integrity of this .3.54 sequence is important for holoenzyme stability on DNA that is 

conditional upon particular premelted DNA sequences (Pitt et al., 2000). Communication 

of promoter structure to the core RNAP through a patch in 654  within the 120-215aa 

fragment involving Cys198 seems likely. Intermolecular interactions within Region III that 

enhance DNA binding of 654  are evident (Cannon et al., 1997). 

Residue 346 in Region III. C346 shows a similar proximity relationship to core 

RNAP as does residue 336, however substitutions in C346 do not result in deregulation of 
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RNAP isomerisation. The cutting by FeBABE at 346 was weaker than that with 336, 

indicating a greater distance to core RNAP and/or geometric constraint on positioning the 

FeBABE on core RNAP. 

Residue 383 in Region III. The failure of the FeBABE derivative at position 383 to 

cleave core RNAP is consistent with a role in DNA binding, as proposed by Merrick & 

Chambers (1993), rather than in interacting with core RNAP. DNA interaction studies 

with FeBABE at position 383 might confirm such a role. 

Overview. In conclusion, our Fe-BABE data provides a framework for 

interpretation of some of the genetic and biochemical data on 654. The most remarkable 

observation is the unambiguous similarity in the core RNAP surfaces proximal to the 

activator independent and activator dependent a classes. This observation is further 

supported by small angle x-ray scattering data on o which suggests that although 654  and 

a70 are unrelated by primary amino acid sequence, they both share a significant overall 

structural similarity (Svergun et al., 2000 and Chapter 8), and protein footprinting studies 

(Traviglia et al., 1999). It seems that the two different as occupy similar positions in the 

core RNAP and use some overlapping points of interaction to contribute to the shared 

functionalities of the holoenzymes. With hindsight this is quite logical, although it could 

not have been reliably predicted a priori. For transcription by 654, the progression from the 

closed to the open promoter complex must occur along one or more pathways in which 

changing interactions between a and DNA and a and core RNAP occur to establish the 

alternate functional states of the holoenzyme. It seems doubtless that some of the proximity 

relationships we have detected will change upon activation of the a54-holoenzyme. Those 

associated with 654  residues 36 and 336 seem most likely to change, given that these are 

associated with o-54  sequences needed to maintain the stable closed promoter complex and 

these when mutated lead to activator independent isomerisation and binding to premelted 

DNA. It seems reasonable to assume that one or more of the a-core and a-DNA 

interactions associated with maintaining the stable closed complex conformation must be 

changed by activator to initiate the holoenzyme isomerisation. Working out how activator 

and its nucleotide hydrolysis trigger these changes remains to be determined. 
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The proximity relationships we have determined with FeBABE modified 654  proteins 

fall into two different classes with respect to the phenotypes of the e single-cysteine 

mutants. The o FeBABE derivatives at Cys36 and Cys336 show deregulated 

transcription whereas the FeBABE derivatives at Cys198 and Cys346 holoenzymes do not. 

Therefore it is formally possible that the proximity relationships deduced apply to two 

different conformers and therefore functional states of the holoenzyme. In contrast to the 

Cys198 and Cys346, Cys36 and Cys336 holoenzymes may have a conformation that could 

more resemble the conformation of the activated 654-holoenzyme in open promoter 

complexes. The extent to which the conformation of regulated and deregulated 654  

holoenzymes differ and how conformations change upon interacting with DNA remains to 

be determined. It is interesting that Cys198 is proximal to sequences in 13' region G that are 

involved in maintenance of the active site of the RNAP. 
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CHAPTER FIVE 

Regulatory Sequences in Sigma 54 Localise near the Start of 
DNA Melting. 

5.1 Introduction 

Recall that the Region III R336A mutant 654  shares characteristics with some 

Region I mutants and the AIa54  protein (Casaz et al., 1999; Cannon et al., 1999). Mutation 

of R336 (R336A) or removal of Region I (Alum) permits deregulated (activator 

independent) transcription initiation in vitro - probably due to disruption of a common or 

closely related, interaction required to prevent the RNAP holoenzyme from isomerisation 

in the absence of activation. Recent work with a54  lacking Region I and carrying the 

Region III alteration R336A (AIR336A) suggested inter-related roles for Region I and 

Region III in open complex formation by the 654-holoenzyme (Ph.D. thesis, Matthew 

Chaney; Wigneshweraraj et al., 2001). The DNA binding properties of A1R336A, AIa54, 

R336A and the wild-type 654  were compared on three types of DNA structure 

(homoduplex, early melted and late melted) representing possible intermediates along the 

DNA melting pathway from the closed complex to the open promoter complex. The main 

findings of that work are summarised in Table 5.1 (also see Chaney & Buck, 1999; 

Wigneshweraraj et al., 2001), and lead to the suggestion that an interaction between the 

amino terminal Region I and the carboxyl terminal Region III is necessary for regulated 

transcription initiation by the a54-holoenzyme. 
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he Lvhs.  and R336A holoenzymesAIR336A   h nzyme 
activator-independent, heparin stable complexes on the late melted DNA probe. 
In contrast. the wild-type 034  requires activation for stable coinplex formation. In 
marked contrast to the AI&4  and R336A holoenzymes, presenting Region I in 
trans to the AIR336A holoenzyrne prior to DNA binding increases its heparin 
resistance on the late melted DNA probe. Addition of Region I in trans to the 
Alct54  and R336A holoenzymes on the late melted DNA probe, in the absence of 
activation, confers heparin sensitivity. This suggests that the 1..‘1R336A forms a 
lioloenzyine that is further (with respect to the Ala'4  and R336A holoenzymes) 
deregulated for interaction with late melted DNA probe. Region I supplied in 
t? trt cahitot destabilise interactions of the AIR336A holoenzymt with the late 

RNAP-holoenzyme formed with the Ala54  and R336A mutants initiate 
transcription independently of activation. Consistent with this the AIR336A 
holoenzyme was active for activator-independent transcription in vitro. Addition 
of Region I in tram to the reaction inhibits the activator-independence of the 
AIu54  and R336A holoenzymes. Consistent with previous observation that Ale' 
and R336A holoenzyme become increasingly heparin sensitive on the late melted 
DNA probe when presented with Region '1 in trans, addition of Region I in trans 
to the AIR336A holoenzyme stimulated activator independent transcription. Since 
Region I in trans did not have any negative effect on the AIR336A holoenzyme 
complexed to the late melted DNA probe (see above), it appears that the sites in 
the AIR336A holoenzyme with which Region I should interact to inhibit activator 
independent transcription (and reduce heparin stability on the late melted DNA 
probe) are inaccessible or inactive in 	the AIR336A holoenzyme.  

Table 5.1. Summary of DNA binding and transcription properties of the R336A, AIR336A, ACT 4  
(Chaney & Buck, 1999; Wigneshweraraj et al., 2001). 

The properties of the double mutant lacking R336 and Region I reinforce the idea 

of a positive role for Region I in open complex formation and show that Region I masks 

DNA binding activity. When supplied in trans Region I clearly stimulates bypass 

transcription by the AIR336A holoenzyme, an activity not evident in assays using AI654  or 

R336A holoenzymes. It seems that on transiently melted DNA the absence of R336 makes 

accessible a complex that Region I can stabilise so as to increase initiation. The presence of 

R336 may normally disfavour such positive effects of Region I under non-activating 

conditions because this arginine residue binds to and stabilises double stranded DNA. 

Furthermore, the solvent accessibility of Region III changes in the holoenzyme when 

Region I is removed (Casaz & Buck, 1999, 1997) and FeBABE tethered footprinting 

shows that Region I and Region III are proximal to similar surfaces on the core RNAP 

subunits 13 and 13' (Wigneshweraraj et al., 2000 & Chapter 4). Together with the binding 
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properties of the A1R336A (Wigneshweraraj et al., 2001) these observations suggest that 

Region I contributes to the DNA binding properties of am, possibly through an interaction 

with Region III (Chaney et al., 2000; Casaz et al., 1999; Guo et al., 1999). 

To begin to unravel the physical basis of the multiple a54-DNA interactions that 

contribute to maintaining the stable a54-holoenzyme promoter complex, and which are 

believed to be directed through the -12 promoter region (Chaney et al., 2000; Guo a al., 

1999) we examined using a tethered iron chelate footprinting method, the proximity 

relationships of Region I and Region III to promoter DNA. The FeBABE conjugated 0.54  

proteins were made using single-cysteine 654 mutants (Wigneshweraraj et al., 2000). The 

sites exploited for FeBABE conjugation were in Region I (E36) and carboxyl terminal 

DNA binding domain Region III (R336) within the DNA-crosslinking patch, on residues 

whose mutation deregulates the a54-holoenzyme in vitro (Wigneshweraraj a al., 2000; 

Chaney & Buck, 1999). S. meliloti promoter-related DNA duplexes representing possible 

intermediates along the DNA melting pathway from the closed to the open promoter 

complex were used for the experiments (Figure 5A). The results reported below show that 

Region I and Region III FeBABE derivatives each lead to DNA cutting across the —12 

promoter region. The cutting pattern changes under the influence of activator, and is also 

influenced by core RNAP and DNA structure. Together with related core RNAP proximity 

data (Wigneshweraraj et al., 2000), the results lead to the clear conclusion that a localised 

structure contributed to by the -12 region promoter DNA and at least two different protein 

elements in e exists within the closed complex. It appears that this structure is intimately 

linked to the activation target of the enhancer binding proteins, or may be included within 

it, and can help explain the overlapping properties of mutants in Region I and Region III. 
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Homoduplex 

-26 -25 	 -14 -13 	 +1 
-60 ....CAGACGG CTGGCACGACTTTTOPACGATCAGCCCTG GG.... +28 

....GTCTGCCGACCGTGCTGAAAACGTGCTAGTCGGGACCC..... 

-60....CAGACGGCTGOCACGACTTITOCEGATCAGCCCIGGG....+28 
"Early Melted DNA" 	....GTCTGCCGACCGTGCTGAAAACGTGCTAGTCGGGACCC.... 

Heteroduplex -10/-1 	-60...CAGACGGCTGOCACGACITTTGCAC CG ACTAAAGGG G.... +28 
"Late Melted DNA" 	....GTCTGCCGACCGTGCTGAAAAbGTGCTAGTCGGGACCC.... 

Figure 5A. S. meliloti nifH homoduplex, early melted and late melted DNA probes used for 
FeBABE footprinting (Cannon et al., 1999; 2000). The main consensus bases of the promoter are 
shown in grey, and the bases altered to produce heteroduplex on black, on the upper strand. 

5.2 FeBABE-tethered Proteins as Chemical Nucleases 

The application of FeBABE modified a-factors as chemical nucleases to map 

promoter DNA sequences proximal to the FeBABE attachment site has provided 

significant and valuable information on a-promoter DNA interactions that occur during 

transcription initiation (Colland et al., 1999; Bown et al., 1999; Owens et al., 1998; 

Murakami et al., 1997a; Murakami et al., 1997b). To date, libraries of single cysteine 

mutants have been constructed for a70  and 638. Mapping of open promoter complexes 

using FeBABE tethered a70  and a38  subunits has indicated that a70  and a38  make contact 

with different regions along promoter DNA (Colland et al., 1999; Owens et al., 1998). 

Furthermore, the cleavage data supported previous genetic studies on the essential roles of 

the two hexanucleotide promoter sequences located at positions -35 and -10, respectively, 

and revealed hitherto unidentified promoter DNA contacts involving sequences other than 

those at -35 and -10. The comparison of promoter DNA cleavage data also suggested 

different modes of promoter DNA interaction by a 70  and a38. However, relatively little is 

known about the organisation of a54  domains on promoter DNA that contribute to 

regulated transcription initiation. 
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When compared with footprinting by conventional methods (DNase I, hydroxyl 

radical, Si nuclease etc.), which mainly reveal only the perimeters outlined by bound a54 

or a54-holoenzyme, the strength of cysteine tethered FeBABE footprinting is that it details 

the promoter sequences proximal to FeBABE conjugation sites within the a54-DNA or the 

a54-holoenzyme DNA closed and open complexes. Protein tethered FeBABE cleavage of 

DNA appears to occur through the generation of hydroxyl radicals (Off) from the 

FeBABE, which then cleave DNA by removing a hydrogen atom from a deoxyribose sugar 

on the DNA backbone (Figure 5B). The mechanism of the DNA strand scission by 

FeBABE is not understood in detail, but a few key features have emerged. From the 

product analyses; namely the release of one base per cleavage event and the nature of the 

DNA polymer termini [ 5'-phosphoryl, 3'-phosphoryl, and 3'-(phosphoglycolic acid) 1. 

OH' 

V 	 11 	1 	li 
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Fe(II) + H202 	+ OHS + (Ni-

t  
ascorbate 

DNA cleavage by hydroxyl radical 
generated by the FeBABE reagent 

  

Figure 5B. DNA cleavage by hydroxyl radicals produced by the Fenton-Udenfriend reaction 
originating from the FeBABE reagents (see text for details) 
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FeBABE mediated oxidative degradation of DNA happens via a combination of 

Fenton & Udenfriend chemistry. As part of the Fenton reaction ferrous iron Fe(II) on the 

FeBABE reduces hydrogen peroxide to give hydroxyl radicals (I): 

Fe(H) + H202  —> Fe(III) + OH* + Off 
	

(I) 

Udenfriend et al. showed that ascorbate acts to convert ferric iron Fe(III) (I) back to 

ferrous iron Fe(H) to continue the process (II): 

Fe(H) + H202  —>Fe(III) + OH• + OH- 

t 	1 
ascorbate 

Since hydroxyl radical is exceedingly short lived and reactive, and attack sites (12A from 

the FeBABE molecule) on the backbone of the DNA molecule, there is almost no sequence 

dependence in the cleavage reaction. 

5.3 Region I and R336 proximal DNA sequences on homoduplex, early and 

late melted heteroduplex DNA structures 

In this set of assays, we aimed to identify promoter DNA sequences proximal to 

Region I and R336 on homoduplex, early and late melted DNA structures bound by 654  

and its holoenzyme (Figure 5A). Because 654, in contrast to a" and a"-related sigma 

factors, can bind to promoter DNA in the absence of core RNAP in vitro, the FeBABE 

footprinting methodology allows identification of DNA sites proximal to the iron chelate 
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probe within a54-DNA and 654-holoenzyme-DNA complexes. We chose E36 in Region I 

because it is implicated in movements associated with activation (Casaz & Buck, 1997) 

and R336 in Region III as sites for FeBABE conjugation. The essential negative control 

reaction in the DNA cleavage assays involved a cysteine-free 654  mutant (Cys(-)), which 

was subjected, together with the single cysteine mutants E36C (Cys36) and R336C 

(Cys336), to the FeBABE reagent (Wigneshweraraj et al., 2000). Cleavage reactions 

conducted using the Cys(-) protein in parallel with the Cys36-FeBABE and Cys336-

FeBABE resulted in no discernible cutting of the DNA, demonstrating that under the 

conditions used there is not artifactual DNA cleavage (see Figures 5C-5F and summarised 

in Figure 5G). Hence, we are confident that each DNA cut is attributable by the FeBABE 

specifically conjugated to either Cys36 or Cys336. Amongst the DNA cleavage 

experiments, the least strong cutting pattern was with Cys36-FeBABE on the early melted 

and late melted DNA probes where the background signal was highest. Nevertheless, 

quantitation of the gels showed that cutting of DNA with FeBABE conjugated proteins 

was clearly discernible above background. The results shown (Figures 5C, 5E and 5F) 

and summarised (Figure 5G) were confirmed with many replicate experiments. In general, 

we observed that the addition of low amounts of heparin (10µg/m1) to samples prior to 

initiating cleavage gave more discrete patterns of cutting, possibly through removing non-

specific complexes, but the instability of the Cys36-FeBABE-DNA complex to heparin 

precluded use of this procedure in experiments shown in Figure 5C. 

5.3.1 Promoter DNA sequences proximal to E36 (Region I) and R336 (Region III) 

The binding of a54  to its target promoter sequences in the absence of core RNAP 

allows identification of specific a54-DNA interactions. The influence of core RNAP upon 

the a54-DNA interaction was evaluated subsequently. 

(354-Homoduplex DNA. FeBABE cleavage of homoduplex promoter DNA with 

Cys336-FeBABE e reveals an R336 proximal interaction centred on position -7 (± 2), 

between positions —9 and -5 on the non-template strand (Figure 5C-A, lane 6) and position 

-8 (±2), between positions —10 and -6 on the template strand (Figure 5C-B, lane 6 ). We 
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analysed Figure 5C-A by densiometry. Results showed that there was a 50% increase in 

signal in the cleavage region when compared to the control lanes (2, 3, 7 and 8) in Figure 

5C-A. No obvious cleavage of homoduplex DNA non-template strand is seen with Cys36-

FeBABE a54  implying that position 36 of Region I is not within 12A of promoter DNA 

(Figure 5C-A, lane 4). Attempts to cut the template strand with the Cys36-FeBABE 654  

yielded no discernible cleavage products (Figure 5C-B, lane 4). Since gel shift assays 

showed that Cys36-FeBABE e bound the DNA, we concluded that Region I is positioned 

away from the DNA in the initial a54-DNA complex. 

4154-early melted DNA. Next we attempted to map the Region I (E36) and Region 

III (R336) interaction sites on an early melted promoter DNA probe. Weak binding of the 

R336 derivative to the early melted DNA precluded any cutting (Figure 5C-C, lane 8). In 

contrast to the homoduplex DNA (Figure 5C-A and 5C-B, lane 4), we detected cutting 

with Cys36-FeBABE. Cys36-FeBABE cleaves the early melted DNA probe at three 

distinct positions between —17 and -15 (±1), adjacent to the —14, -13 GC-element on the 

non-template strands (Figure 5C-C, lane 2), and between -18 and —15 (±1) on the template 

strand (Figure 5C-C, lane 10). The region of early melted DNA could help structure 

Region I for binding and cutting. Because residue 36 is approximately situated in the 

middle of Region I sequences important for e function (Casaz et al., 1999) and which are 

probably a-helical some Region I sequences could be involved in direct interactions with 

the consensus GC promoter doublet. 

Addition of activator and hydrolysable nucleotide to the early melted DNA-a54  

complex causes 654  to isomerise and further melt the DNA (to form the supershifted 654-

DNA complex) (Cannon et al., 2000; Gallegos et al., 2000). Interestingly, we see a 

reduction in non-template DNA cutting between positions —17 and -15 (±1) by Cys36-

FeBABE e under conditions (i.e. in the presence of activator (PspFAHTH) and 

hydrolysable nucleotide) that permit e isomerisation (Figure 5C-C, compare lanes 2 and 

4). Densiotmetry showed that when activated there is a 40% reduction in cutting efficiency 

of the early melted template strand by Cys36-FeBABE a54  (data not shown and compare 

Figure 5C-C, lanes 11 and 12). We considered the possibility that activation may have 
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caused substantial dissociation of the early melted DNA-Cys36-FeBABE complex, thus 

resulting in the disappearance of the non-template cleavage profile. As shown, activation 

of the early melted DNA-Cys36-FeBABE complex produces an unstable, but supershifted 
O54-DNA complex (Figure 5C-D, compare lanes 4 and 5). However, the total amount of 

bound DNA remains constant. The reduction of DNA cutting between positions —17 (±1) 

and —15 (±1) by Cys36-FeBABE may reflect conformation changes in Region I that appear 

to position Region I (at least residue 36) away from promoter DNA sequences in response 

to activation (see also Casaz & Buck, 1997). The lack of detectable reduction of DNA 

cutting under non-activating conditions, i.e. in the presence of activator and GTPyS or in 

the absence of PspFAHTH further supports this view (Figure 5C-C). 

054-late melted DNA probe. Cys336-FeBABE cuts the late melted DNA probe 

extensively between positions -10 and -3 (±2) on the non-template strand (Figure 5C-E, 

lane 6) and between -11 and -6 (±1) on the template strand (Figure 5C-F, lane 6). These 

cutting patterns are different to those seen on the homoduplex DNA, suggesting that um-

DNA relationships have changed by melting out sequences between -10 and -1. On the late 

melted DNA probe, Cys36-FeBABE weakly cleaves the non-template strand around and 

across the -14, -13 GC-element between positions -17 and —13 (Figure 5C-E, lane 4, 

marked with arrows). Densiotmetry of lane 4 and the control lanes (2, 3, 7 and 8 in Figure 

5C-E) confirmed that the cutting by Cys36 did occur, but with very low efficiency. 

However, Cys36-FeBABE does not detectably cleave template strand DNA when bound to 

the late melted DNA probe (Figure 5C-F, compare lanes 3 and 4). Even though the 

efficiency of strand cleavage by Cys36-FeBABE on the late melted DNA probe is not 

strong, it appears that Region I is facing the —14, -13 GC element in the late melted DNA- 

c 	complex and (at least residue 36) is orientated towards the non-template strand. 
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Figure SC (previous page). S. meliloti nifH promoter DNA cleavage by FeBABE-modified 654  
proteins. Homoduplex (A) non-template strand and (B) template strand cleavage by Cys36-
FeBABE & Cys336-FeBABE. (C) Early melted probe non-template strand (lanes 1-8) and 
template strand (lanes 9-16) DNA cleavage by Cys336-FeBABE. Arrows show the migration 
positios of the cleaved DNA band. (D) 654-isomerisation assay on the early melted DNA probe. (E 
and F) Late melted probe non-template strand and template strand DNA cleavage, respectively, by 
Cys36-FeBABE and Cys336-FeBABE. Reactions to which ascorbate and hydrogen peroxide were 
added are marked with +, control reactions to which no ascorbate and hydrogen peroxide were 
added are marked with -. Lanes M contain a mixture of end-labelled S. meliloti nifH promoter 
DNA fragments as molecular size markers. (A high quality reproduction of this figure is available 
in Wigneshweraraj et al., 2001, which is attached at the back of this thesis) 

5.3.2 Promoter DNA sequences proximal to Region I and R336 in the closed and open 

complex 

Next, we investigated how the relationships between the three promoter DNA 

structures and Region I E36 and Region HI R336 change in the transition from a closed to 

an open promoter complex. Holoenzymes were formed with 1:2 molar ratio of core RNAP 

to 654  in order to ensure that all conjugated $3.54 proteins were in the holoenzyme form. 

Holoenzymes were at 100nM concentration. Note that at 100nM, the sigma remaining free 

would not give significant binding and cutting. We conducted cleavage experiments on 

closed and activated holoenzyme complexes. 

Homoduplex DNA cleavage. The Cys-336-FeBABE holoenzyme cuts homoduplex 

DNA strongly between positions -10 and -6 (±1) on the non-template strand (Figure 5D-A, 

lane 6), whereas the template strand is cut between positions —13 and -8 (Figure 5D-C, 

lane 6). Strong cleavage of the homoduplex DNA template strand is seen with Cys36-

FeBABE holoenzyme and is centred around position —16 (±2), between —18 and —14 

(Figure 5D-C, lane 4). In contrast, the non-template strand is weakly cleaved along the T-

tract upstream of the GC-element between positions —16 and —11 (±2) (Figure 5D-A, lane 

4). It seems that Cys336-FeBABE and Cys36-FeBABE cleavage positions of non-template 

DNA in the closed complex are close, consistent with previous observation that residues 36 

and 336 are proximal to some of the same surfaces on the core RNAP subunits 13 and f3' 

(Wigneshweraraj et al., 2000). When PspFAHTH and dGTP were added, no discernible 

changes were observed in the cutting patterns between homoduplex DNA-a54-holoenzyme 
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(compare Figures 5D-B and 5D-D) with 5D-A and 5D-C, respectively) consistent with the 

view that open complex formation on linear DNA is inefficient (Oguiza & Buck, 1997; 

Wedel & Kustu, 1995). 

Early melted DNA cleavage. On the early melted DNA probe, Cys336-FeBABE 

holoenzyme produced strong cutting of the non-template strand between positions —18 and 

—10 (±1), whereas the template strand was cut moderately between positions —13 and -7 

(±2). (Figure 5E-A and 5E-C, lane 6). Recall that binding by Cys336-FeBABE (754  alone 

did not occur with the early melted DNA probe (Chaney & Buck, 1997 and see above). 

Core RNAP clearly stabilises the Cys336-FeBABE on the early melted DNA probe 

(Wigneshweraraj et al., 2001). As in the homoduplex DNA-holoenzyme closed complex, 

Cys36-FeBABE cleavage of the non-template strand was along the promoter T-tract 

between positions —19 and —16 (±1), and between positions —19 and -15 on the template 

strand (Figure 5E-A, lane 4 and Figure 5E-C, lane 4). Strikingly, activation of the early 

melted DNA-holoenzyme complex reduces the efficiency of non-template strand cutting 

by Cys36-FeBABE (Figure 5E-B, lane 4, marked with arrows), whereas the cutting 

between positions —17 and -14 on the template strand (Figure 5E-C and 5E-D, lanes 4) 

remains unchanged. As deduced from the cutting patterns, the relationship between 

Cys336-FeBABE holoenzyme and the non-template early melted DNA probe remains 

unchanged under activating conditions (Figure 5E-A and 5E-B, lanes 6). In contrast, 

activation of the Cys336-FeBABE holoenzyme on the early melted DNA probe complex 

causes a reduction in the efficiency of cutting on the template strand (Figure 5E-C and 5E-

D, lanes 6), comparable to the effect on Cys36-FeBABE cutting of the other strand. 

Consistent with other observations (Guo et al., 2000; Casaz & Buck, 1997 and Figure 5C-

C), these activator/NTP hydrolysis dependent changes in Cys36-FeBABE and Cys336-

FeBABE DNA cleavage patterns provide evidence for activation-related conformational 

changes affecting Region I and Region III within the holoenzyme, leading to proximity and 

orientation changes in the relationships between the promoter DNA, Region I and Region 

III. Cleavage patterns produced by Cys336-FeBABE and Cys336-FeBABE holoenzyme 

did not change when the non-hydrolysable nucleotide GTPyS substituted dGTP in the 

activation assays (data not shown), confirming the significance of the above activation 

defects. 
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Late melted DNA cleavage. Because the late melted DNA structure is believed to 

represent a DNA conformation adopted by the promoter DNA following activation and 

isomerisation of am-holoenzyme, we examined whether activation associated changes are 

still evident in holoenzyme complexes formed with the late melted DNA probe. If so, they 

would support the view that activator drives conformational changes within c and that 

pre-melting the DNA does not bypass these (Cannon et al., 1999; Wedel & Kustu 1995). 

Strong cleavage by Cys36-FeBABE holoenzyme occurs on the non-template strand of the 

late melted DNA probe between positions —16 and —11 (±2) (Figure 5F-A, lane 4), and 

moderate cleavage on the template strand centred around position —16 (between —18 and —

14) (Figure 5F-C, lane 4). Consistent with our previous observation with early melted 

DNA probe (see above, Figure 5E-B), activation causes a decrease in non-template strand 

cleavage by Cys36-FeBABE between positions -16 and -11 (compare Figures 5F-A and 

5F-B, lanes 4 and 2, respectively). Similarly, there is a slight reduction in the template 

strand cleavage by Cys36-FeBABE when activated, which was not observed with early 

melted DNA (Figure 5F-C and 5F-D, lanes 4). The relationship between Cys336-FeBABE 

and the template strand remains unchanged when activated as judged by the relatively 

constant cutting patterns between —12 and —4 (non-activated) and —14 and —5 (activated) in 

the Cys336-FeBABE holoenzyme late melted DNA complex (Figure 5F-C and 5F-D, lanes 
6), whereas reduced cleavage was seen on early melted DNA. Interestingly, we note an 

increase in non-template strand cleavage between positions —12 and —3 by Cys336-
FeBABE when activated (Figure 5C-A and 5D-B, compare lanes 6 and 4, respectively). It 

appears that conformational changes in response to activation have led to an increased 

interaction by Region III residue 336 with late melted non-template DNA strand. Clearly, 

these FeBABE cutting data support the view that changes in Region I and Region III 

brought about by activator are involved in the conformational changes that allow the 

holoenzyme to melt the promoter or to engage with melted DNA (Cannon et al., 1999; 

Wedel & Kustu, 1995). 
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Figure 5D. S. meliloti nifil promoter DNA cleavage by RNAP holoenzymes containing FeBABE 
modified 654  proteins. Homoduplex probe non-template and template strand DNA cleavage under 
non activating (A and C) , and activating, (B and D) conditions, respectively. Reactions to which 
ascorbate and hydrogen peroxide were added to initiate DNA cleavage are marked with +, control 
reactions to which no ascrobate and hydrogen peroxide were added are marked with -. Lane M 
contains a mixture of end-labelled S. meliloti nifH promoter DNA fragments as molecular size 
markers. (A high quality reproduction of this figure is available in Wigneshweraraj et al., 2001, 
which is attached at the back of this thesis). 
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Figure 5D. S. meliloti nifH promoter DNA cleavage by RNAP holoenzymes containing FeBABE 
modified a54  proteins. Early melted probe non-template and template strand DNA cleavage under 
non-activating (A and C), and activating (B and D) condition, respectively. Reactions to which 
ascorbate and hydrogen peroxide were added to initiate DNA cleavage are marked with +, control 
reactions to which no ascorbate and hydrogen peroxide were added are marked with -. Lane M 
contains a mixture of end-labelled S. meliloti nifH promoter DNA fragments as molecular size 
markers. (A high quality reproduction of this figure is available in Wigneshweraraj et al., 2001, 
which is attached at the back of this thesis). 
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Figure SF. S. meliloti nifH promoter DNA cleavage by RNAP holoenzyme containing FeBABE 
modified am  proteins. Late melted probe non-template and template strand DNA cleavage under 
non-activating (A and C) and activating (B and D) conditions, respectively. Reactions to which 
ascorbate and hydrogen peroxide were added to initiate DNA cleavage are marked with +, control 
reactions to which no ascorbate and hydrogen peroxide were added are marked with -. Lane M 
contains a mixture of end-labelled S. meliloti nifH promoter DNA fragments as molecular size 
markers. (A high quality reproduction of this figure is available in Wigneshweraraj et al., 2001, 
which is attached at the back of this thesis). 
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Figure 5G. (continued on next page) 



(B) DNA Cleavage by BSS' 

a Cys36 	
-19  
	-1

11 

'al Cys336 
-60...CAGACGGCMCACGACTTTIMACGATCAGCCCMGG...+28 

-a 	...GTCTGCCGACCGTGCTGAAAACGTGCTAGTCGGGACCC... 
Cys36 	 -181 	-14  

Cys336 

z 
° 

-19 	-16 
Cys36 -a 	 -18 	-10 Cys336 

-60.. 
2 	• • 

1-÷+1 

.CAGACGGCT IICACGACTTTT e ACGATCAGCCCT gGG ...+28 

.GTCTGCCGACCGTGCTGAAAACGTGCTAGTCGGGACCC 

iTs Cys36 W Cys336 

-19 	-15 
I
17  

z 
a Cys36 

Cys336 
a) 	-60. 2 

-11  
-1 11.-.4 	 -F 

..CAGACGGCMCACGACTITGOACALKOMIVITATAWGG... + 2 8 
.GTCTGCCGACCGTGCTGAAAACGTGCTAGTCGGGACCC... 

Cys36 
Cys336 

-11=-114 
-12 	-4 

 

 

Figure 5G. (continued on next page) 
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Figure 5G. Summary of S. meliloti nifH promoter cleavage results. Boxes above (non-template 
strand) and below (template strand) the DNA sequence indicate positions of cleavage by FeBABE-
modified cym  proteins. Open boxes show cutting by Cys36-FeBABE and filled boxes by the 
Cys336-FeBABE proteins. Shown are (A) am-DNA complexes, (B) holoenzyme closed complexes 
and (C) holoenzyme complexes with activation on homoduplex, early melted and late melted DNA 
structures, respectively. In (C) the hatched box indicates the "repositioning" of Cys36 from the 
non-template DNA strand and Cys336 from the template DNA strand under activating conditions 
(see text for details). 
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5.4 Discussion & Conclusions 

Results overview. Previous work examined the inter-relationship between Region I 

and a Region III DNA crosslinking patch in am  that, when mutated, displayed overlapping 

new functionalities of the &4-holoenzyme and changed DNA binding activities of am  

(Wigneshweraraj et al., 2001). Although the two sequences are separated by nearly 300 

amino acids, they seem to occupy closely related positions in space with respect to the core 

RNAP (Wigneshweraraj et al., 2000) and close to the GC consensus in the promoter DNA 

(this Chapter). This DNA region is associated with regulatable properties of the promoter, 

especially the dependence upon activator for open complex formation and DNA melting 

(Cannon et al., 2000; Guo et al., 1999; Wang et al., 1999, 1997). Hence we suggest that 

parts of Region I and Region m form a centre in the holoenzyme which is closely 

associated with DNA melting. Changing relationships between am  and DNA were evident 

under activating conditions (Figure 5C-5F, summarised in Figure 5G), suggesting that 

movements in the centre occur and are probably needed for open promoter formation. 

Some of these movements seem to involve parts of am, in particular Region I sequences, 

that direct am  to melted DNA structures downstream of the promoter GC element. The 

differences in DNA cutting patterns seen between the FeBABE modified free am  proteins 

and their holoenzymes implies some rearrangements in the o DNA-interacting surfaces 

upon binding to core RNAP. Strikingly, either the addition of core RNAP or the use of 

early melted DNA is required to allow detectable non-template strand cutting by Cys36-

FeBABE. This suggests that core RNAP and the distorted DNA structure created when 

holoenzyme binds homoduplex DNA can increase the interaction of Region I sequences 

with promoter DNA. This is consistent with differences seen between am  and am-

holoenzyme DNA —12 region footprints (Morris et al., 1994). 

The differences in the DNA cutting patterns seen with cr and ce-holoenzyme 

implies re-arrangements in the am  DNA-interacting surfaces upon binding to core RNAP, 

suggesting that the FeBABE is located in a slightly different place in the am  versus am-

holoenzyme. As summarised in Figure 5G, a region of promoter DNA between -18 and -5 

are within cutting range (-12A from the cysteine sulphur, ± 3-4A diffusion distance of the 
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actual cutting species) of Region I residue 36 and Region III residue 336. Our cleavage 

data imply that the Cys36-FeBABE cleavage sites are, in general, located upstream of the 

consensus GC promoter element, whereas the Cys336-FeBABE cleavage sites are located 

downstream of the consensus GC element. This suggests they could form a clamp across 

the GC region. There is a certain degree of overlap in the DNA cleavages produced by 

Cys36-FeBABE and Cys336-FeBABE that occur over the GC element. A possible 

implication of the RegionI/R336-DNA proximity relationship in starting DNA melting is 

discussed below ("open complex formation") 
Region I. It is now clear that part of Region I, including position 36, is located near 

position —15, close to the GC consensus element, under all conditions tested. Although this 

proximity relationship is suggestive of a contact between Region I and DNA, a role for 

Region I in structuring the DNA-contacting surfaces of om  is also plausible. Indeed, the 

two models need not to be mutually exlusive. Reduced proximity of residue 36 to the DNA 

was evident in at least a large fraction of the am  molecules nnder conditions of activaton, 

consistent with the view that Region I contributes to at least two different functional states 

of the holoenzyme, and controls their interconversion (Gallegos et al., 1999). The FeBABE 

cleavage data imply that Region I moves away from the non-template strand upon 

activation and is positioned closer to the template strand sequences. The re-positioning of 

Region I is consistent with conformational changes that take place in response to activation 

(Casaz & Buck, 1997). The full significance of this movement remains to be elucidated. 

One possibility is that upon activation Region I switches its interactions to a new set that 

contributes to open complex formation - one such interaction could be in directing 

template strand DNA sequences towards the RNAP catalytic centre. 

R336 and relationship to Region I. The DNA proximity relationships suggested 

for R336 indicate that it interacts with sequences just downstream of the GC element, 

close to the site of early melted DNA. Consistent with this, R336A binds probes with early 

melted DNA worse than homoduplex DNA. The known roles of arginine residues in DNA 

interactions suggests that R336 may well make a direct DNA contact. DNA melting within 

isomerised am-DNA complexes is to —6 (Cannon et al., 2000) suggesting that R336 

interacts with DNA that exists in either the double stranded form, or is melted out. R336 

may make a direct interaction with a promoter segment to be melted, in both double and 
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single stranded states. This suggests that sigma factor functions in DNA melting, as do 

conventional DNA helicases, through direct interaction with DNA that later melts. 

Activation of the Cys336-FeBABE holoenzyme complex on early melted DNA 

probe causes a reduction in efficiency of template strand cutting, whereas activation leads 

to enhanced cutting of the non-template strand in the complex with late melted DNA. 

Cutting of non-template strand sequences by the Cys36-FeBABE seems to always be 

reduced under activating conditions on the early melted and late melted DNA probes. The 

FeBABE cutting data clearly provides evidence for movements in two cy54  —DNA 

relationships during transition from a closed complex to an open complex. Conformational 

changes in Region I upon activation have been observed (Casaz et al., 1997). 

Stable closed complex formation. Tight binding of 654  to a distorted DNA 

structure, the fork junction, just downstream of the GC-element, is thought to hold the 

holoenzyme in a stable conformation and so maintain the closed complex (Cannon et al., 

2000; Gallegos & Buck, 2000; Guo et al., 1999). The overlapping phenotypes of AIsam  and 

the R336 mutants suggest that Region I could act in part through R336. Here, establishing 

the Region I negative effects of limiting unregulated DNA opening could be through the 

R336 dependent tight binding of c to DNA downstream of the GC to restrict the spread of 

DNA melting. Since Region I is predicted to be a-helical it is also possible that parts of 

Region I extend to make DNA contact across the sequences that R336 is suggested to 

interact with. 

Open complex formation. Activation of c and its holoenzyme leads to DNA 

melting downstream of the early melted DNA (Tintut et al., 1995; Popham et al., 1989). 

Although it is unclear how activator achieves this in a nucleotide consuming reaction, it is 

evident from the altered DNA cutting patterns of the FeBABE modified cym  proteins that 

changed interactions across the GC promoter region are occurring. These may serve to 

relieve the inhibition on polymerase isomerisation imposed by Region I and R336, and to 

establish a new set of interactions needed for open complex formation. The need for a 

concerted set of movements in cr54  is reinforced by the finding that pre-opened DNA does 

not bypass activator requirements for transcription (Cannon et al., 1999; Wedel & Kustu, 

1995) or changing cutting patterns (Figure 5D). Further, FeBABE derivatives of R336 and 

150 



E36 cut the core RNAP in a restricted set of positions, some of which are close to the 

polymerase active site (Wigneshweraraj et al., 2000). This suggests that activation involves 

movements of a" within the holoenzyme associated with placing DNA correctly within the 

polymerase active centre. DNA placement may contribute to open complex formation and 

stability through core RNAP melted-DNA interactions (Brodolin et al., 2000). 

Strain forces can drive the DNA helix to adopt non-canonical structures. Results 

with intra-strand crosslinks support this view (van Aalten et al., 1999). These can lead to 

new DNA structures that can very substantially increase DNA-protein interactions, 

possibly through compensating for the normal energetic costs of protein induced DNA 

deformation (van Aalten et al., 1999). Further, torsional pressures applied to the DNA 

minor groove can be relieved by base pair rupture and base extrusion (van Aalten et al., 

1999). Clearly, parallels exist with the DNA strand separation events of open promoter 

complex formation. It is possible that local DNA distortion downstream of the GC element 

is created through strain induced by Region I and the element of structure that includes 

R336 interacting across the GC element. Footprinting experiments have suggested that a" 

makes minor groove interactions across promoter sequences (Cannon et al., 1995; Morris 

et al., 1994) and common properties of Ala" and R336A include lack of local DNA 

distortion in the closed complex and defects in binding the early melted DNA probe 

(Wigneshweraraj et al., 2001; Chaney et al., 2000; Gallegos & Buck, 2000; Gallegos et al., 

1999; Chaney & Buck, 1999). Strain may be used to start local DNA opening downstream 

of the GC element by a protein-driven destabilisation of double stranded DNA by a 

peeling-type mechanism. 

Region I and Region III sequences form a regulatory centre. Region I appears to 

interact with the carboxyl terminal DNA-binding domain in Region HI (Wigneshweraraj et 

al., 2000; Casaz & Buck, 1999). The FeBABE cleavage data now shows that parts of 

Region I and Region 111 are close to the —12 promoter element, a DNA sequence known to 

influence the regulation of open complex formation (Guo et al., 1999; Wang & Gralla, 

1998) and to core RNAP subunits (Wigneshweraraj et al., 2000). An advantage of this 

protein-DNA arrangement would be in co-ordinating concerted movements in a54, 

promoter DNA and core RNAP to orchestrate the formation of a stable open promoter 

complex upon activation. Region I may act as an organising centre that brings different a54 
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(and RNAP) and DNA components together. Region I and Region III change their 

relationship to DNA in response to activation, suggesting that the organising centre 

includes a target for the activator NTPase activity (Guo et al., 2000; Cannon et al., 2000). 

In a7°  mediated transcription initiation where activation is often by recruitment of the 

RNAP, determinants within the holoenzyme needed for activation often localise at or 

upstream of the start site distal —35 promoter element (see Introduction). In contrast, our 

work shows that for a54-holoenzyme, which is activated at the DNA melting step, 

activation determinants in the holoenzyme localise over the start site proximal —12 

promoter region from where DNA melting originates (Cannon et al., 2000; Guo et al., 

1999; Morris et al., 1994). DNA looping could easily deliver enhancer bound activator to 

the centre formed by core RNAP, Region I and the DNA crosslinking patch of a54. Access 

of activator to the centre from sites on DNA proximal to the holoenzyme would be 

sterically hindered by RNAP, suggesting a mechanistic role for DNA looping in activation. 
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CHAPTER SIX 

In Vitro Roles of Invariant Helix-Turn-Helix Motif Residue 
R383 in Sigma 54 

6.1 Introduction 

Promoter-specific DNA-binding activity of 654  is central to formation of the Ea54-

promoter complex. DNA binding by 654  appears complex and the interaction between 654  

and DNA is modulated by core RNAP (Casaz & Buck, 1999; Guo et al., 1999). The 

specific DNA binding determinants of o are located in the C-terminal Region III 

(residues 329-477 in K. pneumoniae), which includes a patch (residues 329-346) that UV-

crosslinks to DNA, a putative helix-turn-helix (HTH) motif (residues 367-386) and a 

conserved patch (residues 454-463) of 10 amino acids termed the RpoN box which has 

been implicated to play a direct or indirect role in the recognition of both, -24 and -12 

conserved promoter elements (Chaney et al., 2000; Gallegos et al., 1999; Guo & Gralla, 

1997; Taylor et al., 1996; Cannon et al., 1995; Merrick & Chambers, 1992). 

Region BI residues 367-386 of 654  are proposed to form a HTH DNA binding 

structure, and R383 in the recognition helix to interact with bases in the -12 promoter 

element, in particular with the consensus G of the GC promoter doublet (Merrick & 

Chambers, 1992; Figure 6A). Substitution of R383 with any other amino acid, except for 

lysine and to a lesser extent with histidine was suggested to result in an inactive protein, 

implying that the nature of the charge on this residue is an important criterion for 654  

function (Merrick & Chambers, 1992). The suppression of —12 promoter-down mutations 

in the K. pneumoniae glnAp2 promoter by R383K in vivo is considered as evidence for a 

role of R383 in recognising the —12 promoter region. An extension of these conclusions 

was that the promoter interaction was direct, based largely on the view that the suggested 

bi-helical structure would make specific contacts to promoter DNA and the apparent 

suppression data might not be explained by indirect effects. 
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Figure 6A. The putative helix-turn-helix motif of K pneumoniae am  (residues 367-386). The 
arginine in position 383 (R383) in the recognition helix (residues 378-386) is implicated in -12 
promoter element interactions (Merrick & Chambers, 1992). 

The GC promoter region of am-dependent promoters in known to be a key DNA 

element in the network of interactions that keeps the polymerase silent and which 

establishes the activatable state of the polymerase (Cannon et al., 2000; Wang et al., 1999; 

Guo et al., 1999 Wang & Gralla, 1998). Previously it was shown by tethered FeBABE 

footprinting and genetic studies that Region I, the am  UV-crosslinking patch and the -12 

promoter region form a centre in the holoenzyme that contains protein and DNA 

determinants of activator responsiveness and DNA melting (Cannon et al., 2000; Chaney et 

al., 2000; Wigneshweraraj et al., 2000; Wigneshweraraj et al., 2001). Here the 

functionality of purified am  proteins altered at position 383 have been explored to 

determine if R383 is a part of the regulatory centre in the am-holoenzyme. Results indicate 

that R383 is not a part of the centre, and that R383 may not establish a direct contact to 

DNA. Rather it seems that residue 346 is a part of the centre and is close to the promoter 

GC. However, it is clear that R383 contributes to DNA binding and for discriminating 

between bases at the G of the GC. It is also required for a54  stability in vivo. We show that 

R383 contributes to maintaining stable promoter complexes in which limited one base 

DNA opening downstream of the -12 GC element has occurred. Unlike with the wild-type 

a54, holoenzymes assembled with the R383A or R383K mutants could not form activator 

independent heparin stable complexes on the heteroduplex S. meliloti nifH DNA 

mismatched next to the GC (Cannon et al., 2000; Gallegos & Buck, 2000). Although R383 
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appears inessential for polymerase isomerisation, it appears to make a significant 

contribution to maintaining the holoenzyme in a stable complex when melting is initiating 

next to the GC element. 

6.2 Results 

6.2.1 Expression and Stability of the R383K and R383A am  Mutant Proteins 

We constructed the am  mutants R383K and R383A to explore their activities in 

vitro. Denaturing gel analysis of whole-cell extracts from induced E. coli BL21 (pLysS) 

cultures revealed proteolysis of the overexpressed R383A protein (Figure 6B-A, lane 2). In 

contrast the R383K protein, harbouring the more conservative substitution, appeared to be 

more stable and migrated as a single band, as did the wild-type protein during denaturing 

gel electrophoresis (Figure 6B-A, lane 4). Overexpression of the R383A protein in 

different E. coli backgrounds and altering overexpression conditions (time & temperature) 

did not improve the stability of the R383A protein (data not shown). Since the truncated 

R383A co-purified with the full-length R383A protein during Ni affinity chromatography, 

the R383A appears proteolysed in its carboxyl terminal domain. These observations 

indicate R383 is structurally important, not readily predicted from the suggestion that R383 

is solvent exposed (Merrick & Chambers, 1992). We therefore constructed the R383C 

mutant protein in a cysteine-free cr54  background to measure solvent accessibility 

(Wigneshweraraj et al., 2000). The CPM reactivity of the R383C in its native state showed 

that R383C is indeed solvent accessible. Furthermore, the R383C protein was more stable 

upon overexpression and more active for transcription in vitro than is R383A and R383K 

(Wigneshweraraj et al., 2000, data not shown). We therefore infer that R383 has a 

structural role related to the bulk of the side chain and that 383 is a surface accessible 

residue. 

Previous in vivo studies led to the conclusion that R383A is unable to initiate 

transcription from the E. coli glnAp2 promoter (Merrick & Chambers, 1992). The 
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instability of R383A we observed (Figure 6B-A) suggested that the apparent inactivity of 

the R383A protein could be due to proteolytic cleavage in vivo rather than solely a 

functional defect caused by the mutation. We therefore conducted in vivo promoter 

activation assays (promoter fusion 13-galactosidase assays) and Western blots on the R383A 

protein. Leaky expression of rpoN in pET28b+ allows the use of the overexpression 

plasmid in these assays (Casaz et al., 1999). Consistent with the previous in vivo results 

(Merrick & Chambers, 1992), the R383A mutant did not support activation in vivo (data 

not shown). Analysis of whole-cell extracts prepared from E. coli TH1 cells under 

activating conditions containing the pSRW-R383A with anti-a54  polyclonal antibodies 

failed to detect full-length a54  protein (Figure 6B-B, lane 3); wild-type and R383K proteins 

were detected (Figure 6B-B, lanes 1 & 4). It appears that the activity of R383A may not be 

easily judged by in vivo activity assays. We therefore conducted a series of in vitro assays 

to explore the activity of the R383A and R383K mutants. 

Figure 6B. Overexpression and in vivo stability of R383K and R383A mutant 654  proteins. 
(A). Uninduced whole cell extracts from E. coli BL21 pLysS carrying pSRW-R383A (lane 
1) and pSRW-R383K (lane 3), fractionated on SDS-PAGE. The upper arrow indicates the 
expression of the R383A (lane 2) and R383K (lane 4) in whole cell extracts after two hours 
of induction. * indicates the proteolysed R383A protein (lane 2) which was removed by 
heparin and Mono Q chromatography. The marker (lane M) is BroadRange SDS-7L 
(Sigma). (B). Whole cell extracts from E. coli strain TH1 carrying pMTHa (lane 1), 
pET28b+  (lane 2), pSRW-R383A (lane 3) and pSRW-R383K (lane 4) were probed with 
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anti-a54  antibodies. The arrow indicates am. The prestained marker M (lane M) is from 
BioRad (broad range) and lane S contains a partially purified sample of am. 

6.2.2 Interaction of R383K and R383A with the E. coli core RNAP 

Native gel holoenzyme assembly assays were used to detect complexes forming 

between core RNAP and am  based on the different mobility of core versus holoenzyme. 

The wild-type a54  shifted nearly all the core into the holoenzyme form at a 1:1 molar ratio 

of core to a54  (Figure 6C, lane 2). Results showed that R383K has a slightly reduced 

affinity for core RNAP and shifted all the core to the holoenzyme form at a ratio of 1:2 

(Figure 6C, lane 6). In contrast, R383A had a significantly reduced affinity, and compared 

to the wild-type a54  forms holoenzyme with increased mobility on native gels. The R383A 

protein did not produce a characteristic a54  band but was diffuse and slower running 

(Figure 6C, lane 16), in contrast to the R383K and wild-type proteins (Figure 6C, lanes 14 

& 15). Previously we showed using Cys383-FeBABE tethered footprinting methods that 

R383 is not proximal to the core subunits 13 and 13' (Wigneshweraraj et al., 2000). We 

conclude that changing the invariant R383 to A has resulted in a conformational change 

that may not be localised and which results in significant changes in core RNAP binding 

and in the formation of holoenzyme with a different conformation. These observations 

further support a structural role for R383. 
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Figure 6C. Binding of um  to E. coli core RNAP. Native gel holoenzyme assembly assays were 
used to detect complexes forming between core RNAP and R383K and R383A, respectively. The 
formation of holoenzyme (E654) was detected as the presence of a faster migrating species when 
compared with core (E, lane 1) alone. Titrations of core RNAP with e were carried out using 
250nM core RNAP and increasing concentrations of 654  at ratios 1:1 (lanes 2, 5 & 10), 1:2 (lanes 
3, 6 & 11), 1:4 (lanes 4, 7 & 12) and 1:8 (lanes 8 & 13). Free 654  (at 2.5µM) proteins (lanes 14 
[wild-type], 15 [R383A] & 16 [R383A] ) are also shown. 

6.2.3 DNA Binding Activities of the R383K and R383A Mutant e Proteins and their 

Holoenzymes 

The R383K mutant was suggested to show an altered DNA-binding preference for 

the promoter GC element (Merrick & Chambers, 1992). Using a gel mobility shift assay we 

compared the DNA binding activities of R383A, R383K and the wild-type 654  proteins and 

their holoenzymes for the E. coli glnHp2 (termed Hp2-13T) and a mutant derivative with a 

T to G substitution at position —13 (termed Hp2-13T—>G) (Figure 6D-A and 6D-B, 

respectively). Previous in vivo and in vitro studies have shown that the glnHp2 promoter 

with a G at —13 is a better substrate for o holoenzyme function than one with a T at —13 

(Claverie-Martin & Magasanik, 1992). Binding of 654  confirmed the promoter with the G 

at position -13 (Hp2-13T—>G) as the preferred template, to which 654  has 7-fold increased 

binding (at 250nM) compared to the Hp2-13T promoter. The R383K mutant bound both 

promoter sequences similarly, but had a 7-8-fold reduced binding (at 1p.M) to the Hp2-13T 

and Hp2-13T—>G templates compared to the wild-type 654  (Figure 6D-A). This 

observation, together with the inability of R383A to detectably bind either promoter probe, 
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even at higher protein concentrations (1.5µM and 2µM; Fig. 6D-A) establishes that R383 is 

important for DNA binding by 654. 

By comparing the binding activities of the wild-type, R383A and R383K 

holoenzymes for the two promoter probes we determined that the wild-type holoenzyme (at 

100nM) has a 4-5-fold higher binding to the Hp2-13T--3G than the Hp2-13T promoter 

sequence (Figure 6D-B). Like the R383K 654, the R383K-holoenzyme, showed a similar 

binding preference to both promoter probes, being unable to distinguish them (Figure 6D-

B), consistent with previous in vivo results (Merrick & Chambers, 1992). Clearly am-core 

RNAP interactions are significant in determining promoter binding (compare Figure 6D-A 

& 6D-B) and it seems that o dominates the promoter binding preference. Any binding 

preferences of the R383A-holoenzyme to Hp2-13T and Hp2-13T—>G could not be 

determined due to the low binding activity of the R383A holoenzyme to both probes (data 

not shown). Overall, our data show that R383K and its holoenzyme bind the Hp2-13T-->G 

and the Hp2-13T templates equally. In contrast, wild-type e and its holoenzyme bind to 

the Hp2-13T-->G probe better than to the Hp2-13T probe. R383 is significant for DNA 

binding by 654  and is needed for preferential binding to Hp2-13G rather than the Hp2-13T 

probe. 

To further explore the DNA binding properties of the mutant .554 proteins and their 

holoenzymes we compared the binding activities of R383K and R383A to the S. meliloti 

nifH promoter DNA, a higher affinity binding site used for many e activity measurements 

(see later). As shown (Figure 6D-C) R383K bound less S. meliloti nifH probe (3-fold 

reduced) compared to the wild-type 654. In contrast, the R383A mutant appeared very 

defective for DNA binding. Next, holoenzyme binding to the S. meliloti nifH promoter 

was assayed using saturating ratios of sigma to core RNAP. The wild-type holoenzyme 

shifted 70% of the S. meliloti nifH promoter probe DNA at 150nM, whereas mutant 

holoenzymes shifted 60% (R383K) and 45% (R383A) of the probe (Figure 6D-D). This 

observation contrasts with the behaviour of the R383A holoenzyme on the Hp2-13T—>G 

and suggests sequences in the S. meliloti nifH promoter rescue promoter binding by R383A 

holoenzyme. 
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Figure 6D. Interactions of R383K and R383A with E. coli glnHp2 and S. meliloti nifH promoter 
fragments. Gel mobility shift assays were used to detect the binding activities of the mutant sigmas 
and their holoenzymes to E. coli glnHp2 promoter fragments: (A) Binding of wild-type et (•) 
R383K (■) and R383A (•) and (B) their holoenzymes to the Hp2-13T (closed symbols) and to 
the Hp2-13T-->G (open symbols).(C) Binding of wild-type 654  (0), R383K (D) and R383A (0) 
and (D) their holoenzymes (same as in (C). but closed symbols) to the S. meliloti nifH promoter 
fragment. 
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6.2.4 In vitro Transcription Activity of the R383K and R383A Holoenzymes. 

To begin to examine the consequences of altered DNA binding of R383K and 

R383A upon later steps in activation, we next examined the ability of R383K and R383A 

holoenzymes to support transcription in vitro from supercoiled plasmid pFC50 which 

contains the wild-type E. coli glnHp2 promoter or the GC promoter region mutant 

derivatives of this promoter (Table 1). Changing the —13T to a C (pFC50-m33) or A 

(pFC50-m11) results in a strong promoter-down phenotype or a largely inactive mutant 

promoter, respectively (Claverie-Martin & Magasanik, 1992). 

Promoter 

 

Plasmid 	Sequence 

     

-28 	-13 	+1 
E. coli glnHp2 	pFC50 	ACTGGCACGATTTTTTCATATATGTGAATGT 

pFC50-m12 	ACTGGCACGATTTTTGCATATATGTGAATGT 
pFC50-m33 	ACTGGCACGATTTTTCCATATATGTGAATGT 
pFC50-m11 	ACTGGCACGATTTTTACATATATGTGAATGT 

-29 	-14 	+1 
S. meliloti nifH 	pMKC28 

	
GCTGGCACGACTTTTGCACGATCAGCCCTGGG 

K. pneumoniae 	 -28 	-13 	+1 
glnAp2 	 GTTGGCACAGATTTCGCTTTATATTTTTTAA 

Table 6.1. E.coli glnHp2 and S. meliloti nifH promoter sequences used for the in vitro 
transcription assays. The E. coli glnHp2 (shown from -28 to +3) and S. meliloti nifH promoter 
sequences (shown from -29 to +3) used for the in vitro transcription assays. The -13GC (for the 
glnHp2 promoters) and -14GC (for the nifH promoter) promoter elements are underlined and the 
consensus GG and GC are shown in bold. The K pneumoniae glnAp2 promoter sequence (from -
28 to +3) is also given for comparison. 

Initially the response of wild-type and mutant holoenzymes to saturating 

concentrations of the E. coli activator protein PspFAHTH, which functions from solution, 

was tested. The ability of the holoenzymes to promote transcription at the glnHp2-13T, 

glnHp2-13T-->G and glnHp2-13T-+C was expressed as a percentage of wild-type 

holoenzyme activity at the glnHp2-13T—>G promoter (Figure 6E-A). Assays were 

conducted with subsaturating amounts of holoenzyme to allow quantitative detection of 
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holoenzyme activities. Experiments were performed at least six times to enhance 

reliability. Results clearly showed that the R383A holoenzyme is significantly active and 

able to support transcription in vitro (40-50% of wild-type activity on the glnHp2-13T-+G 

promoter; Figure 6E-A). Transcription by R383A is apparently greater than its holoenzyme 

promoter DNA binding. Formation of stable open complexes that do not rapidly decay to 

heparin sensitive closed complexes can explain this. 

The R383K holoenzyme was —20% less efficient in transcription than the wild-type 

holoenzyme at all the promoters tested (Figure 6E-A). This result differs from in vivo 

assays on the K. pneumoniae glnAp2 which showed that the R383K holoenzyme 

transcribed better from —13T or —13C promoters than did wild-type 654  (Merrick & 

Chambers, 1992). To explore the potential for suppression in vitro, we varied assay 

conditions. We failed to see any significant R383K specific suppression at the promoter-

down mutant (glnHp2-13T & glnHp2-13T—>C) sequences in the presence of nucleotides 

that facilitate the formation of initiated complexes prior to heparin challenge, at higher 

temperatures (37°C instead of 30°C) used to stimulate transient DNA melting or at higher 

PspFAHTH concentrations (data not shown). 

The possibility that the suppression of promoter-down K. pneumoniae glnAp2 

mutants by R383K seen in vivo could be either activator specific or require an enhancer-

bound activator was considered. We used NtrC instead of PspFAHTH and examined the in 

vitro transcription activity of the wild-type and mutant holoenzymes at the glnHp2 

promoters. The results showed that, when activated by NtrC, the R383K holoenzyme 

transcribed from the glnHp2-13T and glnHp2-13T—>G promoters at levels consistent with 

our observation using glnHp2-13T—>G and PspFAHTH (compare Figure 6E-A and Figure 

6E-B). Contrasting the PspFAHTH results, a much lower activity of R383A holoenzyme at 

the glnHp2-13T—>G or no activity at the glnHp2-13T and glnHp2-13T—>C promoters, 

even at higher holoenzyme and NtrC concentrations (data not shown) was evident. This 

could be linked to an altered holoenzyme conformation (Figure 6C) and the reduced DNA-

binding by the R383A holoenzyme (Figure 6D). The R383A holoenzyme could be 
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positioned on the DNA in a conformation unfavourable for activation by the more 

restricted enhancer bound NtrC but allowing activation by PspFAHTH from solution. 

In conclusion, our in vitro transcription results do not show the suppression of 

promoter-down phenotypes of the E. coli glnHp2 promoter by R383K holoenzyme reported 

for in vivo for K pneumoniae glnAp2 promoter assays (Claverie-Martin & Magasanik, 

1992). The in vitro activities of R383K and R383A holoenzymes argues that R383, at least 

as seen in vitro, is not absolutely required for productive transcription initiation by E654. 

It seems R383 is not needed to allow preferential initiation of transcription in which the -

13 base is G rather than T (Figure 6E). However, the R383A mutation severely reduces the 

ability of the holoenzyme to be activated by enhancer-bound NtrC (although not by free 

PspFAHTH), especially when the —13 basepair is suboptimal. 

163 



%
 w

t  a
ct

iv
ity

  a
t  E

.  c
ol

i g
In

H
p2

-1
3T

— >
G

 
100 -

90 -
80 -
70 -
60 -
50 
40 -
30 -
20 -
10 

0 

wild-type 
1 

R383K 	 R383A 

Holoenzyme 

%
 w

t  a
ct

iv
ity

  a
t  E

.  c
ol

i g
ln

Hp
2-

13
T—

>G
  

100 
90 -
80 
70 -
60 
50 
40 -
30 -
20 
10 - 

0 	 

     

    

    

    

    

wild-type R383K 

Holoenzyme 

R383A 

Figure 6E. In vitro activator dependent transcription assays on E. coli glnHp2 wild-type and 
mutant promoter sequences. The sequence of the promoters used for transcription are as shown in 
Table 6.1. (A). PspFAHTH activated transcription and (B) NtrC activated transcription on glnHp2-
13T-*G (pFC50-m12) (black bars), glnHp2-13T (pFC50) (grey bars) and glnHp2-13T-+C 
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(pFC50-m33) (white bars). The transcription activities are expressed as a percentage of wild-type 
activity at the glnHp2-13T—>G (pFC50-m12) promoter. 

6.2.5 Activator-Independent Transcription Activity of the R383K and R383A 

Holoenzymes 

Maintaining the transcriptionally silent state of E654  in closed complexes depends 

upon the creation and interaction of 654  with locally distorted promoter DNA downstream 

to the consensus -12 GC promoter element (Gallegos et al., 1999; Morris et al., 1994; 

Cannon et al., 2000). 654  proteins defective in the recognition of the —12 GC promoter 

element proximal DNA distortion are capable of increased activator independent 

transcription in vitro, so called bypass transcription (Guo et al., 1999; Casaz et al., 1999; 

Gallegos & Buck, 2000). We used the in vitro bypass assay to see whether holoenzymes 

formed with R383K and R383A were active for unregulated transcription from the glnHp2-

13T—>G promoter. We used R336A mutant 654  as a positive control for the bypass 

transcription assay (Chaney & Buck, 1999) and PspFAHTH for activator dependent 

transcript formation. As shown, no bypass transcription was observed with R383K or 

R383A (Figure 6F). 

+ PspFAHTH 	 - PspFAHTH 

1 2 3 4 5 6 7 8 

Figure 6F. In vitro activator independent transcription assays on the E. coli glnHp2-13T-->G 
(pFC50-m12) promoter. Shown are activator dependent (lanes 1-3) and activator independent 
"bypass" transcription (lanes 5-7) for the wild-type e, R383K and R383A, respectively. The 
R336A mutant 654  (Chaney & Buck, 1999) was used as the positive control in both cases (lane 4 
for activator dependent and lane 8 for activator independent reactions). 

Additional assays from the glnHp2 or pMKC28 carrying the S. meliloti nifH 

promoter (Claverie-Martin & Magasanik, 1992; Chaney & Buck, 1999) failed to give 
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unregulated transcription with the R383 mutants (data not shown). The failure to detect 

bypass transcription with R383K and R383A suggests tight binding of these mutant 654  

proteins to the early melted DNA formed in closed complexes, as seen in heteroduplex 

DNA-binding assays (Gallegos & Buck, 2000; Cannon et al., 2000). Bypass transcription 

correlates with strong defects in the binding of 654  to early melted DNA, a defect that is 

only weakly evident with the R383 mutants (see below). Thus, we infer that the R383A and 

R383K mutants appear intact in the generation and maintenance of locally melted promoter 

structures associated with the closed complex (Guo et al., 1999; Gallegos & Buck, 1999). 

Further, chemical footprinting with ortho-copper phenanthroline of closed complexes 

formed with R383 mutant holoenzymes reveal a local distortion of promoter DNA 3' 

adjacent to the GC element as seen with the wild-type holoenzyme but lacking in bypass 

mutants (data not shown). Overall, R383 is not directly or indirectly associated with the 

inhibition of unregulated bypass transcription in vitro. By inference R383 does not closely 

interact with the elements of —12 promoter region that are involved in maintaining the 

stable conformation of the closed complex and limiting DNA opening prior to activation. 

6.2.6 Interaction of R383K & R383A Mutant Proteins and Their Holoenzyme with 

Heteroduplex S. meliloti nifH Promoter DNA Probes 

In the course of the in vitro transcription experiments we observed that R383K and 

R383A holoenzymes were essentially inactive for transcription at the S. meliloti nifH 

promoter even though promoter binding was sufficiently efficient to expect transcripts 

(Figure 6D and data not shown, respectively). The transcription inactivity of the mutant 

proteins at the nifH promoter, but not on the glnHp2-13T—>G promoter with essentially the 

same sequences (Table 1) from —11 to +27 prompted us to further explore the properties of 

R383K and R383A mutant proteins. The S. meliloti nifH (from -11 to -1) is rich in G and C 

residues, whereas the E. coli glnHp2 promoter is AT-rich in this region, which is melted in 

open complexes. This led us to consider that the R383K and R383A mutant holoenzymes 

might be defective in some aspect of DNA melting or single stranded DNA binding at the 
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S. meliloti nifH promoter. We used heteroduplex DNA that mimics the DNA at different 

stages of open complex formation to test this idea (Table 2). In marked contrast to the 

failure to transcribe from the S. meliloti nifH promoter (data not shown), both R383K and 

R383A mutant holoenzymes gave heparin stable activator and nucleotide hydrolysis 

dependent complexes on promoters with a region of heteroduplex from -10 to -1 (Table 2, 

heteroduplex 5) (Figure 6G-A). On this DNA structure the mismatched region includes the 

non-conserved sequence from -10 to -1 that interacts with c3 within the closed complex 

(Cannon et al., 1995) or with a54-holoenzyme in the open promoter complex (Popham et 

al., 1989; Morret & Buck, 1989; Sasse-Dwight & Gralla, 1988). The ability of the wild-

type, R383K and R383A holoenzymes to form activator and nucleotide hydrolysis 

dependent heparin stable complexes when bound to promoter DNA where sequences from 

—10 to —1 are heteroduplex (Table 6.2, heteroduplex 5) argues that the R383K and R383A 

holoenzyme are not per se defective in polymerase isomerisation at the nifH promoter. 

Also pre-opening from -10 to -1 appears to allow a range of activities with R383K and 

R383A similar to that seen with the glnHp2 promoters in transcription assays. As expected 

from the in vitro activator independent transcription results, the wild-type holoenzyme, like 

the R383K and R383A holoenzymes, does not form heparin stable activator and nucleotide 

hydrolysis independent complexes on heteroduplex 5 (Cannon et al., 2000, 1999; data not 

shown). 
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Heteroduplex Sequence 

1.  -12 -60....GCTGGCACGAC I I I FGC C GATCAGCCCTGGG....+28 
2.  -12 to -11 -60....GCTGGCACGAC 1111 GC CA ATCAGCCCTGGG....+28 
3.  -12 to -6 -60....GCTGGCACGAC 1111 GC CATCGAC 	CCTGGG....+28 
4.  -12 to -1 -60....GCTGGCACGAC 1111 GC CATCGACTAAAG GG....+28 
5.  -10 to -1 -60....GCTGGCACGAC H I 1 GCA •TCGACTAAAG GG....+28 
6.  -5 to -1 -60....GCTGGCACGACTITIGCACGATC • TAAAG GG....+28 
7.  wild-type -60....GCTGGCACGACTTTTGCACGATCAGCCCTGGG ....+28 

glnHp2-13T—>G(-12) -60....ACTGGCACGA 	I I 1 I TGCSTATATGTGAATGT....+28 

Table 6.2. S. meliloti nifH and E. coli glnHp2 DNA fragments used for the gel mobility shift 
assays. The S. meliloti nifH and E. coli glnHp2-13T—>G (-12) heteroduplex promoter DNA 
fragments (from —60 to +28) used for the gel mobility shift assays. Shown are sequences from —26 
to +3, where in bold are the 654  consensus promoter sequences and boxed in black are mutant 
sequences introduced in the top strand to create the mismatch (Cannon et al., 1999; Cannon et al., 
2000). 

Heteroduplex with early melted sequences. Next we examined whether the R383A 

and R383K mutants were defective in interacting with DNA structures representing the 

early stages of DNA melting. Since the interaction of the wild-type holoenzyme with 

promoter DNA results in a structural distortion proximal to the GC element, believed to be 

the nucleation of DNA melting upon closed complex formation, we used heteroduplex 

promoter DNA fragments (Table 2) unpaired at —12 (Table 2, heteroduplex 1) and at —12/-

11 (Table 2, heteroduplex 2) to mimic the structure believed to be involved in initial DNA 

opening (Gallegos & Buck, 2000; Cannon et al., 2000). 
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Figure 6G (from previous page). Binding of R383K and R383A to homo- and heteroduplex 
promoter DNA probes. (A). Activator and nucleotide dependent heparin resistant open complex 
formation on the S. meliloti nifH heteroduplex —10 to -1 (heteroduplex 5, Table 2) by wild-type 654  
(lane 1), R383K (lane 2) and R383A (lane 3) holoenzymes (100nM). Black arrows indicate the 
position of E654-DNA complex; white arrows the position of free core RNAP. Shown are reactions 
without (lanes 1-3) and with (lanes 4-6) heparin (100µg/ml) challenge for five minutes prior 
loading. (B) Activator dependent, heparin resistant E654-DNA complex formation on 
heteroduplexes (heteroduplexes 1-6, see Table 2). Shown are % DNA shifted with holoenzymes of 
wild-type 654  (black bars), R383K (grey bars) and R383A (white bars).(C) Stability of wild-type 
and mutant E.554-DNA complexes on S. meliloti nifH heteroduplex —12 to —1 (heteroduplex 4) 
under non-activating and activating conditions in the presence and absence of heparin (100µg/m1), 
respectively (lanes as indicated on figure) (D) DNA binding activities of R383K (grey bars) and 
R383A (white bars) to homo- and heteroduplex DNA (see Table 2) expressed as a fraction of wild-
type 654  (black bars) binding. (E) As in (D) but for holoenzymes. (F) Activator and nucleotide 
hydrolysis independent, heparin stable E654-DNA complex formation on the E. coli glnHp2-
13T-->G(-12) (see Table 2). Shown are reactions without (lanes 1-3) and with (lanes 4-6) heparin 
challenge. 

These heteroduplexes allow the wild-type holoenzyme to form complexes that 

survive a heparin challenge independently of activator and nucleotide hydrolysis (Gallegos 

& Buck, 2000). As shown (Figure 6G-B), we were unable to form heparin stable 

complexes with the R383K and R383A holoenzymes on either of the heteroduplexes even 

under activating conditions. This defect correlates with the inability of the R383 mutants to 
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transcribe from the nifH promoter. However, when using heteroduplex promoter DNA 

where sequences from —12 to —6 (Table 2, heteroduplex 3) and —12 to —1 (Table 2, 

heteroduplex 4) are unpaired the R383K and R383A holoenzymes survived the heparin 

challenge, but only with activator and nucleotide hydrolysis (compare Figure 6G-B and 

Figure 6G-C). In contrast, the wild-type holoenzyme formed heparin stable complexes on 

heteroduplex 4 in the absence of activator and nucleotide as predicted from the results with 

heteroduplex 1 and 2, opened at —12 (Table 2, heteroduplex 1) and from -12 to —11 (Table 

2, heteroduplex 2) (Gallegos & Buck, 2000; Cannon et al., 2000; Cannon et al., 1999; 

Oguiza et al., 1999). Although non-native structures near the —12 have the property of 

allowing the wild-type holoenzyme to form heparin stable complexes independently of 

activation, the R383K and R383A holoenzymes form heparin stable and activator and 

nucleotide hydrolysis dependent complexes with promoter probes containing —12 proximal 

melts (Table 2, heteroduplex 1 & 2) only when these heteroduplexes included further 

regions of heteroduplex proximal to the start site (Table 2, heteroduplex 3 & 4). These 

results show that R383 specifies an interaction in the closed complex associated with the 

stable complex formation by the holoenzyme when the —12 proximal sequences are melted. 

Other interactions that are required for acquiring heparin stable complex formation 

involving late melted sequences appear intact in the R383K and R383A mutants. 

DNA binding activities on heteroduplexes. Next, we measured the DNA binding 

activities of the mutant proteins (Figure 6G-D) and their holoenzymes (Figure 6G-E) on S. 

meliloti nifil homoduplex and each of the heteroduplex DNA. Results are shown relative to 

the binding of the wild-type a54  and its holoenzyme to the S. meliloti nifH homoduplex 

DNA. It is evident that R383K and especially its holoenzyme bound more (2 to 3-fold) of 

the heteroduplex DNA probes which contain start site proximal melts, whilst the wild-type 

a54 and its holoenzyme prefer heteroduplex DNA with —12 proximal melts. 

Results (Figure 6G) clearly implies a role for R383 in interactions within the closed 

complexes in which limited DNA opening next to the —12 element has occurred. To further 

explore this idea we used the E. coli glnHp2-13T—>G promoter mismatched at position -11 

(i.e. the glnHp2-13T—>G equivalent to heteroduplex 1; Table 6.2). R383K had 80% of 
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wild-type transcription activity on this promoter in vitro. As shown (Figure 6G-F), whilst 

the wild-type holoenzyme was able to form activator and nucleotide hydrolysis 

independent heparin stable complexes on the glnHp2 heteroduplex, the R383K 

holoenzyme did not. Activation enabled the R383K and to a lesser extent R383A 

holoenzymes to form some heparin stable complexes (< 10% DNA shifted) on this 

heteroduplex (data not shown). The ease of opening the glnHp2 AT-rich sequence (from -

11 to -1) may explain why activator allows acquisition of heparin stability, but why at nifH 

a longer segment of heteroduplex is needed also. Therefore, binding assays with two 

different o dependent promoters are consistent with the view that R383 has a role in 

interactions within the initial closed complexes, after limited DNA opening next to the -12 

element has already occurred. Unless DNA opening occurs easily, the defects associated 

with R383 dominate and few open complexes form. 

6.2.7 Proximity of Residue 383 to Promoter DNA 

To examine the physical proximity of R383 to promoter DNA, we constructed a 654  

with FeBABE located at 383. A single cysteine substitution at 383 was made, the naturally 

occurring cysteines of the K. pneumoniae .554  at 198 and 346 having been replaced by 

alanine, to allow 383 specific conjugation of FeBABE. The Cys383-FeBABE e retained 

DNA binding and transcription activity (see below and Wigneshweraraj et al., 2000). The 

Cys383-FeBABE e failed to produce detectable cutting of several different S. meliloti 

MN promoter templates (homoduplex and heteroduplexes 2 and 5), in the presence or 

absence of core RNA polymerase and under activating conditions that allow open complex 

formation (see below and data not shown). We considered the possibility that Cys383-

FeBABE and its holoenzyme might have dissociated from the promoter DNA under DNA 

cleavage conditions. However, binding assays conducted with the Cys383-FeBABE protein 

under DNA cleavage conditions show that 91 % of Cys383-FeBABE and 48% of Cys383-

FeBABE-holoenzyme remain bound to DNA (Figure 6H-A). Repeated experiments failed 

to show DNA cutting by Cys383-FeBABE and its holoenzyme. 
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As one positive control 654  with FeBABE conjugated to Cys346, at the edge of the 

DNA crosslinking patch of 654, produced cutting proximal to the GC element on the S. 

meliloti nifH homoduplex promoter DNA (Figure 6H-B). The putative HTH motif in 654  is 

C-terminal to a patch of amino acids that UV-crosslinks to promoter DNA. In this patch, 

FeBABE conjugated to residue 336 cuts DNA downstream of the conserved GC promoter 

element (Wigneshweraraj et al., 2001). As shown in Figure 6H-B, Cys346-FeBABE 

holoenzyme strongly cuts homoduplex promoter DNA between positions -14 and -7, 

mostly downstream of the GC element, but this cutting is upstream of that seen with the 

Cys336-FeBABE derivative (Wigneshweraraj et al., 2001). The C-terminal to N-terminal 

orientation of the crosslinking patch is therefore 5' to 3' with respect to the template strand 

of the promoter DNA. 

A 

Core RNAP 	+ + + + + + + 	- 
Cys(-) 	 - + - - + - - + 	+ 
Cys346 	 - - + - - + - - + - - + - 
Cys383 	 - - - + - 	+ 	- + 	- + 
NaAsc./ 	- + - - - - + + + 	+ + + 
H202 

1 2 3 4 	5 6 7 10 11 12 13 14 15 16 17 

core 
RNAP 

E654-DNA 

654-DNA 

Free DNA Probe 

% DNA bound 0 0 - 88 82 91 89 82 88 39 15 45 35 14 48 

Figure 6H. (continued on next page) 
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DNA Cys346 Cys383 Cys(-) 
M 1 2 3 4 5 6 7 8 

H202  / 	 + 	+ 	+ 	+ 
ascorbate 

Figure 6H (from previous page). S. meliloti nifH promoter DNA template strand cleavage by 
RNAP holoenzyme containing FeBABE modified 654  proteins. (A) Cys383-FeBABE 654 and 654-
holoenzyme binding to the S. meliloti nifH homoduplex probe under DNA cleavage conditions 
(lanes as marked on figure). (B) Homoduplex cleavage. Reactions to which hydrogen peroxide and 
ascorbate were added to initiate DNA cleavage are marked with `+', control reactions to which no 
ascorbate and hydrogen peroxide were added are marked with `-'. Lane M contains a mixture of 
end-labelled S. meliloti nifH promoter DNA fragments as molecular weight markers. 
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6.3 Discussion 

Specific recognition of promoter DNA by sigma factors has an essential role in 

locating the RNAP at the correct site for initiation. However, sigma factors are believed to 

have more functions than simple promoter recognition. In the case of a54, recent evidence 

has implicated it in the recognition of the DNA fork junction created when the DNA starts 

to melt and prevention of further progress with initiation in the absence of activator 

(Chaney et al., 2000; Guo et al., 1999; Gallegos et al., 1999; Chaney & Buck, 1999). 

Protein footprints suggest that the DNA binding domain of 654  is a part of the interface 

with core RNAP and properties of mutants indicate a role in generating polymerase 

isomerisation and facilitating promoter opening (Cannon et al., 2000; Casaz & Buck, 1999; 

Chaney & Buck, 1999). Our results address the functions of invariant residue R383 of cr54, 

previously implicated in interactions with the —12 promoter element. 

Protein stability. R383 is clearly required for protein stability in vivo. The 

instability of R383A may be associated with an unfavourable change in structure directly 

increasing its proteolytic sensitivity. Alternatively, the reduced DNA-binding activity of 

R383A may indirectly increase proteolysis through changing the intracellular location of 

a54
. The suggestion from in vivo promoter activation assays that R383 is essential for (754 

function may be incorrect as purified R383A does support transcription from the E. coli 

glnHp2 promoter in vitro. 

Core RNAP binding. The part of cy54  strongly footprinted by core is centred on 

residue 397, and in the absence of Region I (AIG54) much of the 325-440 sequence is 

protected by core RNA polymerase (Casaz & Buck, 1999). The R383A had reduced core 

RNA polymerase binding and formed a holoenzyme with altered mobility on native gels, 

suggesting that R383 contributes to core RNAP binding. Possibly, the core interface of 654  

is altered in the R383A mutant, potentially in a manner that involves Region I sequence 

(see later). Interestingly, Cys383-tethered FeBABE footprinting of core failed to show any 

proximity of residue 383 (at least within 12A) to the core subunits 13 and 13' 

175 



(Wigneshweraraj et al., 2000). Assuming that this is not an artefact of the R383C mutation 

or FeBABE attachment, it is suggests either than R383 contacts a, or that the defects in 

core RNAP binding by the R383 mutants are indirect. The R383K mutant was less 

disrupted for core binding, consistent with the conservative nature of the mutation. 

DNA binding. Gel mobility shift assays showed that R383A was very defective in 

DNA binding, R383K less so. Whereas wild-type 654  shows preferential binding to E. coli 

glnHp2 with consensus G (as against T) in the —13 position, R383K abolishes this ability to 

discriminate (as judged by DNA binding). The fact that R383K does not show better 

binding than wild-type 654  to the —13T promoter is also interesting, because R383 has been 

reported to transcribe more efficiently than wild-type 654  from a similar promoter sequence 

in vivo (mutant K pneumoniae glnAp2) (Merrick & Chambers, 1992). Clearly, the 

increased transcription reported may not simply correlate with increased DNA binding of 

654. R383K might therefore influence other steps to allow increased transcription in vivo. 

The R383K holoenzyme did not footprint the glnAp2-13G—>T promoter in vivo, but the 

wild-type 654  did, consistent with the view (developed below) that promoter occupancy 

may not be dominant for the increased transcription observed (Merrick & Chambers, 

1992). It was striking that defects in in vitro transcription at E. coli glnHp2 with the R383K 

and R383A mutants were less than the defects in vitro sigma and holoenzyme DNA 

binding. We interpret this to mean that promoter occupancy is not reduced to a point so as 

to severely limit transcription in vitro. It is plausible that tight binding of holoenzyme to the 

promoter increases a transition barrier for open complex formation. The R383K and 

R383A mutants may reduce this barrier, compensating for reduced promoter occupancy. 

This favourable effect might contribute to the elevated activities observed with R383K in 

vivo, and the good level of transcription detected in vitro. It may also partly compensate for 

the defect in forming stable complexes with early melted DNA (discussed below). 

Interactions with heteroduplex DNA. Results from transcription and assays with 

heteroduplexes suggested that slow opening of the DNA at the S. meliloti nifH promoter 

might mean that the closed complex or an activator dependent isomerised holoenzyme 

formed with R383K dissociates prior to full strand opening. In contrast, more frequent 
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opening of E. coli glnHp2 promoter or stable opening as in heteroduplexes may explain 

why these templates do support stable open complex formation with R383K. Even so, 

these complexes do decay more rapidly than those forming with wild-type 654  (data not 

shown), suggesting R383 contributes to DNA binding within the open complex. However, 

R383 is not essential for transcription, at least in vitro. Our ability to recover activator 

dependent stable complex formation using premelted S. meliloti nifH DNA templates with 

heteroduplex —10 to —1 sequences suggests the mutant holoenzymes are limited at some 

promoters in steps leading to full DNA melting. Compared to DNA templates with start 

site proximal melts, DNA templates with melted sequences proximal to the —12 promoter 

element were poor DNA binding sites for the R383K and R383A mutants. Such —12 

proximal heteroduplex templates are believed to mimic the DNA distortion seen in the 

close complex that forms with the wild-type holoenzyme and then allow heparin stable 

complexes to form without activation. The failure of the R383A and R383K mutants to 

bind well or make stable complexes on the heteroduplex promoter fragments with —12 

proximal melts suggests that the R383 mutant proteins are directly or indirectly defective 

for interactions with such structures. With the mutant proteins the activator did not allow 

the use of heteroduplex promoters with —12 proximal melts for efficient stable complex 

formation on both the S. meliloti nifH and E. coli glnHp2 promoters, but in the context of 

the S. meliloti nifH promoter the activator allowed the formation of stable complexes on 

promoter sequences which were further opened to include the —1 residue. Overall, the 

results suggest that DNA melting from —10 to —1 stabilises the promoter complexes that 

form with the R383K and R383A mutant holoenzymes, and that the initial melting at —12 is 

unfavourable for stable Elam- DNA binding when R383 is A or K. Rapid melting at the 

AT-rich E. coli glnHp2 may allow stable complexes to form, but slow melting at the GC-

rich S. meliloti nifH may result in reduced stable complex formation. 

Region I mutants of 654  have defects in binding to early melted DNA structures 

(Gallegos & Buck, 2000). Indirect effects of substitutions at position 383 upon the function 

of Region I which is required for tight binding to heteroduplex promoter with —12 proximal 
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melts is a possibility, suggested by protein-protein and protein-DNA footprints 

(Wigneshweraraj et al., 2000; Casaz & Buck, 1999, Wigneshweraraj et al., 2001). 

Bypass transcription. Interaction of 4354  with the —12 GC promoter element appears 

important for maintaining the transcriptionally silent state of the holoenzyme. Mutations 

that change the sequences adjacent to the GC or certain amino acids in o that interact 

with it allow transcription independently of activator (Chaney et al., 2000; Wang et al., 

1999; Wang & Gralla, 1998). The a54  DNA-binding domain mutant R336A gives strong 

bypass transcription (Chaney & Buck, 1999). The R383K or R383A did not, despite 

supporting levels of activated transcription and binding to -10 to -1 heteroduplex DNA 

(heteroduplex 5) that suggested a bypass activity might be readily detected. If R383 

interacts with the —12 GC promoter sequence, it would appear not to be an interaction 

contributing to maintaining the silent state of the holoenzyme prior to activation, 

contrasting properties of the R336A and Region I mutants. 

DNA proximities. Residue 383 was suggested to be within a HTH motif, expected 

to establish direct contacts with DNA, and thought to interact with the -12 region of the 

promoter (Merrick & Chambers, 1992). Although our data show substitutions at 383 do 

influence DNA binding, other data suggest a simple direct interaction of R383 with DNA 

may not be occurring. Cleavage of the promoter DNA by Cys383-FeBABE was not 

evident. Closed complex promoter DNA cleavage by the FeBABE derivative of am  in the 

UV-crosslinking patch (Cys336-FeBABE) is centred around position -9 (±1) 

(Wigneshweraraj et al., 2001) and DNA cutting by the Cys346-FeBABE derivative is 

centred further upstream at position -11 (±1) (Figure 6H). Given that the UV-crosslinking 

patch is a-helical in structure, the FeBABE cleavage data suggests that UV-crosslinking 

patch (N-terminal to the HTH motif) aligns with or is inclined towards the promoter DNA 

template strand in closed complexes. The lack of any discernible cleavage by Cys383-

FeBABE suggests that either residue 383 is not involved in a direct DNA contact, or some 

structural consequences of making substitutions at 383 do not allow detection using the 

FeBABE methodology. However, R383C was active for transcription in vitro, and more so 

than R383A (Wigneshweraraj et al., 2001). 
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Summary. Overall our data are consistent with a requirement for R383 to 

distinguish between T or G at -13, and an overall reduced DNA binding when substituted 

by K or A (Merrick & Chambers, 1992). It is possible some of the overall loss in DNA-

binding activity has a basis in an altered protein structure rather than the simple loss of a 

DNA-interacting side chain, a view supported by the in vivo instability of the R383A. 

Although instability is unexpected of substitution by alanine in a surface exposed residue in 

an a-helix, there are suggestions from secondary structure predictions that the R383 may 

exist within a non-helical structure. The data presented in Figures 6A to 6G suggest that the 

interpretation placed on the in vivo activation data may need reconsideration and suggest 

that R383 has a previously unexpected role in the stability of e. 
In the absence of additional structural or proximity data, any suggestion that the 

HTH motif lies within a fold that localises sufficiently near the —12 region to contact DNA 

is speculative. A colinear arrangement, with the promoter non-template strand aligned 5'-3' 

(i.e. —24, -12, start) beside 4:754  Region 111 running C-terminal to N-terminal (i.e. RpoN box, 

HTH and crosslink-patch) is feasable, but unproven. Further, the clear involvement of the 

a54 Region I sequences in promoter binding has shown that determinants outside of the 

DNA-binding domain make critical contributions to the DNA binding function of a54  

(Gallegos & Buck, 2000; Guo et al., 1999; Casaz et al., 1999; Wigneshweraraj et al., 

2001). 

6.4 Conclusions 

Specialisation of function across the e DNA binding domain is evident. Residues 

F402, F403, F354 and F355 appear to be associated with interactions needed for efficient 

polymerase isomerisation (Oguiza et al., 1999; Oguiza & Buck, 1999), R383 with forming 

stable initially melted DNA complexes, and R336 with maintaining the inhibited silent 

state of the polymerase (Gallegos et al., 1999; Chaney & Buck, 1999). We note functional 

similarities between the putative a-helix in which C346 and R336 in a54  lie and the helix 
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14 of the E. coli a70. Both helices interact with promoter sequences that include recognition 

sequences (Chaney et al., 2000; Gross et al., 1998, Malhotra et al., 1996). They also 

contain determinants for binding locally single stranded DNA structures from which 

melting originates and spreads (Fenton et al., 2000; Chaney & Buck, 1999; 

Wigneshweraraj et al., 2001). These and other considerations lead to the view that a series 

of linked interactions that involve a54-DNA interaction and a54-core interfaces are required 

to change in order to allow the polymerase to progress to the open complex. It seems the 

HTH motif of a54  contributes as a structural element rather than as a major direct DNA 

contacting surface. However, changes in o structure must occur during activation and 

different functional states may exist to give rise to very transient complexes that escaped 

our analysis of Cys383-FeBABE proximities to DNA. Current data suggest that the centre 

formed by Region I, the DNA crosslinking patch of e and the -12 promoter region does 

not include the HTH motif as an element of proximity (Chaney et al., 2000; 

Wigneshweraraj et al., 2000; Wigneshweraraj et al., 2001). 

180 



CHAPTER SEVEN 

Correlating Protein Footprinting with Mutational Analysis -
Identifying Potential Targets in Sigma 54 for FeBABE 
Conjugation 

7.1 Introduction 

Previous work by Casaz & Buck (1997) showed that 654  undergoes specific 

alterations in protease sensitivity at different stages on the pathway leading from free 654  to 

one in an engaged transcription complex. The three main findings of this study were: 

1. Two distinct regions in 654  were protected from proteolytic cleavage upon interaction 

with core RNAP: (1) a region in the amino terminus from residues 36-100, consistent with 

recent observations that amino terminal Region I has low affinity for core RNAP and that 

residue 36 is in close proximity to the core RNAP subunits f3 and fy (Gallegos & Buck, 

1999; Wigneshweraraj et al., 2000); and (2) a region in the carboxyl terminus spanning 

residues 325-334, further supporting recent am-tethered FeBABE footprinting data which 

showed residue 336 is close to the catalytic centre of the core RNAP (Wigneshweraraj et 

al., 2000). However, the protected regions largely lie outside the minimal core binding 

fragment (residues 70-215) and mainly within regions involved in response to activation 

(residues 1-50 and 329-346) and near or within the DNA binding domain (residues 329-

477), therefore it can be implied that the protection is due to conformational changes in 654  

that occur upon interaction with core RNAP (Chaney & Buck, 1999; Chaney et al., 2000; 

Cannon et al., 1995; Wigneshweraraj et al., 2001). 

2. In the closed complex, three sites in 654  located in Region III were protected from 

proteolytic cleavage: E410, E414 and E431 which lie within the minimal DNA binding 

domain of 654  (residues 329-477) and between the putative helix-turn-helix motif (residues 

367-387) and the RpoN box (residues 454-463) - two elements implicated in promoter 

DNA recognition (Taylor et al., 1996; Merrick & Chambers, 1992). Thus, it was concluded 
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that E410, E414 and E431 were probably protected from protease attack by their proximity 

to promoter DNA in the closed complex. 

3. 

	

	During open complex formation enhanced cleavage was seen at residue E36 in Region 

I which was absent in closed complexes. This supports the role 654  Region I has in 

activator response and is consistent with recent FeBABE footprinting data which suggest 

conformational changes in Region I in response to activation (Wigneshweraraj et al., 

2001). 

In summary (Figure 7A), the work by Casaz & Buck (1997) showed that surface-

exposed regions of 654  undergo conformational changes as a result of interaction with core 

RNAP and during the transition from the closed complex to the transcription competent 

open complex. Amino acid residues in Regions I and In were identified which could be 

either in direct contact or proximal to the core RNAP or promoter DNA. The authors 

concluded that the changes in protease sensitivity of 654  are due to the interactions 654  

makes (with core RNAP, promoter DNA and the activator protein), which result in 

localised conformational changes within 654  that are required for productive transcription 

initiation by 654. 

Region I 	Region II Region III 

   

180 	306 329 346 366 386 454 463  477 

     

     

Modulation 	X-Link HTH 
	

RpoN 
Box 

32534 410/4131 

       

Activator Response 
Weak Core Binding 

Strong Core Binding 	Minimal DNA Binding 

Figure 7A. Summary of protein-footprinting results for 654  (modified from Casaz & Buck, 1997). 
Coded as follows: dotted bars - core RNAP specific protection, checked bars- closed complex 
specific protection, and vertically striped bars - cleavage enhanced in open complexes. 
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In this work, surface exposed residues in Region III of 654  (F318, E410, E414 and 

E431) that were protected or are proximal to residues protected from protease cleavage by 

core RNAP and by promoter DNA in the closed complex, and hence may be involved in 

specific interactions with core RNAP or DNA, were mutated to alanine residues (Table 

7.1). Region I residue E36 was substituted with glycine in an attempt to increase 

conformational flexibility of Region I around position 36, in the anticipation that this 

mutation could have an altered response to activation compared to the E36C mutation. 

Recall from before, that the E36C mutant 654  (on the cysteine free rpoN background) was 

able to initiate transcription in the absence of activation in vitro via an unstable open 

complex (Wigneshweraraj et al., 2000). Similarly, residue E325 that was protected from 

protease attack by core RNAP was substituted with glycine. Preliminary functionalities of 

the mutant a54  proteins were determined by in vivo and purified proteins were used in in 

vitro assays in order to identify potential target residues for future FeBABE footprinting 

studies. 

Residue IN a"  REGION CHANGED TO 

E36 I G 
F318 III A 
E325 III G 
E410 III A 
E414 III A 
E431 III A 

E414/E410 m A/A 

Table 7.1. o residues substituted with either alanine (A) or glycine (G) residues 
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7.2. In vivo Activity of 6 54 Mutants 

p-galactosidase assays were used to assess the in vivo activity of the mutants. K. 

pneumoniae UNF2792, which lacks functional 65 4, was transformed with mutant rpoN 

containing low copy number vectors carrying mutant rpoN alleles, and with pMB1 which 

contains the P-galactosidase gene under control of the a54-dependent K. pneumoniae nifH 

promoter (Cannon & Buck, 1992), while the activator NifA is chromosomally expressed 

under nitrogen limiting conditions. Figure 7B shows the in vivo p-galactosidase activity 

measured for each mutant. With the exception of the E325G and E410A mutants, all others 

are apparently inactive (< 5% of wild-type) for in vivo promoter activation. 

Figure 7B. In vivo activity of 654-mutants. 13-galactosidase assays were performed with strain 
UNF2792/pMB1. The results of one experiment with four independent colonies for each mutant are 
presented. 

One explanation for the lack of in vivo activity of the am  mutants could be protein 

instability. Thus, the levels of mutant cy54  expressed in UNF2792 cells under the same 

conditions as used in the activation assays were measured by immunoblotting. Strikingly, 

the mutants F318A, E414A and EE410/414AA, that were inactive for promoter activation 

in vivo were not stably expressed (Figure 7C). However, the E36G and E431A mutant was 

found to be expressed to near wild-type levels (Figure 7C, compare lanes 1 and 2, and 1 
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and 7, respectively). Thus, for the E36G and E431A mutants protein instability appears to 

be not the cause for the lack of in vivo activity. The lower level of detection of 654  in 

immunoblotting experiments is 2-3ng, which corresponds to roughly 200-300 molecules of 

654 per cell (in E. coli K12 cell measured by Jishage et al., 1996). Therefore, we conducted 

in vivo promoter activation assays using pMB210.1 which harbours the p-galactosidase 

gene under the control of the S. meliloti nifH promoter. In contrast to the K. pneumoniae 

nifH  promoter (in pMB1), the S. meliloti nifH is a strong binding site for 654  (Cannon & 

Buck, 1992). Consistent with previous observations (see above), we failed to detect p-
galactosidase activity when using pMB210.1 with the F318A, E414A and EE410/414AA 

a54  mutants (data not shown). Interestingly, the S. typhimurium 654  harbouring the F318S 

mutation was shown to be stably expressed and to have near wild-type levels of in vivo 

activity at the glnAp2 promoter in S. typhimurium TRH107 cells (Kelly and Hoover, 1999). 

Overall, the data suggests that low levels of mutant protein expression and stability in vivo 

explain the inability of the F318A, E414A and EE410/414AA mutants to support 

transcription at the K. pneumoniae and S. meliloti nifH promoters. Overexpression studies 

showed that the unstable mutant could be produced (section 7.3). To further confirm the 

instability of the F318A and E414A mutants in vivo, the overexpression plasmids 

harbouring the F318A and E414A were transformed into E. coli TH1 cells (rpoN mutants). 

Immunoblots of cell extract prepared from E. coli TH1 cells under in vivo promoter 

activation conditions (see above) showed that F318A and E414A were not stably expressed 

(data not shown). 
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Figure 7C. In vivo stability of mutant proteins. Immunoblots of lysates of UNF2792 cells 
containing plasmids carrying mutant rpoN genes. Extracts from equal numbers of cells were loaded 
in each lane. A prestained marker (Biorad Broad Range) and purified 654  were used to as molecular 
size references. (See text for details). 

7.3 Core RNAP Binding Properties of Purified 654  Mutants 

To characterise holoenzymes formed with the mutant 654  proteins, purified proteins 

were assayed for their ability to bind to core RNAP using a native gel assembly assay 

(Cannon et al., 1995; Gallegos & Buck, 1999). As shown in Figure 7D, E36G, F318A, 

E410A, E414A, E431A and the double mutant EE410/414AA bound the core RNAP, as 

judged by the depletion of the bands corresponding the core RNAP and the appearance of 

the faster migrating band corresponding to the holoenzyme (arm). The mutants E325G 

(Figure 7D-B) and to a much lower extent the E36G (Figure 7D-A) showed a clearly 

reduced affinity to the core RNAP, consistent with the demonstration that Region I and 

carboxyl terminal residues 325-334 are close to core RNAP in the holoenzyme 

(Wigneshweraraj et al., 2000; Casaz & Buck, 1997). Both, E325G and E36G did not 

migrate cleanly into the native gel, and no free fast-running am  protein was detected in the 
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lower part of the gel, contrasting with the behaviour of the wild-type protein (Figure 7D, 

compare lane 6 in panel A with lanes 11 and 6 in panels A and B, respectively) and 

possibly suggesting aggregation of the purified proteins. The E325G and E36G mutants 

were needed at a ratio of 8:1 (am  to core RNAP) to saturate the core RNAP and may 

reflect a reduced availability of E325G and E36G due to aggregation (Figure 7D, compare 

lanes 2-5 in panel A with lanes 7-10 and lanes 2-5 in panels A and B, respectively). Thus, 

in the view that residues E36 and E325 lie outside the high affinity core RNAP binding 

determinant (residues 120-215) in a54, but within sequences that are proximal to the core 

RNAP in the holoenzyme (Wigneshweraraj et al., 2000; Gallegos & Buck, 1999; Casaz & 

Buck, 1997) we conclude that changing E36 and E325 to glycine has produced 654  

derivatives with conformations that either inhibit the initial contacts with core enzyme, or 

subsequent structural rearrangements required for stable core binding. 
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Figure 7D. Holoenzyme gel assembly assay with 654  mutants. A constant amount of core RNAP 
(250nM) was combined with increasing amounts (at molar ratios of 1:1, 1:2, 1:4 and 1:8 ) of 654. 
As indicated, the assay depends upon the native mobility difference between core RNAP alone, 
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holoenzyme (Ea54) complexes and free 0.54. When increasing amounts of a54  are added to core 
RNAP, the bands corresponding to the core RNAP diminish and complexes with higher mobility 
corresponding to Ea54  form. The gel was stained with Coomassie Blue stain. 

7.4 Interaction of Mutant (554  Proteins with Promoter DNA 

To explore the promoter DNA binding properties of the 654  mutants, we conducted 

DNA binding assays. In addition to the double stranded homoduplex S. meliloti nifH DNA 

we used different DNA templates to represent DNA structures in which the nucleation of 

DNA melting has occurred in the closed complex (early melted DNA) or where the 

extended melting in the open complex is evident (late melted DNA), (see Chapter 5). 

Homoduplex DNA Binding. Using a native gel mobility shift assay, we examined 

binding of the mutant 654  proteins to double stranded promoter DNA. 

• . I _ I 	I MaM  

s e< / o k , 4 ): („t•N 

Figure 7E. Binding of 654  mutants (1µM) to the S. meliloti niffi homoduplex DNA probe (1 6nM). 

Results in Figure 7E show that E36G, E325G, E414A and E431A have at least a 4-fold 

lower binding activity to the homoduplex promoter DNA compared to the wild-type am. 

Residues E325, E414 and E431 are within the minimal DNA binding domain in am  

(residues 329-477) and E414 and E431 are located between the putative helix-turn-helix 

motif (residues 367-386) and the RpoN box (residues 454-463) (Taylor et al., 1996; 

Cannon et al., 1995; Merrick & Chambers, 1992). Residue 36 tethered FeBABE 
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footprinting of promoter DNA showed that residue 36 is close to the consensus GC 

promoter element. Therefore, given that residues E414 and E431 are also protected in 

closed complexes by DNA from protease cleavage (Casaz & Buck, 1997), it is possible 

that glutamate residues at positions 36, 325, 414 and 431 make sequence specific contact 

with promoter DNA. Strikingly, mutating E414 to A in the E410 mutant apparently rescues 

homoduplex DNA binding (Figure 7E). Further, the binding assays reveal that the double 

mutant EE414/410AA has a 4-fold increased binding activity than the wild-type protein to 

homoduplex promoter DNA. Strikingly, an increased binding activity is also apparent with 

the F318A and E410A mutant proteins. 654  titration assays show that EE410/414AA, and 

to a lesser extent F318A and E410A, saturate homoduplex promoter DNA binding at a 

much earlier point in the binding curve when compared to the wild-type protein (Figure 

7F). 
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Figure 7F. Binding of mutant 654  proteins to the S. meliloti nifH homoduplex promoter DNA 
probe. The promoter DNA (16nM( was incubated with increasing concentrations of 654  as 
indicated in the figure. 

Thus, it appears that mutating surface exposed residues F318, E410A and E414 (only in 

combination with E410A) unmasks extra DNA binding activity in 654. DNA binding 

assays with Region I deleted am (IA 54)revealed that this mutant 654  had increased 

binding to promoter DNA than the wild-type 654  (Cannon et al., 1999). In the recent view 

that amino terminal Region I and carboxyl terminal Region III interact in 654  

(Wigneshweraraj et al., 2001) it is possible that mutating surface exposed residues in 
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Region III of 654  repositions Region I in such a way that extra DNA binding activity is 

revealed. However, whether this extra binding is promoter specific interaction of 654  with 

DNA remains to be elucidated. 

Early Melted DNA Binding. The early melted DNA probe represents the locally 

distorted structure adopted by the promoter DNA when 654-holoenzyme binds to form 

closed complexes. This distortion downstream of the consensus GC is believed to be the 

nucleation of DNA melting and involves determinants in Region I and Region III of 654  

suggesting a54-DNA interactions in DNA melting (Morris et al., 1994). The formation and 

recognition of the distorted DNA structure next to the consensus GC element is possibly a 

signature for regulated (activator dependent) transcription initiation by the 654-holoenzyme 

and appears to be closely associated with the tight binding of am  to the early melted DNA 

structure (Gallegos & Buck, Guo et al., 1999). a54  is a DNA binding protein that occupies 

certain consensus promoters in the absence of the core RNAP, although higher 

concentrations of e are required for DNA binding (Buck & Cannon, 1992). The wild-

type 654  protein shows a 3-fold higher affinity for the early melted DNA probe than for the 

homoduplex, binding about 60% of the early melted DNA probe at 1 tiM (Figure 7G) 

(Gallegos & Buck, 2000; Cannon et al., 1999). 
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Figure 7G. Binding of e mutants (1µM) to the S. meliloti nifH early melted DNA probe (16nM). 

F318A, E410A and EE410/414AA mutant e proteins, which showed higher binding to 

the homoduplex DNA probe than the wild-type 654, apparently bind the early melted DNA 
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probe with near wild-type activity (Figure 7G). The 654  mutants (E36G, E325G and 

E431A) that were very defective for homoduplex DNA binding (Figure 7E) show slightly 

increased binding to the early melted probe (Figure 7G). Strikingly, we note that E414A, 

which bound the homoduplex promoter poorly, has a near wild-type level of binding 

activity to the early melted DNA probe. Overall, our early melted DNA binding assays 

with the am  mutants suggest that the Region I residue E36 and Region III residue E325 in 

am  are important for binding to both homoduplex and early melted DNA probes. The 

enhanced (with respect to wild-type c754) homoduplex DNA binding by F318A, E410A and 

EE410/414AA is not evident on the early melted DNA probe even at lower protein 

concentrations (data not shown). This suggests that determinants of the 6-7 fold increased 

binding activity of am  to the early melted promoter probe dominates binding patterns 

(Cannon et al., 2000; Gallegos & Buck, 2000). Residue E414 appears important for 

binding to homoduplex DNA (Figure 7E), however redundant for early melted DNA 

binding (Figure 7G) 

054- isomerisation on early melted DNA probe. 054  bound to the early melted DNA 

probe responds to activator in an nucleotide hydrolysis dependent manner to form a new 

supershifted DNA complex in which 654  has isomerised (Cannon et al., 2000). The 

isomerised complex is characterised by an extended DNase I footprint in the direction of 

transcription (by about five base pairs) (Cannon et al., 2000). With the 054  mutant and the 

early melted DNA, we attempted to form the isomerised a54-DNA (ssa-DNA) species 

using the activator protein PspFAHTH and hydrolysable nucleotide dGTP (Figure 711). 
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Figure 7H. Isomerisation of am  mutants bound to the early melted DNA probe (black bars) to form 
the supershifted complex (ssa - see text for details) (white bars) in response to activation and 
nucleotide hydrolysis. 

For each mutant, a comparison of the fraction of initially bound DNA converted (in 

an activator dependent and nucleotide-requiring reaction) to the new slower running ssa-

DNA species was made. As shown (Table 7.2), the efficiency of conversion to the 

isomerised state was 34-66%, compared to —60% for the wild-type, suggesting that the 

mutant a54 proteins are largely functional for isomerisation. Hence, residues E36 in Region 

I and Region HI residues F318, E325, E410, E414 and E431 seem dispensable for 654  

interaction with activator, at least within the scope of the isomerisation assay. 

Protein Binding to Early 
Melted DNA Probe (%) 

Isomerisation (%) 

wild-type 62 59 
E36G 12 34 
F318A 52 37 
E325G 5 52 
E410A 58 53 
E414A 50 53 
E431A 28 66 

EE410/414AA 72 53 
Table 7.2. Supershift assay w.th mutant am  proteins. Gel shift assays were conducted with 11.1M 
a54 proteins and 16nM DNA, bound and unbound DNA were separated and the percentage of 
bound DNA quantified by phosphorimager analysis. Data for the early melted DNA binding come 
from Figure 7H. Isomerisation is calculated as a percentage of initially bound DNA converted in a 
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activator and nucleotide requiring reaction, to the supershifted DNA complex (ssa-DNA complex). 
Note that isomerisation is not a measure of total isomerised e complex formed. 

Late melted DNA binding. The late melted DNA structure (heteroduplex from —10 

to —1) includes the non-conserved sequence from —10 to —5 that interacts with am  within 

the open complex (Cannon et al., 1999; Cannon et al., 1995). 654  binding to the late melted 

DNA probe is thought to reflect am-promoter DNA interactions that occur in the open 

complex. 
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Figure 71. Binding of 654  mutants (1µM) to the S. meliloti nifH late melted DNA probe (16nM). 

Figure 71 shows that the mutant am  proteins bind the late melted DNA probe with a 

pattern similar to their binding to the homoduplex DNA (Figure 7E). Consistent with 

homoduplex DNA binding, F318A, E410A and EE410/414AA have 1.5-2 fold increased 

binding to the late melted DNA probe. The mutants that were defective for homoduplex 

DNA binding (E36G, E325G, E414A and E431A) show an equal (E36G) or more severe 

defect with respect to the late melted DNA probe. 

7.5 Interaction of Mutant Holoenzymes with Promoter DNA 

Homoduplex DNA binding. We compared the DNA binding activities of 

holoenzymes (formed with 1:2 ratio of core RNAP to $554) for the homoduplex promoter 

194 



probe. E36G and E325G had reduced affinity to the core RNAP (Figure 7D). This might 

be offered as the reason why the holoenzymes formed with these proteins are defective for 

binding to the homoduplex promoter probe (Figure 7J). 
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Figure 7J. Mutant 654-holoenzyme (100nM) binding to the S. meliloti nifil homoduplex promoter 
DNA probe (16nM). 

However, holoenzymes formed with E36G and E325G using a 1:4 or 1:6 ratio of core 

RNAP to mutant cr54  also failed to bind the homoduplex promoter (data not shown). 

Moreover, the defects shown by the E36G, E325G, E414A and E431A holoenzymes, as 

well as the increased binding using the F318A, E410A and double mutant holoenzymes 

(Figure 7J) are quiet similar in degree to those seen in the absence of the core (Figure 7E). 

This indicates that the promoter affinity of the holoenzyme is contributed by the associated 

sigma subunit. The absence of evidence of an additional defect attributable to core binding 

problems in the E36G and E325G cases might, if significant, imply that the presence of 

promoter DNA assists core binding by these proteins. 

Early melted DNA binding. The wild-type holoenzyme binds to the early melted 

DNA probe to form an heparin resistant complex independent of activation and associated 

nucleotide hydrolysis (Cannon et al., 1999). Heparin resistance is a property of open 

complexes that form with the sa54-holoenzyme in a reaction normally requiring activator 

and nucleotide hydrolysis (Wedel & Kustu, 1995). Figure 7K shows that holoenzymes 

formed with the mutant o proteins E36G, E410A, E414, E431A and EE410/414AA form 

heparin stable complexes on the early melted DNA probe suggesting that determinants 

required for the acquisition of heparin stability are largely intact in the mutant a54  proteins. 
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Figure 7K. Mutant a54-holoenzyme (100nM) binding to the S. meliloti nifH early melted promoter 
DNA probe (16nM) in the absence (black bars) and presence (white bars) of 100µg/m1 of heparin. 

Region III residues E414 and E431 appear not essential for holoenzyme binding to 

the early melted DNA probe, consistent with previous data (see above) in which free 

E414A and E431A 654  mutants bind poorly to the homoduplex promoter, they bind 

considerably better (relative to wild-type) to the early melted DNA probe (compare Figures 

7K, 7E and 7G). Holoenzymes containing the E325G mutant 654  are defective for binding 

to the early melted DNA probe, a defect probably associated with the promoter DNA 

(Figure 7G) and/or core RNAP binding (Figure 7D) of the E325G mutant. Strikingly, even 

though the holoenzyme containing the F318A mutant 654  binds the early melted DNA 

probe with wild-type levels of activity, it fails to form heparin stable complexes on the 

early melted DNA probe (Figure 7K). Previous work has shown that the formation of 

heparin unstable complexes on early melted DNA correlated strongly with poor binding of 

the mutant 654  to the early melted DNA probe. However, as shown in Figure 7G, the 

F318A mutant 654  apparently binds the early melted DNA probe with near wild-type levels 

of affinity and responds to activator in an nucleotide-dependent reaction to form the 

supershifted 654-DNA complex (ssa). Heparin resistance was not acquired by the F318A 

holoenzyme on the early melted DNA when activator and hydrolysable nucleotide were 

present (data not shown). Since the 654-core RNAP complex is very heparin sensitive, the 

heparin instability of the F318A-holoenzyme on early melted DNA probe may involve 

altered 654-core RNAP interactions (Gallegos & Buck, 1999). Consistent with this view, 

196 



F318A-early melted DNA complexes were detected in the heparin challenge assay, hence 

reflecting the dissociation of core RNAP from F318A 654  (data not shown). Thus, it seems 

that the F318A holoenzyme is easily disrupted by heparin. The surface exposed residue 

F318 is close to a region (residue 325-334) protected by protease attack by the core RNAP 

and hence may be involved in interactions with the core RNAP. Given that the F318A 

mutant cr54 binds to core RNAP with wild-type levels of affinity in the absence of DNA, it 

appears that the defects in F318A may reflect problems with changing interactions with 

core RNAP when particular DNA probes are bound by sigma. 

Late melted DNA binding. Efficient formation of heparin stable complexes on the 

late melted DNA probe requires activator and a hydrolysable nucleotide if the 654-

holoenzyme is used, indicating that a conformation change in the holoenzyme must occur 

to allow heparin stable interactions with late melted DNA (Cannon et al., 1999; Wedel & 

Kustu, 1995). Initially, we measured the activator independent binding of the mutant 

holoenzymes to the late melted DNA probe. Results in Figure 7L (black bars) show that all 

but one of the holoenzymes of all the mutant 654  proteins bind the late melted DNA probe 

with similar to wild-type levels of affinity. 
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Figure 7L. Activator-independent binding of mutant 654-holoenzymes (100nM) to the S. meliloti 
niffl late melted promoter DNA probe (16nM) in the absence (black bars) and presence (white 
bars) of 100µg/m1 of heparin. 
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The reduced binding activity of E325G-holoenzyme is consistent with its defects in 

binding to core and to the other DNA probes testes (above) . However, the poor 

homoduplex binding activity of the E414A and E431A holoenzymes (Figure 7J) is not 

echoed when they bind to late melted DNA. Taken together with their strong binding to 

early melted probe, this suggests that residues E414 and E431 are important in the initial 

stages of closed complex formation, but not later. Next, we assayed for heparin stable 

complex formation on the late melted DNA probe with the wild-type and the mutant um  

holoenzymes. As shown in Figure 7L (white bars), only the mutant holoenzymes 

harbouring E431A and EE410/414AA 654 formed activator independent heparin resistance 

complexes with the late melted DNA probe. Heparin resistance, independent of activation, 

is normally a property of mutant ams assembling holoenzymes deregulated for activation 

(activator bypass mutant 654) (Gallegos & Buck, 2000). It appears that substitution at 

residues E431 and EE410/414AA confer upon the holoenzyme an ability to interact with 

the late melted DNA in an activator independent manner to give heparin resistant 

complexes. It is thus possible that the mutant holoenzymes (E431A and EE410/E414AA 

holoenzymes) and the wild-type .54 holoenzyme represent two distinct functional states. 

Interestingly, we also note that the holoenzymes containing single mutant 654  proteins only 

harbouring the E410A or E414A mutation are not able to form heparin stable complexes 

on the late melted DNA probe independent of activation (Figure 7L). Thus, it appears that 

both E residues at 410 and 414 have to be replaced by alanine to confer heparin resistance 

to the holoenzyme, perhaps by reducing the overall negative charge of the o surfaces in 

the holoenzyme required for DNA interaction and increased binding to the negatively 

charged late melted DNA probe occurs. Further, some e DNA-binding domain mutant 

holoenzymes have been described that do show a strong property of heparin stable 

interaction with the late melted DNA probe independent of activator and associated 

nucleotide hydrolysis (Chaney et al., 2000; Chaney & Buck, 1999), but that are in the 

DNA crosslinking patch (residues 329-346) of 654. Overall, the activator independent and 

heparin resistant complex formation by E43 1 A and EE410/414AA holoenzymes predicts 

activator bypass transcription by the holoenzymes harbouring these mutant 654  proteins. 
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Next, we measured whether the number of heparin stable complexes formed with 

the late melted DNA could be increased by activation. Results in Figure 7M show an 

activator-dependent increase in the number of heparin stable holoenzyme complexes 

forming with the late melted DNA probe, suggesting that all cr54  mutant holoenzymes are 

functional in responding to the activator protein. We note that the mutant holoenzymes 

containing the E431A and EE410/414AA respond to activation as evidenced by the 

increased number of heparin stable complexes formed in the activation assays (compare 

Figure 7L and 7M). 
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Figure 7M. Binding of activated mutant 654-holoenzymes (100nM) to the S. meliloti nifH late 
melted promoter DNA probe (16nM) in the absence (black bars) and presence (white bars) of 
100ug/m1 of heparin. 

7.6 In vitro Transcription Assays 

Activator-dependent assays. To correlate the in vitro DNA binding data, in vitro 

transcription assays were conducted from a supercoiled S. meliloti nifH promoter template 

(pMKC28, Chaney & Buck, 1999). Holoenzymes and template DNA were incubated with 

ATP to allow initiated complexes to form. Stimulation of RNA synthesis by activator 

protein PspFAHTH was assayed. Single-round RNA synthesis from stable initiated 

complexes was then allowed to proceed by the addition of the remaining three NTPs 

together with heparin. As shown in Figure 7N all mutant holoenzymes were active for in 

vitro transcription (40-70% wild-type holoenzyme activity). The reduced activity (39% 
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wild-type holoenzyme activity) of the holoenzyme containing the E325G mutant 654  may 

be due to the core binding and/or promoter binding defects of this holoenzyme. Consistent 

with this is the observation, that the E325G holoenzyme only formed 10-20% activator 

dependent heparin stable complexes on the late melted DNA probe (Figure 7M). 

Holoenzymes containing the E410A, E414A, E431A and EE410/414AA mutant 654  

proteins formed more activator dependent heparin stable complexes on the late melted 

promoter probe compared to the wild-type holoenzyme (Figure 7M). Interestingly, this 

pattern of activity is not reflected in the in vitro transcription assays conducted with 100nM 

supercoiled DNA. Possibly, the holoenzymes containing the E410A, E414A, E431A and 

EE410/414AA mutant 654  proteins are defective in some later stages in the transcription 

process and that the E410A, E414A, E431A and EE410/414AA mutants markedly impair 

the holoenzyme in steps leading to changes in RNAP necessary for the productive 

interactions necessary for efficient transcript formation. Additional in vitro transcription 

assays with non-saturating levels of holoenzyme and under conditions that facilitate open 

complex formation (i.e. higher temperatures) on the S. meliloti nifH and other 654-

dependent promoters will elucidate more on the in vitro transcription activity of these 

mutants. Figure 7N also makes it clear that transcription is greatly stimulated by activation, 

in every case. Thus, the expectation of activator-independent transcription by the E431A 

and EE410/414AA enzymes has not been confirmed. 
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Figure 7N. PspFAHTH activated (black bars) and inactivated (white bars) in vitro transcription on 
supercoiled S. meliloti nifH promoter template. 

Activator-independent assays. Preliminary activator independent transcription 

assays reveal that E36G and F318A are active for some activator independent (bypass) 

transcription initiation in vitro (Figure 70, lanes 2 & 3, respectively). Region I in 654  has a 

negative function in disallowing transcription initiation by the holoenzyme, demonstrated 

by Region I mutants that allow increased activator-independent transcription in vitro 

(Casaz et al., 1999; Cannon et al., 1999; Wang et al., 1997). Thus, it is possible that a 

glycine (this work) or cysteine residue (Wigneshweraraj et al., 2000) at position 36 allows 

Region I to lose an interaction that allows productive transcription initiation in vitro 

independent of activation. Region III mutants R336A, R336C, K338A and R342A (Wang 

& Gralla, 2000; Chaney et al., 2000; Wigneshweraraj et al., 2000; Chaney & Buck, 1999) 

exist that confer their holoenzymes with the activator-independent phenotype, suggesting 

Region I may function in part through Region III. In the recent view that amino terminal 

Region I and carboxyl terminal Region III interact in am  (Wigneshweraraj et al., 2001 & 

chapter 5) it is possible that mutating surface exposed aromatic residues in Region III of 

am, such as R336A (Chaney et al., 1999), R336C (Wigneshweraraj et al., 2000), R342A 

(Chaney et al., 2000) and F318A (this work) "repositions" Region I to permit activator 

independent initiation of transcription in vitro. 
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Figure 70. Activator-independent in vitro transcription assay at the supercoiled S. meliloti nifH 
promoter 

7.7 Discussion 

The 654  holoenzyme is distinctive in its ability to remain transcriptionally silent. 

Productive transcription initiation by the 654-holoenzyme only occurs in response to an 

interaction of the 654-holoenzyme with an enhancer binding activator protein in an 

nucleotide hydrolysis dependent manner. Conformational adjustments must occur in the 

654-holoenzyme closed complex to relieve the inhibited state, to allow RNAP 

isomerisation in response to activation and stable DNA melting. 654  undergoes specific 

alterations in protease sensitivity at different steps on the pathway leading from free 654  to 

one engaged in a transcription complex (Casaz & Buck, 1997). Surface exposed residues in 

Region III in 654  that were protected from protease attack by the core RNAP in the 

holoenzyme or by promoter DNA in the closed complex were substituted with alanine 

(F318, E410, E414, E431) or glycine (E325) to seek a correlation between the protein 

footprinting and the functional importance of the amino acid. Region I residue 36 that 

becomes sensitive to protease attack in initiated complexes was also substituted with 

glycine. The in vivo and in vitro activities of the altered am  proteins were then studied. The 

work should also help indentify new potentially significant surface exposed residues for 

FeBABE footprinting work. 
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Residue E36. FeBABE tethered footprinting experiments revealed that residue 36 

locates close to the catalytic centre of the core RNAP in the holoenzyme and the GC 

promoter region in closed promoter complexes (Wigneshweraraj et al. 2000; 

Wigneshweraraj et al., 2001). Thus, residue 36 was suggested to be part of the regulatory 

centre in the 654-holoenzyme closed complex that possibly contains a target for the 

activator protein (Wigneshweraraj et al., 2001). Residue 36 is located in Region I of am  

which has a prime function in activator response (Casaz et al., 1999; Cannon et al., 1999; 

Wang et al., 1995), but is dispensable for core RNAP and DNA binding. Region I 

sequences have a low affinity for the core RNAP (Gallegos & Buck, 1999) and a Region I 

deleted or some Region I mutant 654  proteins show activator-independent transcription 

activity in vitro (Gallegos et al., 1999; Wang et al., 1995). Here the in vivo and in vitro 

activity of 654  protein containing the E36G mutation was examined. A glycine substitution 

likely confers increased conformational flexibility of Region I around position 36. Thus, 

the massively reduced ability of the holoenzyme containing the E36G mutant to initiate 

transcription in vivo, but to 62% of wild-type activity in vitro could be due to the altered 

conformation of the E36G mutant o in the holoenzyme. In the in vivo assays, activation 

is dependent on the enhancer-bound NifA protein, whereas in vitro it is dependent on 

PspFAHTH acting from solution. Thus, the DNA bound NifA protein could be restricted in 

accessing the mutant activation target in the E36G mutant holoenzyme, than its counterpart 

PspFAHTH which activates unrestricted from solution. Equally, the reduced affinity to the 

core RNAP and the apparent DNA binding defects of the purified E36G mutant could 

contribute to holoenzyme and/or closed complex stability in vivo. The E36G mutation also 

confers a partially activator-independent initiation (bypass) phenotype on the holoenzyme, 

like E36C (Chapter 3) and other Region I mutations already mentioned. The E36C 

mutation is less severe in its effects than E36G; in particular the E36C proteins shows no 

core-binding defefect, and in holoenzyme form it retains 20% of the wild-type 

transcription activity in vivo. Overall, the phenotype of the E36G mutant argues for a 

significant role of this residue in Region I conformation and its interaction with core 

RNAP and promoter DNA as indicated by residue 36 tethered FeBABE footprinting 

studies (Wigneshweraraj et al., 2000; Wigneshweraraj et al., 2001). 
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Residue F318. Even though this residue lies outside the minimal DNA binding 

domain (residues 329-477), an alanine substitution at F318 (F318A) has significant 

consequence on the DNA binding function of c. The F318A mutant o shows an 

increased binding activity to promoter DNA compared to the wild-type protein. It appears 

that mutating F318 has unmasked extra DNA binding in 654  . More interestingly, is the 

preliminary observation that holoenzymes containing the F318A mutant 654  are active for 

activator independent transcription initiation. A function in activator responsiveness of 

aromatic amino residues in Region III of 654  is not uncommon (Wang & Gralla, 2000; 

Chaney et al., 2000; Chaney and Buck, 1999) and with the associated involvement of 

aromatic residues in single-stranded DNA interactions (Parkinson et al., 1996; Bocharev et 

al., 1997), it is possible that the F318 protein contributes to single-stranded DNA binding 

required for regulated (activated) transcription initiation. Thus, the surface exposed residue 

F318 presents a suitable target for FeBABE conjugation studies and Cys318 tethered 

FeBABE footprinting will reveal positions on the promoter DNA proximal to F318 in 654_ 

DNAand within the closed and open promoter complexes. The data arising from this work 

suggest that residue F318 is part of the regulatory centre in 654  that comprises the —12 

promoter region, the UV-crosslinking patch and Region I (Wigneshweraraj et al., 2001). 

Clearly, there are differences between the F318A holoenzyme and holoenzyme containing 

the R336A activator-bypass mutant 654  (Chaney et al., 1999; Wigneshweraraj et al., 2001). 

In contrast to the R336A holoenzyme, the F318A 654  binds early melted DNA with wild-

type levels of activity and its holoenzyme is sensitive to heparin on the late melted DNA 

probe in the absence of activation. Further functional assays are underway to dissect the 

differences between the carboxyl terminal mutants F318A and R336A. In light of recent 

evidence (Wang & Gralla, 2000), it appears that F318A represents a different class of 

activator bypass '3.54  mutant, contrasting the R336A and K338A. 

Residue E325. The mutant 654  protein harbouring the E325G mutation is very 

defective for holoenzyme formation and DNA binding. This phenotype is reflected in the 

reduced in vitro transcription activity of the holoenzyme harbouring the E325G mutant 654. 

E325 is positioned outside the minimal core binding sequence in 654  (residues 120-215). 
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Previously, Cys336 and Cys346 conjugated FeBABE footprinting work (Wigneshweraraj 

et al., 2000; Wigneshweraraj et al., 2001) indicate that E325 is probably located close to 

the core RNAP subunits and proximal to positions downstream of the GC-region on 

promoter DNA. 

Residues E410, E414 and E431. These residues were protected from protease 

attack in the closed complex. These closed complex-specific protections can also be 

interpreted as conformational changes, but because the protected residues lie within the 

DNA-binding domain, it is also possible that protection is probably due to their proximity 

to promoter DNA (Casaz and Buck, 1997). Further, the phenotypes of mutant am  proteins 

with alanine substitutions at E410, E414 and E431, respectively, suggest a direct role of 

these residues in promoter DNA interaction. Immunoblots showed that the mutants E414A 

and EE410/414AA were not stably produced in vivo, whereas the E410A had a near wild-

type level of stability, suggesting that E414 probably has a structural role in 654  . In 

contrast, even though E431A mutant was stably expressed, it was inactive for promoter 

activation in vivo. The reduced double-stranded DNA binding activity of the E431A 

mutant 654 and its holoenzyme could be a reason for the lack of in vivo activity. Strikingly, 

like the F318A mutant, the E410A and EE410/414AA mutants showed increased DNA 

binding activity with respect to the wild-type protein. Binding assays with Region I deleted 

654 showed that the Region I deleted protein had an increased DNA binding activity 

compared to the full-length wild-type protein (Cannon et al., 1999; Wigneshweraraj et al., 

2001). Therefore, it is possible that mutating surface exposed glutamate (and 

phenylalanine) residues in Region III of e positions Region I in such a way that extra 

DNA binding activity is unmasked — especially in the context of the recent view that 

Region I and Region III interact in 654  (Wigneshweraraj et al., 2001). However, the 

increased promoter DNA binding activity of the mutants (E410A, EE410/414A and 

F318A) compared to the wild-type protein is not reflected in in vitro transcription activity. 

This implies that the mutant holoenzymes are defect in one or many steps after closed 

complex formation. Also, the increased DNA binding activity seen with the E410A 

EE410/414AA and F318A mutant 654  proteins may impair efficient promoter clearance by 

the mutant holoenzymes once transcription is initiated. Interestingly, in an analysis of 

205 



amino acid-DNA interactions in crystal structures, it appears that glutamate residues have a 

distinct preference for cytosine residues (Mandel-Gutfreund et al., 1995). Given that the 

654  binding site consensus is GC-rich, TGGCA-N5-TTGC (Barrios et al., 1999), it may be 

possible that, glutamate residues that are protected from protease attack in the closed 

complex (E410, E414 and E431) as well as the core RNAP protected E325 make specific 

contacts with promoter cytosine residues. FeBABE tethered to positions 325, 410, 414 and 

431 will provide more insight into the roles of these residues in DNA binding. 

7.8 Conclusions 

We have characterised the phenotypes of mutations affecting surface exposed 

residues in 654  that were protected against protease attack either by the core RNAP (E325) 

or by their proximity to promoter DNA (F318, E410, E414, E431) in the closed complex. 

The results presented here argue for a positive role of these residues in 654  function. These 

residues provide a suitable conjugation site for FeBABE and the resulting footprinting 

studies (on both, core RNAP and DNA) will (1) reveal whether these residues are part of 

the regulatory centre in 654  that has been shown to include Region I, the X-link patch, core 

RNAP catalytic centre and the promoter GC element (Wigneshweraraj et al., 2001), and 

(2) will help further elucidate the orientation of 654  on DNA in closed and open promoter 

complexes (Wigneshweraraj et al., 2001). 
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CHAPTER EIGHT 

Low Resolution Structure of Sigma 54 Revealed by Small 
Angle X-ray Scattering 

8.1 Introduction 

am has a modular domain organisation (Cannon et al., 1997 & 1995; Wong et al., 

1994). Deletion analysis of the 654 protein has shown c 	comprises of distinct 

biochemically active parts which can be expressed as separate, functionally active 

fragments (Gallegos & Buck, 1999; Cannon et al., 1997, 1995). The promoter DNA 

binding domain is located in the carboxyl terminal part of the protein (Region III) and the 

amino terminal domain (Region I) is predominantly involved in activation. The central 

domain (Region II and amino terminal parts of Region III) contains the major core RNAP 

binding determinants. 

The am-holoenzyme binds to promoters to form a closed complex that is silent for 

transcription initiation. Conversion of the closed complex to a transcriptionally productive 

open promoter complex is dependent upon activation by enhancer binding activator 

proteins in a nucleotide hydrolysis dependent manner and involves an as yet poorly defined 

interaction of the activator with the am-holoenzyme in the closed complex. To date, an 

extensive body of evidence suggests that a54  is a target for the activator and Region I plays 

a role in the activator responsiveness of the am-holoenzyme (Cannon et al., 2000; Casaz et 

al., 1999; Casaz & Buck, 1997, 1999; Hsieh & Gralla, 1994; Hsieh et al., 1994; Wong et 

al., 1994). However, other studies have shown Region I to constitute a part of the 654  

interface with core RNAP (Wigneshweraraj et al., 2000; Gallegos et al., 1999) and Region 

I to be proximal to the consensus GC promoter element of a54-dependent promoters 

(Wigneshweraraj et al., 2001). Further, one of the main fmdings of the work presented in 

this thesis is that 654  Regions I and III interact to form a regulatory centre in the closed 
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promoter complex, which includes the consensus GC promoter element located —12 base 

pairs from the transcription start site (Wigneshweraraj et al., 2001). This regulatory centre 

possibly constitutes a target with which the activator protein has to interact with to initiate 

open complex formation in an nucleotide hydrolysis dependent manner. 

Clearly, 654  contributes to several functions of the holoenzyme required for 

enhancer dependent transcription. Although discrete activities are known to reside within 

individual domains in 654, the domains appear to interact with each other for the full 

function of the 654. The availability of structural information on the tertiary domain 

organisation of 654  will not only confirm or disprove our previous suggestions but will 

provide us with a valuable tool for interpreting FeBABE footprinting and mutational 

analysis data. The objectives of the present work are to evaluate the envelope shape and 

tertiary domain organisation of the K pneumoniae um  by using small angle x-ray solution 

scattering (SAXS) — a method yielding low resolution structural information at nearly 

physiological conditions. For this purpose, the 654  fragments comprising residues 70-324, 

1-306 and 117-477 were used as amino terminal, internal and carboxyl terminal containing 

fragments representing various combinations of domains (Figure 8A). SAXS 

measurements on the 654  proteins were done in collaboration with Dr Dmitri Svergun at 

the European Molecular Biology Laboratories (EMBL) at Hamburg (Germany) using the 

synchrotron radiation facilities of the Deutsches Elekronen Synchrotron (DESY). 

8.2 Small Angle X-ray Scattering (SAXS) 

Structure determination of biological macromolecules using high resolution 

methods such as macromolecular crystallography and nuclear magnetic resonance (NMR) 

requires a specific set of conditions: it is often difficult to grow crystals of high molecular 

weight (MW) assemblies that are suitable for diffraction, and the application of NMR is 

fundamentally limited to small (MW < 30kDa) monodispersed proteins. In contrast, SAXS 
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as a method for structure determination of biological macromolecules can yield 

low-resolution information in a broad range of conditions and particle sizes. 
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Figure 8A. Schematic diagram of as4 fragments used for the small angle X-ray scattering 
measurements: full-length 654  (A) and fragments consisting of amino acid residues 70-324 (B), 1-
306 (C) and 117-477 (D). 

SAXS is a useful technique for obtaining structural information from 

macromolecules and has been extensively used for determining the size, shape and 

molecular weight of proteins and nucleic acids. It permits analysis of biological 

macromolecules and their complexes in nearly physiological environments and direct study 

of structural responses to changes in external conditions. Applications of SAXS to 

biological systems include studies on envelope shape of proteins (Bu et al., 1998; Shilton 

et al., 1998), conformational changes and protein folding/unfolding (Flanagan et al., 1992), 

and ligand induced oligomerisation and enzyme-substrate interactions (Tuzikov et al., 

1996; Lemmon et al., 1997). 

The mathematical models and theories used in SAXS studies on biological 

macromolecules and applied for shape determination from SAXS data are complex and 
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clearly beyond the scope of this thesis work, and thus are not included in this chapter. 

However, a brief theoretical introduction to SAXS and shape determination of 

macromolecules from SAXS data, together with a list of accessible and useful references 

are provided in Appendix D for the interested reader. 

8.3 Sample Preparation for SAXS 

The full-length G54  and the fragments 70-324aa, 1-306aa and 117-477aa were 

constructed and purified as amino terminal 6His-tagged proteins. In order to reduce 

background scattering and to obtain protein samples which were >99% pure and 

monodispersed, several purification steps were applied to each protein preparation (see 

Materials & Methods). In an attempt to minimise aggregation and precipitation and 

increase the monodispersity of the protein samples during purification, storage and SAXS 

measurements, all proteins were prepared in the presence of 75mM sodium thiocyanate — a 

chaotropic agent used to help minimise aggregation. The preparation of the 70-324aa 

fragment is shown in Figure 8B as an example for the purification steps used and the purity 

of the protein sample used for SAXS. 

20kDa < 	 410 

14kDa 	.... ....4110 

4--  70-324aa 
lane 1: SDS-7L marker 
lane 2: whole cell extract - uninduced 
lane 3: whole cell extract - induced with 1mM IPTG 
lane 4: pooled elution fraction from DEAE-column chromatography 
lane 5: pooled elution fraction from nickel-column chromatography 
lane 6: pooled elution fraction from Mono Q column chromatography 

Figure 8B. Purification of the 70-324aa 654  fragment for SAXS measurements. Shown is a 
Coomassie blue stained 12.5% SDS-polyacrylamide gel. 
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8.4 SAXS Measurements on Purified Sigma 54 Proteins 

For the full-length a54  and the 70-324aa fragment, the SAXS measurements at 

protein concentrations 3-20mg/m1 displayed no significant concentration effects, and the 

scattering values were in good agreement with that from a reference sample (bovine serum 

albumin, Sigma) indicating that the samples were not aggregated and were monodispersed 

(data not shown). However, the scattering data for the 1-306aa and 117-477aa fragments 

showed that the background scattering was too high and the protein samples were strongly 

aggregated. Attempts to improve the quality of sample preparation by increasing the 

sodium thiocyanate concentration and reducing the storage and handling times of the 

samples failed to usefully improve the scattering data for the 1-306aa and 117-477aa 654  

fragments. 

The experimental scattering parameters of the full-length 654  and the 70-324aa 

fragment are shown in Table 8.1 (Svergun et al., 2000). The molecular masses of the 

solutes indicate that both 654  and the 70-324aa fragment are monomeric in solution, in 

agreement with the results of analytical centrifugation (D. Scott & J Hoggett, personal 

communication). The experimental values of Dmax  (maximum diameter) and Rg  (radius of 

gyration) suggest that the two macromolecules, and especially 654  are rather anisometric. It 

implies that a54  is a very elongated protein and that the 30kDa 70-324aa fragment, 

although having a 2nm smaller Dmax, is still rather elongated. 

Parameter 54 ea 70-324aa 
Mass (kDa) 58±6 32±4 
Dmax (nm) 13.0±0.5 11.0±0.5 
Rg  (nm) 3.43±0.06 3.05±0.05 

Resolution (nm)1  2.8 2.4 
of the restored envelope models. 

Table 8.1. Experimental scattering parameters of 654  and the 70-324aa fragment. 
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8.5 Low resolution models of 4554  and the 70-324aa fragment 

The low resolution models of 654  and the 70-324aa fragment were restored from the 

experimental data using two ab initio procedures (Svergun et al., 2000 and references 

within Appendix D). The restored envelope shapes and dummy atom models of 654  and the 

70-324aa fragment are presented in Figure 8C (panels A and B, respectively). The 

envelope shape of the 70-324aa fragment can be unambiguously positioned inside that of 

654. Moreover, a boomerang-like shape of the core RNAP binding 70-324aa fragment of 

654 correlates well with the gross structure of the core RNAP and DNA binding fragment 

of the E. coli 0.7°  protein (the atomic model of the latter is superimposed with the low 

resolution models in Figure 8C; Malhotra et al., 1996). 

The low resolution solution structure for a54  determined in this work provides the 

first initial model for a protein that functions to convert E. coli RNAP into an enhancer 

dependent enzyme. Clearly developed structures are present that probably represent either 

a discrete individual domain or alternatively domains that are directly interacting within 

the tertiary structure. The amino terminal Region I is required for transcription silencing 

and activator responsiveness and the carboxyl terminal parts of Region III DNA binding 

domain are thought to interact (Cannon et al., 1999; Casaz & Buck, 1999; Wigneshweraraj 

et al., 2001). Comparison of the structure of the 70-324aa fragment that lacks both of these 

domains (Figure 8A) is consistent with such an interaction, since two (possibly more) lobes 

are clearly absent (Figure 8C). Possibly , both Region I and the carboxyl parts of Region 

III contribute to this lobe and do directly interact with each other. Consistent with this view 

(further developed below) is the finding that Region I and parts of Region III interact to 

form a regulatory centre over the consensus GC promoter element (Wigneshweraraj et al., 

2001). 

654 footprints promoter DNA from positions —35 to —5 with respect to the 

transcription start site (Buck & Cannon, 1992). Major points of contact are within four 

bases, namely TGCA, centred at —12 (the GC-element) and seven bases CTGGCAC 

centred at —24 within the consensus sequence of 0.54-dependent promoters. 
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Figure 8C. Low resolution and dummy atom models of 654. Panel (A). Low resolution envelope 
models of 654  (pale yellow) and the 70-324aa fragment (red). The missing lobes are indicated (see 
text); the helices that correspond to cr70  subregions 2.3 (involved in —10 promoter element 
interaction) and 2.4 are shown (see Introduction). Panel (B). Dummy atom models (spheres of 
radius 0.45nm). The middle and bottom rows are rotated counterclockwise by 90°C around the x 
and y axes, respectively. The models in Panel (A) and (B) are superimposed with the crystal 
structure of the cr" fragment from E. coli RNAP (blue). A 28bp B-DNA fragment comprising the 
054  binding site (green) is shown above the potential DNA binding surfaces (Panel (B), top row). 

Superimposition of the low resolution dummy atom models with a 28bp B-DNA 

fragment (Figure 8C, panel B) summarises a relationship between .54, and the 70-324aa 

fragment and the promoter DNA that can account for the known extent of a54-promoter 
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DNA interactions. The 70-324aa fragment lacks the Region III DNA binding determinants 

and Region I sequences that also contribute to DNA recognition (Wigneshweraraj et al., 

2001). It therefore seems possible that the lobe missing from the 70-324aa fragments (see 

above), but present in the full-length 654  model includes Region I and parts of Region III 
DNA binding determinants that direct promoter binding. Further, the upper surface of the 

654  depicted in Figure 8C (panel B) further distinguishes the full-length 654  from the 70-

324aa fragment and may contribute to additional DNA contacting structures. The 70-324aa 

fragment does not bind DNA. Thus, together, the missing lobes and the upper surface can 

provide DNA contacting surfaces of approximately the necessary extent to fully interact 

with promoter DNA. 

Another remarkable observation is that the fragment of a" for which the atomic 

structure has been determined (Malhotra et aL, 1996) has a similar shape and size 

compared with the 70-324aa fragment of a (Figure 8C, panel A); this structural 

information further supports our previous finding that the two classes of sigma factor, the 

enhancer dependent 654  and enhancer independent a", both occupy similar positions in the 

core RNAP and use some overlapping points of interaction to contribute to the shared 

functionalities of the holoenzymes (Wigneshweraraj et al., 2000; Datwyler et al., 2000). 

8.6 Conclusions 

The structural study of proteins is a necessary complement to biochemical and 

genetic analysis of a system. Understanding the mechanisms of transcription initiation is 

dependent upon all three approaches. The low resolution structure of 654  shows a well 

developed anisometric shape and is the first initial structural model for this class of cr 

factor. Similarity to a part of a" that binds core RNAP and interacts with the —10 promoter 

element is somewhat suggestive. Now that crystallography and cryoelectron microscopy 

are beginning to reveal the structures of multisubunit RNA polymerases (Finn et al., 2000; 

Mooney & Landick, 1999), one can begin to evaluate the functional significance of this 
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similarity. These structural approaches together with the use of further tethered iron chelate 

methods for examining proximity relationships within transcription complexes should help 

determine the organisation of 654-RNAP holoenzymes. 
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OVERVIEW 

In bacteria, the process of transcription of DNA to produce RNA relies upon a 

large multisubunit RNA polymerase (RNAP) containing two dissociable components: 

the core enzyme (E), which catalyses phophodiester bond formation, and one of a 

family of sigma (a) subunits, transcription factors which determine promoter 

specificity. The core RNAP of Escherichia coli, which is the best-studied enzyme of 

its class, contains five polypeptide subunits: 13, 	co and a dimer of a. Binding of one 

of the several specificity a factors converts the core enzyme to an holoenzyme form, 

which can recognise promoters. Of the seven E. coli a factors, a54  is in a class of its 

own. As discussed in the Introduction, members of the a"-class and a54  bind to the 

common core RNAP but form holoenzymes with markedly different functional 

properties. The enhancer-dependent a54-holoenzyme relies on the ATPase activity of 

enhancer bound activator proteins for transcription initiation, whereas the enhancer-

independent a70  types of holoenzyme forms closed complexes that spontaneously 

isomerise open the promoter DNA and allow initiation. 

Using the FeBABE tethered footprinting methodology we have shown that 

several of the surfaces proximal to a54  and a70  are common to both sigmas. This 

observation was further supported by small-angle x-ray scattering data on a54, which 

suggest that although a54  and a70  are unrelated by primary amino acid sequence, they 

may share a significant overall structural similarity. A significant outcome of the 

FeBABE protein footprint work in unraveling the enhancer dependence of the a54-

holoenzyme in transcription initiation is in revealing the location of two regulatory 

residues of a54  (Region I residue 36 and Region III residue 336) which are proximal 

to the catalytic centre of the core RNAP. a54  mutants at residues 36 and 336, even 

though separated by 300 amino acids, share the same functional phenotype. It seems 

doubtless that some of the proximity relationships we have detected using FeBABE 

will change upon closed complex formation and activation of the a54-holoenzyme. 
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Those associated with residues 36 and 336 seem most likely to change, given that 

these residues are associated with 654  sequences needed to maintain the stable closed 

promoter complex and that these, when mutated, lead to activator-independent 

isomerisation of the holoenzyme. Future work will target these issues and will aim to 

characterise the a54-core RNAP interface in the closed and open complexes. 

654 must somehow manage to keep the promoter bound holoenzyme silent by 

preventing the required melting of promoter DNA until signalled by the ATPase 

activity of the activator protein. Region I of e has been implicated in being a key 

element in the transcription silencing event and in preventing ATPase independent 

DNA melting at promoters (Cannon et al., 2000; Casaz et al., 2000; Gallegos et al., 
2000; Wang et al., 1995). It has been proposed to form and bind to a repressive fork 

junction structure created by transient unpairing of base pairs adjacent (downstream) 

to the consensus —12 GC promoter element and to interact with single-strand DNA 

binding elements located in the carboxyl terminal Region III (Guo et al., 1999) 

(Figure 1). The activator and its ATPase activity is important for triggering changes in 

the way how 654  binds promoter DNA and for its action requires a54  Region I. To 

fully engage the transcription bubble for initiation, holoenzymes (both a54  and an') 

need to establish a stable connected interaction between the fork junction at the 

upstream edge of the bubble and the melted downstream DNA. The a54-holoenzyme 

lacks a detectable interaction with nontemplate strand adjacent to the fork junction at 

—12 (Guo et al., 1999) (Figure 1). This interaction is a critical feature of the 01°-

holoenzyme that distinguishes the two holoenzymes. Recently it was revealed that the 

interaction of the activator and its associated ATP binding activity help the um-

holoenzyme to establish the missing nontemplate strand interaction (Guo et al., 2000). 

The interaction of the activator with Region I of am  is said to unmask single-strand 

DNA binding activity of cy54  causing full stable DNA opening to occur, leading to 

transcription (Guo et al., 2000). 
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Figure 1. Model for the role of am  in transducing the signal for transcription activation 
(adapted from Gralla, 2000). Shown in green is the a54-holoenzyme and in dark green DNA 
sequences interacted by (554  during the progression from the closed complex to an open one 
(see text for detals). 

Using e derivatives with FeBABE tethered at positions at 36 or 336, 

respectively, we have provided, for the first time, physical evidence for the model 

outlined in Figure 1. The DNA cleavage data presented show that parts of Region I 

and Region III are close to the —12 promoter element known to strongly influence 

regulation of open complex formation (Guo et al., 1999). An advantage of these 

protein-DNA arrangements would be in co-ordinating concerted movements in 654, 

promoter DNA and core RNAP. We propose a model in which Region I and Region 

III forms an organising centre that brings the key e, core RNAP and DNA 

components together (Figure 2). 
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Region I Region II Region III 
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Modulation 	X-Link NTH 

1 	56 454 463  477 

RpoN 
Box 

180 	306 3291346 3661386 

Activator Response 
Weak Core Binding 

Strong Core Binding 

Figure 2. Regulatory sequences in 654  localise over the start of DNA melting. Residues which 
were modified with FeBABE reagent are shown in red over the domain organisation of 654. 

Region I changes its relationship to DNA in response to activation suggesting that the 

organising centre includes a target for the activator (Guo et al., 2000; Cannon et al., 

2000). Indeed, the activator interacts with Region I (Chaney et al., in preparation) 

probably to enforce unmasking of nontemplate single-strand DNA binding activity of 

sa54  that is proposed to reside in Region III (Kelly et al., 2000; Guo et al., 2000). 

Interestingly, residue 336 is located within this proposed single-strand DNA binding 

sequence and the am  derivative with FeBABE at position 336 shows increased 

cleavage of nontemplate single strand DNA upon activation. Figure 1 also highlights 

an important distinguishing feature of cy54  and cv70  holoenzymes: a70-holoenzymes 

prefer binding to the nontemplate strand whereas, in the silent state prior activation, 
a54-holoenzymes prefer binding to the template strand. Since extensive interactions 

along the nontemplate strand are an essential requirement in the promoter melting 

process leading to transcription initiation (Guo et al., 2000; Fenton et al., 2000; Guo 
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et al., 1999; Wang et al., 1997), this activity is only granted to the 654-holoenzyme by 

the ATPase activity of the activator protein. 

Further, we have shown that a DNA interacting residue (R383) within the 

proposed HTH structure of 654  is not part of this regulatory centre and additional 

DNA cleavage data show that a colinear arrangement, C-terminal to N-terminal (5'-3' 

non-template strand) of the RpoN box, the 11TH motif and theUV-crosslinking patch 

is possible, but unproven. Our data suggest that residue 383 in the putative HTH motif 

has a function in 654  stability and is required for maintaining the holoenzyme in a 

stable complex when melting is initiating next to the GC element. 

The 654  promoter recognition sequence includes short elements at nucleotides 

—12 and —24 with extensive conservation in between these two. It is proposed that the 

—24 element makes a greater contribution to promoter binding. The —24 recognition is 

presumed to occur via Region III, but remains unproven. We have demonstrated the 

use of FeBABE as a tool in determining protein-protein and protein-DNA 

relationships in 654  transcription initiation in the absence of any high resolution 

structural information. Current work involving a "FeBABE scanning" approach of the 

Region III is underway with the aim of identifying the —24 recognition element and 

the orientation of 654  on promoter DNA. Some of the o mutants characterised in the 

fmal parts of this thesis work show altered DNA binding properties and may prove to 

be suitable and interesting targets for FeBABE work. Strikingly, the DNA binding 

and activator-independent transcription properties of the F318A o mutant suggest 

that residue F318 to be part of the regulatory centre. 

The uniqueness of transcription initiation by o is its dependence on the 

nucleotide-hydrolysing activator proteins, but relatively little is known about the 

activator-654  interface — mainly owing to the transient nature of this interaction. 

Emerging data from our laboratory show that activator-bound 654  complex can be 

trapped by using a transition state analogue of ATP (ADP:AlF4) bound activator 

proteins (Chaney et al., in preparation). FeBABE footprinting studies, using 

ADP:AIF4  bound activator in combination with 654-FeBABE should provide us 
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valuable insights into how this unique mechanism of bacterial transcription is 

orchestrated by the RNA polymerase subunit - am  and ATP binding and hydrolysis. 
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KH ASSTD- :71KLYELEG 
PsSR‘:-,ASY 	 
PSSAR , :RYK 	 

LE AN PSSSh-,)F 	 
PSSREII 	 
PVARLKIG 	 

S KSEKGRTYYGT 	 
SE RTCSSS 	  

580 
: 497 
: 497 
: 497 
: 502 
: 477 

:

477 
477 

: 492 
• 486 

:

487 
489 

: 475 
: 484 
: 493 

479 
484 

: 537 
: 514 
: 497 
: 523 
: 513 
: 525 
: 520 
: 426 
: 434 
: 436 
. 440 
: 414 
: 416 
: 495 
: 436 
:47 

398 
: 440 
: 419 
• 475 
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APPENDIX B: E. coil 654  Activators 

Shown below is the protein sequence alignment of E. coil am  activators. The 
nucleotide binding motif (Walker A motif) is highlighted in green and the am  
interaction sequence is shown in pink (see introduction for further details). 

AtoC 
HydG 
NtrC 
YfhA 
Fh1A 	 --MSYTPMSDLGQQGLFDITRTLLQQPDLASLCEALSQLVKRS 	  
HyfR 	 --MFAPPQGITIEAVNGMLAERLAQKHGKASLLRAFIPLPPPF 	  
PspF 
YgaA 	MSSQNDYQSNGRYDNIYSQIDSEAKMSFSVDVLANIA 	  
PrpR 	 ---MAHPPRLNDDKPVIWTVSVTRLFELFRDISLEFDHLANIT 	  
YgeV 	 MELATTQSVLMQIQPTIQRFARMLASVLQLEVEIVDENLCRVAGTGAYGKFLGRQLSGNS 
RtcR 	 MRKTVAFGFVGTVLDYAGRGSQRWSKWRP 	  

AtoC 	 MTAINRILIVDDEDNVRRMLSTAFALQGFETHCANNGRTALHLFADI--- 
HydG 	 MTHDNIDILVVDDDISHCTILQALLRGWGYNVALANSGRQALEQVREQ--- 
NtrC 	 MQRGIVWVVDDDSSIRWVLERALAGAGLTCTTFENGAEVLEALASK--- 
YfhA 	 MSHKPAHLLLVDDDPGLLKLLGLRLTSEGYSVVTAESGAEGLRVLNRE--- 
FhlA 	ALADNAAIVLWQAQTQRASYYASREKDTPIKYEDETVLAHGPVRSILSRPDTL 
HyfR 	SPVQLIELHVLKSNFYYRYHDDGSDVTATTEYQGEMVDYSRHAVLLGSSG--- 
PspF 	 MANFIMAEYKDN 	  
YgaA 	IELQRGIGHQDREQRLITTLRQVLECDASALLRYDSRQFIPLAIDGLAKDVLG 
PrpR 	PIQLGFEKAVTYIRKKLANERCDAIIAAGSNGAY 	LKSRLSVPVILIKPSG 
YgeV 	 RLLRHVLETKTEKVVTQSRFDPLCEGCDSKENCREKAFLGTPVILQDRCVGVISLIAVTH 
RtcR 	TLCICQQESLVIDRLELLHDARSRSLFETLKRDIASVSPETEVVSVEIELHN--- 

At oC 
HydG 
NtrC 
YfhA 
FhlA 	 HCSYEEFCETWPQLDAGGLYPKFGHYCLMPLAAEGHIFGGCEFIRYDDRPWSEKEFNRLQ 
HyfR 	 MAELRFIRTHGSRFTSQDCTLFN 
PspF 
YgaA 
PrpR 
YgeV 
RtcR 

AtoC 
HydG 
NtrC 
YfhA 
Fh1A 	 TFTQIVSVVTEQIQSRVVNNVDYELLCRERDNFRILVAITNAVLSRLDMDELVSEVAKEI 
HyfR 	 WLARIITPVLQSWLNDEEQQVALRLLEKDRDHHRVLVDITNAVLSHLDLDDLIADVAREI 
PspF 
YgaA 
PrpR 
YgeV 
RtcR 
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AtoC 
HydG 
NtrC 
YfhA 
FhlA 	HYYFDIDDISIVLRSHRKNKLNIYSTHYLDKQHPAHEQSEVDEAGTLTERVFKSKEMLLI 
HyfR 	HHFFGLASVSMVLGDHRKNEKFSLWCSDLSASHCACLPRCMPGESVLLTQTLQTRQPTLT 
PspF 
YgaA 	 RRFALEGHPRLEAIARAGDVVR 
PrpR 	 YDVLQALAKAGKLTSSI 
YgeV 	 QQEHISDNLREFSDYVRHISTI 
RtcR 

AtoC 	HPDVVLMDIRMPEMDGIKALKEMRSHETRTPVILMTAYAEVETAVEALRCG 
HydG 	VFDLVLCDVRMAEMDGIATLKEIKALNPAIPVLIMTAYSSVETAVEALKTG 
NtrC 	TPDVLLSDIRMPGMDGLALLKQIKQRHPMLPVIIMTAESDLDAAVSAYQQG 
YfhA 	KVDLVISDLRMDEMDGMQLFAEIQKVQPGMPVIILTAHGSIPDAVAATQQG 
FhlA 	NLHERDDLAPYERMLFDTWGNQIQTLCLLPLMSGDTMLGVLKLAQCEEKVFTTTNLNLLR 
HyfR 	HRADDLFLWQRDPLLLLLASNGCESALLIPLTEGNHTPGALLLAHTSSTLFSEENCQLLQ 
PspF 
YgaA 	FPADSELPDPYDGLIPGQESLKVHACVGLPLFAGQNLIGALTLDGMQPDQFDVFSDEELR 
PrpR 	GVVTYQETIPALVAFQKTFNLRLD---QRSYITEEDARGQINELKANGTEAVVGAGLITD 
YgeV 	FVSKLLEDQGPGDNISKIFATMIDNMDQGVLVVDDENRVQFVNQTALKTLGVVQNNIIGK 
RtcR 	-PWDFEEVYACLHDFARGYEFQPEKEDYLIHITTGTHVAQICWFLLAEARYLPARLIQSS 

AtoC 	AFDYVIKPFDLDELNLIVQRALQL 	 QSMKKEIRHLHQAL 
HydG 	ALDYLIKPLDFDNLQATLEKALAH 	 THSIDAETPAVTAS 
NtrC 	AFDYLPKPFDIDEAVALVERAISH 	 YQEQQQPRNVQLNG 
YfhA 	VFSFLTKPVDKDALYQAIDDALEQ 	 SAPATDERWREAIV 
Fh1A 	QIAERVAIAVDNALAYQEIHRLKE 	 RLVDENLALTEQLN 
HyfR 	HIADRIAIAVGNADAWRSMTDLQE 	 SLQQENHQLSEQLL 
PspF 
YgaA 	LIAALAAGALSN 	ALLIE 	 QLESQNMLPGDATP 
PrpR 	LAEEAGMTGIFIYSAATVRQAFSD 	ALDMTRMSLRHNTHDATRNAL 
YgeV 	PIRFRPLTFESNFTHGHMQHIVSWDDKSELIIGQLHNIQGRQLFLMAFHQSHTSFSVANA 
RtcR 	PPRKKEQPRGPGEVTIIDLDLSRYN 	 AIASRFAEERQQ 

AtoC 	STSWWGHILTNSPAMMDICKDTAKIAISQ-ASVLISQESGTGKELIARAIHYN 	 
HydG 	QFGMVG 	KSPAMQHLLSEIALVAPSE-ATVLIHODSGTGKELVARAIHAS 	 
NtrC 	PTTDIIAK 	PAMQDVERIIGRLSRSS-ISVLINGESGTGKELVAHALHRH 	 
YfhA 	TR 	SPIELRLLEQARLVAQSD-VSVIINGQSGTGEEIFAQATHNA 	 
Fh1A 	NVDSEFGEIIGRSEAMYSVIKQVEMVAQSD-STVLILGETGTGKELIARAIHNL 	 
HyfR 	SN-LGIGDIIYQSQAMEDLLQQVDIVAKSD-STVIICGETGTGKEVIARAIHQL 	 
PspF 	LLGEANSFLEVIEQVSHLARLD-KPVLIIGERGTGKELIASRLHYL 	 
YgaA 	FEAVKQTQMIGLSPGMTQLKKEIEIVAASD-LNVLISGETGTGKELVAKAIHEA 	 
PrpR 	RTRYVLGDMLGQSPQMEQVRQTILLYARSS-AAVIIEGETGTGKELAAQAIHREYFARHD 
YgeV 	PDEPHIEQLVGECRVMRQLKRLISRIAPSP-SSVMVVGESGTGKEVVARAIH 	 
RtcR 	TLDFLKSGLATRNPHFNRMIEQIEKVAIKSRAPILLNGPTGAGKSFLARRIEELKQAR 	

* *:**.. * : 

AtoC 	--SRRAKGPFIKVNCAALPESLLESELFGHEKGAFTGAQTL-RQGLFERANEGTLLLDEI 
HydG 	--SARSEKPLVTLNCAALNESLLESELFGHEKGAFTGADKR-REGRFVEADGGTLFLDEI 
NtrC 	--SPRAKAPFIALNMAAIPKDLIESELFGHEKGAFTGANTI-RQGRFEQADGGTLFLDEI 
YfhA 	--SPRNSKPFIAINCGALPEQLLESELFGHARGAFTGAVSN-REGLFQAAEGGTLFLDEI 
Fh1A 	--SGRNNRRMVEMNCAAMRAGLLESDLFGHERGAFTGASAQ-RIGRFELADKSSLELDEV 
HyfR 	--SPRRDEPLV=CAAIPASLLESELFGHDKGAFTGAINT-HRGRFEIADGGTLFLDEI 
PspF 	--SSRWQGPFISLNCAALNENLLDSELFGHEAGAFTGAQKR-HPGRFERADGGTLFLDEL 
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YgaA 	 --SPRAVNPLVYLNCAALPESVAESELFGHVK 
	

ISN-RS GKFEMADNGTLFLDEI 
PrpR 
	 ARQGEKSHPFVAVNCGAIAESLLEAELEGYEE 

	
RRGGRA.GLFEIAHGGTLFLDEI 

YgeV 
	 KLSGRRNKPFIAINCAAIPEQLLESELFGYV 

	
SANGKTGLIQAANTGTLFLDEI 

RtcR 	 ---HQFSGAFVEVNCATLRGDTAMSTLFGHVK 
	ES-REGLLRS.ANGGMLFLDEI 

:* 	 ***: ***** 	* *. *:***: 

AtoC 
	 GEMPLVLQAKLLRILQEREFERIGGHQTIKVDIRIIAATNRDLQAMVKEGTFREDLEYRL 

HydG 
	 GDISPMMQVRLLRAIQEREVQRVGSNQIISVDVRLIAATHRDLAAEVNAGRFRQDLYYRL 

NtrC 
	 GDMPLDVQTRLLRVLADGQFYRVGGYAPVKVDVRIIAATHQNLEQRVQEGKFREDLEHRL 

YfhA 
	 GDMPAPLQVKLLRVLQERKVRPLGSNRDIDINVRIISATHRDLPKAMARGEFREDLYYRL 

FhlA 
	 GDMPLELQPKLLRVLQEQEFERLGSNKIIQTDVRLIAATNRDLKKMVADREFRSDLYYRL 

HyfR 
	 GDLPLELQPKLLRVLQEREIERLGGSRTIPVNVRVIAATNRDLWQMVEDRQFRSDLEYRL 

PspF 
	 ATAPMMVQEKLLRVIEYGELERVGGSQPLQVNVRLVCATNADLPAMVNEGTFRADLLDRL 

YgaA 
	 GELSLALQAKLLRVLQYGDIQRVGDDRCLRVDVRVLAATNRDLREEVLAGRFRADLEHRL 

PrpR 
	 GEMPLPLQTRLLRVLEEKEVTRVGGHQPVPVDVRVISATHCNLEEDMQQGRERRDLEYRL 

YgeV 
	 GDMPLMLQAKLLRAIEAREILPIGASSPIQVDIRIISATNQNLAQFIAEGKFREDLEYRL 

RtcR 
	 GELGADEQAMLLKAIEEKTFYPFGSDRQVSSDFQLIAGTVRDLRQLVAEGKFREDLYARI 

* **: 	 .* 	 ** ** *: 

AtoC 
	 NVIHLILPPLRDRREDISLLANHFLQKFSSENQR-DIIDIDP----MAMSLLTAWSWPGN 

HydG 
	 NVVAIEVPSLRQRREDIPLLAGHFLQRFAERNRK-AVKGFTP----QAMDLLIHYDWPGN 

NtrC 
	

NVIRVHLPPLRERREDIPRLARHFLQVAARELGV-EAKLLHP----ETEAALTRLAWPGN 
YfhA 
	

NVVSLKIPALAERTEDIPLLANHLLRQAAERHKP-FVRAFST----DAMKRLMTASWPGN 
FhlA 
	 NVFPIHLPPLRERPEDIPLLAKAFTFKIARRLGR-NIDSIPA----ETLRTLSNMEWPGN 

HyfR 
	 NVFPLELPPLRDRPEDIPLLAKHETQKMARHMNR-AIDAIPT----EALRQLMSWDWPGN 

PspF 
	

AFDVVQLPPLRERESDIMLMAEYFAIQMCREIKLPLFPGFTE----RARETLLNYRWPGN 
YgaA 
	 SVFPLSVPPLRERGDDVILLAGYFCEQCRLRQGL-SRVVLSA GARNLLQHYSFPGN 

PrpR 
	

SILRLQLPPLRERVADILPLAESFLKVSLAALSAPFSAALRQG-LQASETVLLHYDWPGN 
YgeV 
	

NVIPITLPPLRERQEDIELLVHYFLHLHTRRLGSVYPGIAPD 	WEILRKHRWPGN 
RtcR 
	

NLWTFTLPGLRQRQEDIEPNLDYEVERHASLTGDSVRENTEARRAWLAFATSPQATWRGN 
:* * :* *: 	 ** 

AtoC 
	

IRELSNVIERAVVMNSGPIIFSEDLPPQIRQPVCNAGEVKTAPVGER 	  
HydG 
	

IRELENAVERAVVLLTGEYISERELPLAIAS 	TPIPLGQS 	  
NtrC 
	

VRQLENTCRWLTVMAAGQEVLIQDLPGELFESTVAESTSQMQPDSWATLLAQWADRAIRS 
YfhA 
	

VRQLVNVIEQCVALTSSPVISDALVEQALEGENTALP 	  
FhlA 
	

VRELENVIERAVLLTRGNVLQLSL 	 PDIVLPEPETPPAAT 	  
HyfR 
	

VRELENVIERAVLLTRGNSLNLHLNVRQSRLLPTLNEDSALRSSMAQLLHP 	  
PspF 
	

IRELKNVVERSVYRHGTSDYPLDDIIIDPFKRRPPEDAIAVSETTSLPTLP 	  
YgaA 
	

VRELEHAIHRAVVLAR-ATRSGDEVILEAQHFAFPEVTLPTPEVAAVPVVK 	  
PrpR 
	 IRELRNMMERLALFLSVEPTPDLTPQFMQLLLP 	 ELARES 	 

YgeV 
	

LRELSNLMEYLVNVVPSGEVIDSTLLPPNLLNNGTTEQSDVTEVSEAHLSLDD 	 
RtcR 
	 FRELSASVTRMATFATSGRITLDVVEDEINRLRYNWQESRPSALTALLGAEAEN---IDL 

*.* 

AtoC 	 ----NLKEEIKRVEKRIIMEVLEQQEGNRTRTALMLGISRRALMYKLQEYGIDPADV--- 
HydG 
	

QDIQPLVEVEKEVILAALEKTGGNKTEAARQLGITRKTLLAKLSR 	  
NtrC 
	

GHQNLLSEAQPELERTLLTTALRHTQGHKQEAARLLGWGRNTLTRKLKELGME 	 
YfhA 	 ----TFVEARNQFELNYLRKLLQITKGNVTHAARMAGRNRTEFYKLLSRHELDANDFKE- 
FhlA 	 --VVALEGEDEYQLIVRVLKETNGVVAGPKGAAQRLGLKRTTLLSRMKRLGIDKSALI-- 
HyfR 	 --TTPENDEEERQRIVQVLRETNGIVAGPRGAATRLGMKRTTLLSRMQRLGISVREVL-- 
PspF 	 --LDLREFQMQQEKELLQLSLQQGKYNQKR-AAELLGLTYHQFRALLKKHQI 	 
YgaA 	 --QNLREATEAFQRETIRQALAQN-HHNWAACARMLETDVANLHRLAKRLGLKD 	 
PrpR 	AKTPAPRLLTPQQALEKFN -GDKTAAANYLGISRTTFWRRLKS 	  
YgeV 	AGGTALEEMEKQMIREALSRHNSKKQVADELGIGIATLYRKIKKYELLNT 	 
RtcR 
	

FDRMQLEHVIAICRQAKSLSAAGRQLFDVSRQGKASVNDADRLRKYLAREGLTWEAVQDQ 

AtoC 
HydG 
NtrC 
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YfhA 
Fh1A 
HyfR 
PspF 
YgaA 
PrpR 
YgeV 
RtcR 
	

HSSS 
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APPENDIX C: Primers & Oligonucleotides 

Listed below are the sequences of oligonucleotides used for PCR, 
sequencing and mutagenesis in the work described in chapters 3-7. All 
sequences are given in 5' to 3' direction. Unless otherwise stated, all 
oligonucleotides were purchased from Sigma Genosys Europe Ltd. as HPLC 
purified products. (* indicates the complementary strand sequence). 

1. Mutagenesis oligonucleotides 

E36G Mutagenesis of K pneumoniae rpoN 

cgttagaactccagcaaggcctccagcaggcgctg 
cagcgcctgctggaggccttgctggagttctaacg* 

Cys36 (E36C) Mutagenesis of K pneumoniae rpoN (cys-) 

ctgtccacgttagaactccagcaatgcctccagcaggcgctggacagcaac 
gttgctgtccagcgcctgctggaggcattgctggagttctaacgtggacag* 

Cys198 (C346A) Mutagenesis of K pneumoniae rpoN 

ctgcgcgtcagccgcgccatcgtcgaacagcag 
ctgctgttcgacgatggcgcggctgacgcgcag* 

F318A Mutagenesis of K pneumoniae rpoN 

caatgacgctgacggccaggctatccgtagcaacctgcag 
ctgcaggttgctagcgatagcctggccgtcagcgtcattg* 

E325A Mutagenesis of K pneumoniae rpoN 

cgtagcaacctgcaggcagcgcgctggctgatc 
gatcagccagcgcgctgcctgcaggttgctacg* 

Cys346 (C198A) Mutagenesis of K pneumoniae rpoN 

gcggcamagatttgegtgatgccctgctggttcagetttcacag 
ctgtgaaagctgaaccagcagggcatcacgcaaatcttttgccgc* 
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Cys336 (R336C) Mutagenesis of K pneumoniae rpoN(cys)  

ctgatcaagagcctggagagctgcaacgacaccctgctgcgcgtc 
gacgcgcagcagggtgtcgttgcagctctccaggctcttgatcag* 

Cys383 (R383C) Mutagenesis of K pneumoniae rpoN(cys-)  

gaaatgcatgaatccactatttcatgcgttactacgcaaaaatacctgcac 
gtgcaggtatttttgcgtagtaacgcatgaantagtggattcatgcatttc* 

R383A Mutagenesis of K pneumoniae rpoN 

gccgtcgaaatgcatgaatccactatttcagccgttactacgcaaaaatacctgcacagtcca 
tggactgtgcaggtatttttgcgtagtaacggctgaaagagtggattcatgcatttcgacggc* 

R383K Mutagenesis of K pneumoniae rpoN 

gccgtcgaaatgcatgaatccactatttcaaaggttactacgcaaaaatacctgcacagtcca 
tggactgtgcaggtatttttgcgtagtaacctitganagagtggattcatgcatttcgacggc*  

E410A Mutagenesis of K pneumoniae rpoN 

gccatgtgaacaccgcaggcggcggcgaagc 
gcttcgccgccgcctgcggtgttgacatggc* 

E414A Mutagenesis of K pneumoniae rpoN 

ccgaaggcggcggcgcagcatcgtcgacggc 
gccgtcgacgatgctgcgccgccgccttcgg* 

EE410/414AA Mutagenesis of K pneumoniae rpoN 

gccatgtgaacaccgcaggcggcggcgcagcatcgtcgacggc 
gccgtcgacgatgctgcgccgccgcctgcggtgttcacatggc* 

E431A Mutagenesis of K pneumoniae rpoN 

gaaattaatcgccgcggcaaaccccgcgaaaccattg 
caatggtttcgcggggtttgccgcggcgattaatttc* 
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2. Sequencing oligonucleotides 

T7 primer 

taatacgactcactatagg 

T7T primer 

gctagttattgctcagcgg* 

MP64 

gcgatectcggcctetttgg* 

N1780 

actgctccagtttcgt* 

RpoN117  

catatgcaaagcctgcaggattacctgat 

RpoN120  

catatgctggcaggattacctgatgtgg 

3. PCR oligonucleotides 

glnHp2-53  

cgcaccagattggtgccc 

glnHp2-35  

gggtcagagcagccagtg* 
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APPENDIX D: Small Angle X-ray Scattering (SAXS) 

SAXS — Data Collection 

In the small angle x-ray scattering (SAXS) experiments, an intense x-ray beam is focused 

on a protein sample in solution. The sample's electrons scatter a portion of the incident 

flux and the scattered x-ray intensity is measured as a function of scattering angle. From 

the scattering data, the following can be inferred: the protein's overall size (radius of 

gyration), overall shape (pair distribution function), and association state (monomer, dimer, 

high order oligomer etc.). 

The SAXS measurements were performed on beamline Doris III of DESY (Deutsches 

Elektronen Synchrotron) at the EMBL Outstation in Hamburg. A monochromator is used 

for energy selection of the synchrotron radiation. The protein sample solution sits in a 

sample cell with mica windows allowing transmission of the x-ray (A. = 0.15nm) beam 

through the sample. The radiation which scatters from the sample is detected typically 2m 

downstream by a detector: 

Sample Holder 	 Detector 

0 	e 
X-ray 
beam, X, 

l(0) 

1(Q) 

-•• Detectors 
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SAXS Data Analysis 

1. Radius of Gyration 

Interpreting SAXS data can be a very difficult task unless one is very lucky and the sample 

fits one of the many idealised models that have been developed over the years. The 

primary data from the experiment are contained in the function I(Q), the intensity of the 

scattered radiation, where 

Q = 	A 

where 20 is the angle between the transmitted and scattered beams and X is the wavelength. 

I(Q) is often measured at several concentrations of protein, and then corrected for 

instrumental factors and extrapolated to zero before use. At very small angles of scattering 

of the incident influx I(0), the shape of the scattering in the so-called "Guinier" region can 

be used to give us an idea of the radius of gyration. At small angles, the scattering intensity 

follows the Guinier approximation: 

_ Q2 R g 2 

	

1(Q) = /(0) exp( 	
3 	

) 

where Rg  is the radius of gyration and I(0) the intensity of scattering at zero angle 

scattering. Taking the natural log of the Guinier approximation, the following relationship 

results: 

47r sin(0)  
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2Rg2 

Ln(I(Q) = Ln(I(0) 
4.7r 2 

'n 
3 

The natural log of the Guinier approximation shows that there is a linear relationship 

between Ln(I(Q)) and Q2. From the Guinier plot (Ln(I(Q)) against Q2), the data can be 

fitted to a straight line and the radius of gyration (R8) can be extracted from the slope of 

47(2;2/3  of the plot. 

2. Conformational & Association State 

At smaller I(Q) values, the molecular weight of the protein specimen can be estimated 

from the value I(Q40), that is when scattering at 0 angle (forward scattering), I(0) is 

coincident with the direct x-ray beam and is proportional to the molecular weight. 

The forward scattering amplitude (I(0)) yields information on the association state of the 

protein sample. I(0) is proportional to the number (n) of scatterers in solution and 

proportional to the square of the scatterer's volume (V). For a completely dimerised 

sample, n will decrease by a factor of two and V will increase by a factor of two. The net 

result will be a factor of 2 increase in I(0). 

3. Pair Distribution Function 

At larger values of Q, I(Q) values can be used to extract dimensional information by 

computer analysis on the protein specimen. For this purpose, the Fourier transformation of 

I(Q), (a signal form understood by the computer algorithm) conventionally termed as P(r), 

is often used. The pair distribution function P(r) measures the relative number of electron 

pairs with a given distance separation. P(r) which provides shape information can be 

obtained from the scattering pattern. P(r) is a distance pair-distribution function — a 

function which analyses the distribution of distances between pairs of points (scattering 
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elements, n) in a molecule, that is, it is a function on two scattering elements in the 

molecule, say Pi and P2, defined by the coordinates (x1,311,z1)  and (x2,y2,z2), respectively: 

P, 

(x2y2z2) 

The value of r, the distance between P1  and P2 can be determined from P(r) from the 

following relationship by computer analysis. 

00 

P(r) = 81R 5I(Q)Q2  sin(2izQR)dQ 
0 

Therefore, the co-ordinates of several scattering elements in the molecule can be found, 

which can be used to determine the low resolution envelope shape of the protein sample. 

Thus, for the ab initio shape determination two computer alogorithms, GNOM and 

SASHA have been developed by our collaborators at EMBL Hamburg, Dr. Dimitri 

Svergun and Dr Michel Koch. 
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scattering. Adv Colloid Interface Sci., vol. 75., pp. 1-43. 

Perkins SJ, Ashton AW, Boehm MK, Chamberlain D (1998). Molecular structures from low angle 
X-ray and neutron scattering studies. Int J Biol Macromol., vol. 22, pp. 1-16. 
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Conservation of sigma-core RNA polymerase 
proximity relationships between the enhancer-
independent and enhancer-dependent sigma classes 
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Two distinct classes of RNA polymerase sigma factors 
(a) exist in bacteria and are largely unrelated in pri-
mary amino acid sequence and their modes of tran-
scription activation. Using tethered iron chelate 
(Fe-BABE) derivatives of the enhancer-dependent a54, 
we mapped several sites of proximity to the 3  and 
13' subunits of the core RNA polymerase. Remarkably, 
most sites localized to those previously identified as 
close to the enhancer-independent a" and 038. This 
indicates a common use of sets of sequences in core 
for interacting with the two a classes. Some sites cho-
sen in a54  for modification with Fe-BABE were pos-
itions, which when mutated, deregulate the a54—
holoenzyme and allow activator-independent initiation 
and holoenzyme isomerization. We infer that these 
sites in a54  may be involved in interactions with the 
core that contribute to maintenance of alternative 
states of the holoenzyme needed for either the stable 
closed promoter complex conformation or the isomer-
ized holoenzyme conformation associated with the 
open promoter complex. One site of a54  proximity to 
the core is apparently not evident with a70, and may 
represent a specialized interaction. 
Keywords: enhancers/a factors/protein footprinting/RNA 
polymerase 

Introduction 

The Escherichia coli RNA polymerase is a multisubunit 
enzyme that exists in two major forms with respect to its 
subunit composition. The core enzyme (a213(3'; E) is 
capable of processive transcription elongation followed by 
termination, but is unable to initiate transcription specif-
ically unless it is in its a-bound holoenzyme form (Ea). 
The a subunit confers promoter-specific DNA binding and 
transcription initiation capabilities on the RNA polymer-
ase. Based on structural and functional criteria, the seven 
different a factors (GM, a54,  a38,  a32, 028, a24 and 018) 

identified in E.coli are grouped into two classes. Most a 
factors, with the exception of am, belong to the a" class, 
the major a factor in E.coli that is involved in expression 
of most genes during exponential growth. a54  (aN) 
represents a unique class that differs functionally from 
the a" class. The presence of a54  has been well  

documented in several proteobacteria as well as in the 
Gram-positive Bacillus subtilis (Debarbouille et al., 1991) 
and in Planctomyces limnophilus (Leary et al., 1998). a54 
directs its holoenzyme to recognize and bind promoters 
with conserved —12/-24 regions located between positions 
—11 and —26 relative to the transcription start. These can be 
considered the functional analogue of the —10/-35 core 
promoter elements recognized by a factors belonging to 
the a7° class. In E.coli, both a70, the major a factor for 
growth-related genes, and a54  are always present, but other 
minor a7° class members are induced under certain stress 
conditions (Iishage et al., 1997). 

Although a54  binds the same core RNA polymerase as 
the a7° class members, each a class confers different 
properties on the holoenzymes formed. Ea54  causes 
transcription to assume several features reminiscent of 
higher eukaryotic mechanisms (Sasse-Dwight et al., 
1990). In marked contrast to the a70—holoenzyme, which 
often initiates transcription in the absence of transcription 
activators, the a54—holoenzyme remains in a closed 
promoter complex in the absence of activator protein. 
Isomerization of this closed complex to a transcriptionally 
competent open complex depends upon the activity of an 
activator protein bound to a DNA sequence with enhancer-
like properties coupled to y-13 bond nucleoside triphos-
phate hydrolysis by the activator protein (Weiss et al., 
1991). 

The functional domain organization of a54  is complex 
and appears to differ significantly from that of the 
members of the a7° class. In particular, overall DNA 
binding by a7° is modulated by N-terminal sequences, 
whereas N-terminal sequences in a54  are required for 
activation. Extensive deletion and mutational analyses of 
a54  have allowed functions to be assigned to different 
regions of the protein (Merrick et al., 1993; Wong et al., 
1994; Cannon et al., 1995; Gallegos and Buck, 1999). The 
N-terminal region I of a54  is regulatory and closely 
implicated in polymerase isomerization and DNA melting 
(Cannon et al., 1999; Gallegos et al., 1999; Guo et al., 
1999). It plays a central role in mediating the response to 
activator proteins and in binding early melted DNA 
structures (Gallegos and Buck, 2000; W.Cannon, 
M.T.Gallegos and M.Buck, submitted), but is dispensable 
for core and overall DNA binding (Cannon et al., 1999). 
Region H is acidic and not conserved. Region III includes 
a major core RNA polymerase-binding determinant and 
sequences that directly contact DNA and that enhance a54-

DNA binding (Merrick and Chambers, 1992; Cannon et al., 
1997; Gallegos and Buck, 1999) (Figure 1A). Emerging 
roles for region III appear to be in maintaining the closed 
promoter complex in a transcriptionally silent state and in 
generating polymerase isomerization upon activation 
(Chaney and Buck, 1999). 
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nucleophile-mediated footprinting to extend our under-
standing of the am-core RNA polymerase interface. Using 
(p-bromoacetamidobenzyl)-EDTA Fe (Fe-BABE) deriva-
tives of am, we mapped several sites of proximity to the f3 
and fy subunits of the core RNA polymerase. Remarkably, 
most sites localized to those previously identified as close 
to enhancer-independent .570  (Owens et al., 1998) and 638  
(A.Kolb, personal communication). This indicates use of 
the same or overlapping sequences in core RNA 
polymerase for interaction with the two a classes. One 
site of am proximity to the 13' subunit apparently is not 
evident with 070, and may represent a specialized inter-
action of .554 with core RNA polymerase. 

Fig. 1. (A) Schematic representation of Klebsiella pneumoniae 054  
domain organization. The locations of the native cysteine residues are 
indicated. (B) Sites where a single cysteine was introduced and 
conjugated with Fe-BABE. The arrow indicates that conjugation was 
performed under denaturing conditions. 

The core RNA polymerase-binding interface of am 
comprises at least two functionally distinct sequences: a 
95 amino acid residue sequence (120-215) within region 
III, which binds the core strongly, and a second sequence 
within region I that binds the core more weakly (Gallegos 
and Buck, 1999). Comparison of hydroxyl radical-medi-
ated cleavage profiles of wild-type and region I-deleted 
(R1054) proteins indicated that the overall solvent-
exposed surface of am is not greatly altered by deletion 
of region I (Casaz and Buck, 1999). Residues protected 
from hydroxyl radical-mediated cleavage in the holo-
enzyme made with AR1a54  largely coincided with residues 
protected specifically by DNA in the wild-type hobo-
enzyme, implying a role for region I in establishing an 
appropriate conformation of the DNA-binding domain in 
the wild-type holoenzyme (Casaz and Buck, 1999). Thus, 
it is possible that the interaction of region I with core RNA 
polymerase is important for controlling DNA-binding 
domain conformation. 

To date, little is known about the location of am-binding 
sites on the core RNA polymerase. Recently, we showed 
by small-angle X-ray scattering studies that core RNA 
polymerase-binding fragments of a54  (amino acids 70-
324) and the crystal structure of core RNA polymerase-
binding 670  fragment (amino acids 11/1 '118) have a 
similar envelope shape, leading to the suggestion that both 
a classes might be located in similar places on the core 
(Svergun et al., 2000). However, the sequence differences 
that exist between am and am must also account for the 
markedly different properties of the two holoenzymes. The 
affinities of am and a70  for the core RNA polymerase 
measured in vitro are similar (Gallegos and Buck, 1999). 
Botha factors could use the same binding site on core 
RNA polymerase, have overlapping sites or utilize add-
itional independent binding sites. Recent protein-protein 
interaction and footprinting studies have revealed that the 
13' subunit of core RNA polymerase provides the major 
binding interaction for a70  in the holoenzyme, while the 13 
subunit contributes a further binding interaction (Arthur 
and Burgess, 1998; Owens et al., 1998; Katayama et al., 
2000). In the present work, we have used tethered  

Results 

Location of Fe-BABE conjugation targets on 654  
The bifunctional chelating agent Fe-BABE covalently 
conjugates to the free sulfhydryl groups of cysteine 
residues. After the addition of ascorbate and peroxide, 
the Fe-BABE generates nucleophiles, which cleave 
polypeptide chains in proximity (-12 A) to the chelate, 
independently of the amino acid sequence involved (Rana 
and Meares, 1991; Ishihama, 2000). Using information 
from extensive mutational analysis of 654, we selected five 
sites (E36, C198, R336, C346 and R383, described below) 
of potential interest for tethering Fe-BABE. Figure 1B 
shows the schematic representation of the primary struc-
ture of am, in which the positions of introduced cysteine 
residues are indicated. 

Cys198 and Cys346. The 054  from Klebsiella pneumoniae 
contains two highly conserved cysteine residues at amino 
acid positions 198 and 346. Cys198 is located in a 95 
amino acid sequence (120-215), which binds core RNA 
polymerase strongly and is likely to include most of the 
fold critical for forming stable holoenzyme (Gallegos and 
Buck, 1999). Cys346 borders a DNA-interacting patch in 
am (Cannon et al., 1994) and is strongly protected by the 
core in hydroxyl radical cleavage experiments when 
region I is absent (Casaz and Buck, 1999). By changing 
Cys198 and Cys346 to alanine, we constructed two mutant 
am proteins with single cysteines at positions 198 
(C346A) and 346 (C198A). The Cys(-)rpoN construct 
was used to purify the cysteine-free double mutant 
(C198A and C346A) protein, which was used as the 
negative control protein in the cleavage assays. The 
Cys(-)054  protein was found to maintain 90% of its 
transcriptional activity (see later), implying that substitu-
tion of the conserved Cys198 and Cys346 with alanine 
does not significantly affect the conformation of the 
mutant protein. 

Cys36. In the next step, single cysteine residues were 
introduced into Cys(-)054. Region I of 054 has multiple 
roles in regulating 054  function: (i) inhibiting polymerase 
isomerization in the absence of activation and directing 
fork junction DNA binding (Wang et al., 1995; Syed and 
Gralla, 1998; Cannon et al., 1999; Guo et al., 1999); and 
(ii) stimulating initiation of open complex formation in 
response to activation (Sasse-Dwight and Gralla, 1990; 
Syed and Gralla, 1998; Casaz et al., 1999; Gallegos and 
Buck, 2000). The low affinity of region I sequences for 
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core RNA polymerase and its protection from proteolysis 
by core (Casaz and Buck, 1997, 1999; Gallegos and Buck, 
1999) prompted us to introduce a single cysteine residue 
into region I in the Cys(—)654  protein. The increased 
protease sensitivity of residue E36 detected upon open 
complex formation provided us with a potential target for 
introducing a cysteine that could be in close proximity to 
the core RNA polymerase subunits in closed complexes 
(Casaz and Buck, 1997). 

Cys336. Recently, we showed that a single amino acid 
substitution, R336A, in the region III DNA-binding 
domain of a54  allows holoenzyme to isomerize and 
transcribe without activator (Chaney and Buck, 1999), a 
phenotype previously only associated with region I 
mutations (Hsieh and Gralla, 1994; Hsieh et al., 1994; 
Syed and Gralla, 1998; Casaz et al., 1999). We justify our 
choice of R336 for introducing a single cysteine residue by 
suggesting that R336 is a part of a network of interactions 
necessary for maintaining the transcriptionally silent state 
of the holoenzyme and thus might interact directly or 
indirectly with core RNA polymerase subunits. 

Cys383. The highly conserved arginine at position 383 is 
located within the second helix of the proposed helix—
turn—helix motif in region III of a54, suggested to make 
direct contact with the conserved —12 promoter sequences 
(Coppard and Merrick, 1991; Merrick and Chambers, 
1992). Recent evidence shows conserved arginine residues 
in the region III DNA-binding domain of C554  prevent 
polymerase isomerization (Chaney and Buck, 1999). 
Furthermore, the —12 promoter sequence is part of a 
molecular switch that has to be thrown by the action of the 
activator for transcription to proceed (Guo et al., 1999) 
through a network of communication possibly involving 
R383, other 654  parts and/or the core subunits. We 
therefore targeted R383 to introduce a single cysteine 
residue. 

Single cysteine 654  mutants are active for 
transcription 
Next, the activity of each single cysteine mutant and the 
Cys(—)(354  protein was compared with the activity of wild-
type a54  in an in vitro activator-dependent single round 
transcription assay using the E.coli glnHp2-m12 promoter 
as the template (Claverie-Martin and Magasanik, 1992). 
Assays were conducted with subsaturating amounts of 
holoenzyme to allow quantitative detection of holoenzyme 
activities. The mutant proteins were found to exhibit >50% 
of the activity of wild-type am (Figure 2A). We therefore 
conclude that a replacement of all endogenous cysteines 
with alanine residues and the introduction of cysteine 
residues at alternative positions (see above) had no gross 
negative effect on the function of the protein. Also, 
because transcriptional activity of a54  involves numerous 
unique stereospecific interactions, the preservation of 
transcriptional activity in the single cysteine mutants and 
the Cys(—)a54  protein suggests that the conformation of the 
mutant proteins important for function is not altered 
significantly. 

Region I sequences and R336 are involved in preventing 
unregulated polymerase isomerization (Syed et al., 1997; 
Syed and Gralla, 1998; Casaz et al., 1999; Chaney and 
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Fig. 2. In vitro transcription activity of 0-54  single cysteine mutants on 
supercoiled E.coli glnHp2-m12 promoter. (A) Activator-dependent 
(using PspFiHTH) and (B) activator-independent transcription activity 
of a54  single cysteine mutants and Cys(—)a54  relative to the wild type. 
A(21-27)a54  (Gallegos and Buck, 2000) was used as the positive 
control (Positive) in the activator-independent assays. 

Buck, 1999). We therefore tested whether the single 
cysteine cm mutants were active for unregulated tran-
scription (also called 'activator bypass' transcription), i.e. 
whether they allowed polymerase isomerization in the 
absence of activator proteins. The protocol for these assays 
begins by incubating the holoenzyme with GTP, CTP and 
UTP. The first six bases transcribed from the E.coli 
glnHp2-m12 template are UGUCAC (+1 to +6), so 
transcripts can be initiated under these conditions if an 
activator-independent open complex forms. ATP and 
[a-32P]UTP are then added, together with heparin, to 
destroy residual closed complexes and unstable open 
complexes, and allow elongation of any initiated tran-
scripts. E36C and R336C showed activator-independent 
transcription activity (Figure 2B). The lack of unregulated 
transcription activity from the Cys(—)a54  protein suggests 
that the bypass phenotype of E36C and R336C is 
attributable to the substitutions at amino acid residues at 
positions E36 and R336, and not because of the replace-
ment of the two endogenous cysteines at positions C198 
and C346. Consistent with previous observations by us 
(Casaz et al., 1999; Chaney and Buck, 1999) and others 
(Hsieh and Gralla, 1994; Hsieh et al., 1994; Syed and 
Gralla, 1998), E36 and R336 in a54  have a function in 
inhibiting polymerase isomerization in the absence of 
activation. 



Derivatization of single cysteine 0-54  mutants with 
the chemical protease Fe-BABE 
Each single cysteine .554  mutant and Cys(—)a54  were 
derivatized with the chemical cleavage reagent Fe-BABE 
under native conditions and the conjugation yield was 
determined fluorometrically by the CPM test (N-[417-(di-
ethylamino)-4 -methylcoumarin-3-yll phenyl ] maleimide) 
(Greiner et al., 1997) from the fluorescence difference 
between the conjugated and unconjugated proteins. The 
conjugation yield for the single cysteine mutants E36C, 
R336C, C198A and R383C was estimated to be >40% 
(Table I). The mutant e harbouring the native single 
cysteine at position C198 (the C346A mutation) proved 
difficult to conjugate under native conditions (conjugation 
yield of 20%), implying that C198 is probably slightly 
buried or located in a hydrophobic region in the folded 
state because the hydrophobic reagent CPM reacted with 
high yield (data not shown) while the hydrophilic molecule 
Fe-BABE did not. When conjugation with C198 was 
performed under denaturing conditions, the yield increased 
to 50%. The Cys(—)a54  protein failed to react detectably 
with CPM and Fe-BABE under native and denaturing 
conditions, directly implying that under the conditions 
used, Fe-BABE conjugation has only occurred at the free 
sulthydryl side groups of cysteine residues. 

The Fe-BABE-derivatized single cysteine mutants 
of a54  are active for holoenzyme formation and 
transcription 
We investigated the properties of the derivatized single 
cysteine mutants of cr54  proteins in vitro to determine 
whether core RNA polymerase binding and transcription 
were affected. Native gel holoenzyme assembly assays 
were used to detect complex formation between core RNA 
polymerase and 054. The holoenzyme migrates more 
slowly than the core enzyme. With the exception of the 
conjugated R336C mutant, all derivatized am mutant 
proteins bound core RNA polymerase with the same 
apparent affinity as the non-conjugated wild-type a54 
(Figure 3A). Residue 336 lies outside the minimal core-
binding region defined by deletion mutagenesis (Gallegos 
and Buck, 1999), but adjacent to a region in 054  (amino 
acids 290-310) that is protected by core RNA polymerase 
from hydroxyl radical-mediated cleavage (Casaz and 
Buck, 1999) and within a sequence (amino acids 325-
440) strongly protected by core RNA polymerase when 
region I is removed (Casaz and Buck, 1999). Because the 
unconjugated R336C binds core RNA polymerase with an 
affinity similar to that of wild-type 054, we conclude that 
the presence of the 490 Da Fe-BABE molecule at position 
R336 has caused the R336C mutant to undergo a 
conformational change that diminishes binding to the 
core RNA polymerase. We also note that conjugated 
Cys198 binding to core RNA polymerase results in two 
different holoenzyme conformers, one of which has a 
slower native gel mobility (Figure 3A, lane 10, marked 
with an arrow). 

To determine the effect of Fe-BABE conjugation on the 
transcriptional activity of each single cysteine 054  mutant, 
single-round transcription assays were also performed 
after conjugation with the Fe-BABE probe. Assays were 
conducted with subsaturating amounts of holoenzyme to 
allow detection of activity differences. After correction for 

o54—core RNA polymerase interactions 

Table I. Fe-BABE conjugation efficiency 

Residue Mutation Conjugation 
efficiency (%) 

36 E36C 53 
198 C346A 46' 
336 R336C 51 
346 C198A 47 
383 R383C 76 
Cys(—) C198A/C346A 3/5' 

'Denotes conjugation under denaturing conditions. 

the presence of unconjugated a54  proteins, the conjugates 
showed >40% transcription activity relative to wild-type 
et, with the exception of the R336C mutant, which has a 
markedly reduced transcription activity (10%) following 
conjugation (Figure 3B), consistent with our previous 
observation that the conjugated R336C mutant has 
reduced affinity for the core. Nevertheless, the conjugated 
R336C (354  forms a holoenzyme that is active for a 
significant level (10%) of activated transcription. 

We used the activator bypass transcription assay on the 
conjugated E36C and R336C mutants as a further indicator 
of conformational preservation of these proteins following 
conjugation. We reasoned that if the E36C and R336C 
mutants retained bypass activity following Fe-BABE 
conjugation, then the presence of the Fe-BABE molecule 
at these positions did not greatly affect the conformation of 
the conjugated proteins. Both mutants E36C and R336C 
retained their bypass activity following conjugation with 
Fe-BABE (Figure 3C). In conclusion, the core RNA 
polymerase-binding assays, the activator-dependent and 
the bypass transcription assays altogether suggest that 
Fe-BABE conjugation did not grossly affect the overall 
conformation and structural integrity of the mutant a54  
proteins. 

Enhancer-dependent Gr 54- and enhancer- 
independent 0.70-interacting sites on /3 and /3' core 
subunits are conserved 
Holoenzymes were formed with conjugated and unconju-
gated single cysteine mutants of am and cleavage 
reactions were carried out essentially as previously 
described (Owens et al., 1998). In our approach, we 
assigned the cleavage sites on the 13 and (3' subunits by 
comparing the relative migration of the Fe-BABE cleav-
age products with sequence-specific markers generated by 
cleaving 13 and subunits at either cysteine or methionine 
residues [using 2-nitro-5-thiocyanobenzoate (NTCB) and 
cyanogen bromide (CNBr), respectively]. The cleavage 
sites for each (3 and [3' marker fragment were assigned by 
calculating the molecular weight of each fragment with 
respect to the locations of cysteine or methionine residues 
in the amino acid sequence of (3 and13' subunits (Figure 4A) 
using a plot of log molecular weight versus the relative 
migration distance of a known set of marker proteins (data 
not shown). 

Initially, we showed that self-cleavage of am did not 
occur (data not shown), indicating that cutting of 13 and 13' 
was attributed to binding of intact a54  proteins. Ascorbate- 
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Cy,s36 Cys346 Cys336 Cys198 Cys383 
O 	E36C C198A /1.3360 C346A R383C Cys(-) 
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1 2 3 
	

7 8 9 10 11 12 13 14 IS 
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wildtype Der CUM 	 CUM R313C Cyst.) 

Fig. 3. (A) Formation of holoenzyme by the unconjugated (—) and Fe-BABE-conjugated (+) am single cysteine mutants. Migration positions of free 
core RNA polymerase, holoenzyme and free a protein are indicated. (B) In vitro transcription activity as in Figure 2. The activities of the 054  single 
cysteine mutants before (black bars) and after (white bars) Fe-BABE conjugation are compared. The values for conjugated proteins are corrected for 
the presence of unconjugated proteins. (C) Activator bypass activity of the E36C and R336C G54  proteins after Fe-BABE conjugation (C); the 
activator bypass activity of unconjugated proteins (UC) is shown for comparison. 

and hydrogen peroxide-treated and untreated reactions of 
each single cysteine mutant 654—holoenyzme were separ-
ated, blotted and visualized by immunostaining with 
affinity-purified 13 and 13' N-terminus-specific antibodies 
(Figure 4B and C). The lack of cleavage of free core RNA 
polymerase and the holoenzyme formed with Cys(—)a54  
(Figure 4B and C, controls) protein serves as an essential 
control experiment, demonstrating that under the condi-
tions used there is no artefactual cutting of the core RNA 
polymerase subunits. Hence, we believe that each cut 
(Figure 4B and C) is attributed to a specific Fe-BABE form 
of am created by derivatizing a single cysteine residue. 

Cys198 and Cys346. Initially, we looked for the p and 
13' interactions made by the am single cysteine mutants 
with Fe-BABE conjugated to the endogenous cysteines 
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at positions Cys198 (C346A) and Cys346 (C198A), 
respectively. Cys198 cleaves 13 and 13' at multiple 
sites. On the (3 subunit, strong cleavage by Cys198 
is seen within the Rifl cluster (between conserved 
regions C and D) and in conserved region G 
(Figure 4B, Cys198, lane 4). A few weak cleavages 
are also seen within the DR1 region. Moderate 
cleavage by Cys198 of the 13' subunit occurs in 
conserved regions B and C and within region G 
(Figure 4C, Cys198, lane 2). In contrast, Cys346 only 
moderately cleaves 13 and (3' at single sites; these map 
proximal to the conserved region D on the 13 subunit 
and within conserved regions C and D on the 
13' subunit (Cys346, lane 6, Figure 4B and C, 
respectively). These results are consistent with previous 
observations: Cys198 is located within a sequence 
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Fig. 4. (A) humunoblot of markers generated by treating core RNA polymerase with NTCB (N) and CNBr (C), respectively, using anti-(l or anti-P' 
N-terminus-specific antibodies. Pre-stained molecular weight markers (M; Bio-Rad, Low Range SDS—PAGE Standards) were used as reference 
molecular weight markers. Holoenzyme cutting by 654  single cysteine—Fe-BABE conjugates. Immunostained blots of SDS—PAGE detecting either 
(B) l3 or (C) P' subunit fragments by using affinity-purified N-terminal antibodies. All reactions were either treated (+) or untreated (—) with ascorbate 
and hydrogen peroxide. 

(amino acids 120-215) in region III of cs54  that has a 
strong affinity for the core RNA polymerase (Gallegos 
and Buck, 1999), while Cys346 is located within a 
region (amino acids 325-340) that is weakly protected  

by core RNA polymerase during hydroxyl radical 
cleavage (Casaz and Buck, 1999), consistent with the 
differences in the [3 and 13' cleavage patterns generated 
by the Cys198- and Cys346-conjugated 054  proteins. 
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Fig. 5. (A) Summary of the cleavage data in Figure 4 showing the proximities of am residues to surfaces on the p and p' subunits. The thickness of 
the lines indicates the cleavage efficiency observed on immunoblots. (B) Surfaces (shaded boxes) proximal to 070  as determined by Fe-BABE 
cleavage studies (Owens et at., 1998). Conserved regions in p and r are indicated along the horizontal axes. 

Cys 36 and Cys336. Next, we used the activator-inde-
pendent single cysteine mutants of am with Fe-BABE 
conjugated to Cys36 (E36C) and Cys336 (R336C) in the 
Cys(—)am background to map their interaction sites on the 
13 and 13' subunits of core RNA polymerase. Cys36 is in 
region I of a54, which functions to keep the closed 
complexes in a transcriptionally silent state in the absence 
of activation (Gallegos et al., 1999) and has been shown to 
have weak affinity for core RNA polymerase (Gallegos 
and Buck, 1999). The core RNA polymerase cleavage by 
Cys36 shows that region I interacts strongly with 13 and 
ry subunits. Cleavage sites map to within the Rifl cluster 
and the conserved region D on 13 and within conserved 
region C on 13' (Cys36, lane 2, Figure 4B and C). Cys336 is 
located within a sequence in am that lies outside the 
minimal DNA-binding domain, but nevertheless cross-
links to DNA (Chaney and Buck, 1999; M.K.Chaney, 
M.S.Pitt and M.Buck, submitted). Remarkably, the cleav-
age data indicate that Cys336 interaction sites on both 13 
and 13' subunits unambiguously overlap with those of 
Cys36. Given the shared activator-independent transcrip-
tion phenotypes of the E36C and R336C a54  mutants, we 
rationalize this observation by suggesting that E36 and 
R336 belong to an interface between am and core RNA 
polymerase that acts to prevent polymerase isomerization 
in the absence of activators, and propose that the activator 
probably functions in changing the interface. 

Cys383. Attempts to cleave core RNA polymerase by 
Cys383 (R383C)-conjugated am revealed no discernible 
cleavage of either the 13 or 13' subunit (Cys383, lane 10, 
Figure 4B and C, respectively). In am, Cys383 is proposed 
to fall within the recognition helix (helix 2) of the putative 
helix—turn—helix motif and to contribute to the recognition 
of the —12 promoter element by the a54  holoenzyme
(Coppard and Merrick, 1991; Merrick and Chambers, 
1992). We can conclude that Cys383 is not located 
proximal (at least not within a radius of 12 A) to the core 
RNA polymerase subunits 13 and 13' and may be facing 
promoter DNA rather than core. 

A comparison with a"—core RNA polymerase proximity. 
Because binding of a54  to core RNA polymerase results in 
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the formation of a holoenzyme that has very distinct 
functional properties compared with the c 70—holoenzyme, 
we compared our cleavage data with those obtained for 
a70—holoenzyme cleavage by Fe-BABE-modified a7° 
(Owens et at., 1998; Figure 5). Notably, cleavage by 
Cys198 is within the (3' subunit conserved region G, 
whereas an interaction of 07° with this region has not been 
observed. Several lines of evidence show that the 
N-terminal portion of the 13' subunit is involved in the 
specific binding of the a7° subunit (Luo et al., 1996; Arthur 
et al., 1998; Owens et al., 1998; Katayama et al., 2000). 
The interaction made by Cys198 within conserved 13' 
region G may well be am specific. Interestingly, a part of 
the sequence in 13' involved in chelating Mg2+ to the active 
centre of RNA polymerase is in conserved region G 
(Zaychikov et al., 1996). We note that Cys198 is also 
proximal to the 13' rudder, a region distant from the active 
centre of the RNA polymerase (Zhang et al., 1999; 
Figure 5A), suggesting significant conformational changes 
occurring in 13' following a binding. Remarkably, other 
surfaces of the core RNA polymerase proximal to the two 
classes of a factors appear to overlap greatly (residues 
480-600 and around residue 900 ± 10 in the 13 subunit, 
and between residues 200 and 350 -± 20 in the II' subunit). 
Some are proximal to the parts of the RNA polymerase 
catalytic centre, contributed by 13 conserved regions D and 
H and 13' conserved regions D and H (Mustaev et al., 
1997). Locating the proximity sites of (354  and a7° within 
the recently resolved crystal structure of Thermus 
aquaticus core RNA polymerase (Zhang et al., 1999) 
serves to illustrate further the degree of overlap between 
the core surfaces that are proximal to the two classes of a 
factors (Figure 6). 

Discussion 
The tethered hydroxyl radical footprinting methodology 
using Fe-BABE is a powerful tool to study protein—protein 
interactions that occur during transcription, and has been 
applied successfully previously (Miyake et al., 1998; 
Owens et al., 1998). It is particularly well suited to the 
study of proximity relationships of a single site on one 
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Fig. 6. RIBBONS diagrams of the three-dimensional structure of core RNA polymerase from T.aquaticus (Zhang et al., 1999). The fl subunit is 
shown in pink and the ) subunit in blue. The two a subunits are shown in green and yellow. (A) 0"- and (B) um-interacting surfaces on the II 
and 0' subunits are indicated in blue and red, respectively. 

subunit to one or more other sites. The results can add 
considerably to our understanding of the overall architec-
ture of large macromolecular complexes. We have used 
the Fe-BABE cleavage methodology to look at proximity 
relationships between functional domains of am and the 
core RNA polymerase subunits and and to widen our 
understanding of this specialized form of bacterial 
enhancer-dependent transcription. 

Residue 36 in region 
Our cleavage data for Cys36 are consistent with the 
demonstrated interaction of region I sequences with core 
RNA polymerase (Casaz and Buck, 1997, 1999; Gallegos 
and Buck, 1999). Partial proteolysis studies on the am—
holoenzyme have shown that an N-terminal region of am 
spanning residues 36-100 is protected from proteolytic 
cleavage (Casaz and Buck, 1997) and free hydroxyl 
radical footptinting experiments have shown that core 
RNA polymerase protects a region of am comprising 
residues 36-140 from hydroxyl radical cleavage (Cacao  
and Buck, 1999). Even though region I of a54  is 
dispensable for the binding of both the core RNA 
polymerase and DNA, it is essential in mediating the 
response to activator proteins (Sasse-Dwight and Gralla, 
1990; Hsieh and Gralla, 1994; Hsieh et al., 1994; Wong 
et al., 1994; Cannon et al., 1995; Casaz et al., 1999). The 
proximity of region I E36 to core RNA polymerase 
provides further physical evidence consistent with the 
view that region I interacts with core RNA polymerase to 
exert some of its effects, including the inhibition of 
polymerase isomerization and the stabilization of holo-
enzyme on melted DNA (Cannon et at., 1999; Gallegos 
and Buck, 1999, 2000). It seems that each of these 
functions is achieved in part through interacting with core 
RNA polymerase, but we cannot say precisely whether 
proximity relationships revealed by the Fe-BABE data 
correlate with one or both roles of region I. The interface  

of a factors with core RNA polymerase is now recognized 
as being functionally specialized, contributing to more 
than just anchoring core and a together, and is likely to 
contribute to communicating information about promoter 
conformation to the core RNA polymerase (Gross et al., 
1998; Sharp et al., 1999). 

Residue 336 in region lil 
We previously concluded that an interaction between the 
N- and C-terminal sequences of 654  in the holoenzyme is 
closely associated with inhibiting polymerase isomeriza-
tion (Chaney and Buck, 1999), consistent with the view 
that the am region I sequences may be in communication 
with other sequences in am (Cannon et al., 1995; Casaz 
and Buck, 1999), probably including the major C-terminal 
DNA-binding domain (Wong et al., 1994; Taylor et al., 
1996; Guo and Gralla, 1997; Guo et al., 1999). The 
recently discovered role of residue 336 in region III of am 
in maintaining closed complexes in a transcriptionally 
silent state in the absence of activation (Chaney and Buck, 
1999), and the unambiguous similarity of Cys336 cleavage 
data to those of Cys36, together argue that residues around 
336 contribute to the same interface with core RNA 
polymerase. Our Fe-BABE cleavage data provide indirect 
structural evidence for an interaction between regions I 
and III occurring via the core RNA polymerase. However, 
the similarity in the cleavage patterns seen with Cys36 and 
Cys336 must also be viewed in the context that both 
mutants (E36C and R336C) form the deregulated 
holoenzyme conformation, in which am regions I and III 
may be proximal to each other, hence providing similar 
cleavage patterns. Thus, we do not discount the possibility 
that regions I and III may normally only interact with each 
other following polymerase isomerization after activation, 
or at some earlier intermediate step en route to the open 
complex. 
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Residue 198 in region 111 
Residue 198 seems to be able to establish two proximities 
to the p subunit. According to the T.aquaticus core RNA 
polymerase structure, these are well separated in space 
(Zhang et a1.,1999). Possibly, binding of am results in two 
different holoenzyme conformers, or movement in core 
RNA polymerase upon the binding of am brings the two 
sites closer together. Inspection of the native gel showing 
core RNA polymerase binding of the Fe-BABE-modified 
Cys198 am supports the former suggestion. We also note 
that core RNA polymerase binding of a small fragment of 
am (amino acids 120-215) resulted in two discrete 
complexes (Gallegos and Buck, 1999), consistent with 
the two binding modes suggested by the Cys198 Fe-BABE 
cleavage data. The 120-215 amino acid fragment seems to 
contain the major high affinity determinant for core RNA 
polymerase binding. A short a7° similarity sequence of am 
important for core RNA polymerase binding is found 
between residues 175 and 189 (Tintut and Gralla, 1995). 
Kinetic studies have shown that initial binding of a54  to 
core RNA polymerase is followed by a slower rearrange-
ment of the holoenzyme (D.J.Scott, A.L.Ferguson, 
M.T.Gallegos, M.S.Pitt and J.G.Hoggett, unpublished 
data). The relationship of this conformational change to 
interactions made by sequences around Cys198 remains to 
be determined. Mutational analysis around position 
Cys198 has shown that the integrity of this & sequence 
is important for a holoenzyme stability that is conditional 
upon particular pre-melted DNA sequences (M.S.Pitt, 
M.T.Gallegos and M.Buck, in preparation). Communi-
cation of promoter structure with the core RNA poly-
merase through a patch in am within the 120-215 
fragment involving Cys198 seems likely. Intermolecular 
interactions within region III that enhance DNA binding of 
am are evident (Cannon et al., 1997). 

Residue 346 in region iii 
C346 shows a similar proximity relationship to core RNA 
polymerase as does residue 336; however, substitutions in 
C346 do not result in deregulation of RNA polymerase 
isomerization. The cutting by Fe-BABE at 346 was weaker 
than that at 336, indicating a greater distance to core RNA 
polymerase and/or geometric constraint on positioning the 
Fe-BABE on core RNA polymerase. 

Residue 383 in region HI 
The failure of the Fe-BABE derivative at position 383 to 
cleave core RNA polymerase is consistent with a role in 
DNA binding per se rather than in interacting with core 
RNA polymerase. DNA interaction studies with Fe-BABE 
at position 383 might reveal such a role. 

Overview 
In conclusion, our Fe-BABE data provide a framework for 
interpretation of some of the genetic and biochemical data 
on e. The most remarkable observation is the unam-
biguous similarity in the core RNA polymerase surfaces 
proximal to the activator-independent and activator-
dependent a classes. This observation is supported further 
by small-angle X-ray scattering data on am, which suggest 
that although au and a7° are unrelated by primary amino 
acid sequence, they both share a significant overall 
structural similarity (Svergun et al., 2000), and by protein 
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footprinting studies (Traviglia et al., 1999). Possibly, the 
two different a classes occupy similar positions in the core 
RNA polymerase and use some overlapping points of 
interaction to contribute to the shared functionalities of the 
holoenzymes. For transcription by a54, the progression 
from the closed to the open promoter complex must occur 
along one or more pathways in which changing inter-
actions between a and DNA and a and core RNA 
polymerase occur to establish the alternative functional 
states of the holoenzyme. It seems doubtless that some of 
the proximity relationships we have detected will change 
upon activation of the a54  holoenzyme. Those associated 
with a54  residues 36 and 336 seem most likely to change, 
given that these are associated with am sequences needed 
to maintain the stable closed promoter complex and that 
these, when mutated, lead to activator-independent 
isomerization and binding to pre-melted DNA. It seems 
reasonable to assume that one or more of the a—core and 
a—DNA interactions associated with maintaining the 
stable closed complex conformation must be changed by 
activator to initiate the holoenzyme isomerization. How 
activator and its nucleotide hydrolysis trigger these 
changes remains to be determined. 

The proximity relationships we have determined with 
Fe-BABE-modified 044  proteins fall into two different 
classes with respect to the phenotypes of the a54  single 
cysteine mutants. The 4354  Fe-BABE derivatives at Cys36 
and Cys336 show deregulated transcription, whereas the 
Fe-BABE derivatives at Cys198 and Cys346 holoenzymes 
do not. Therefore, it is formally possible that the proximity 
relationships deduced apply to two different conformers 
and therefore to two functional states of the holoenzyme. 
In contrast to the Cys198 and Cys346 holoenzymes, Cys36 
and Cys336 holoenzymes may have a conformation that 
could resemble more the conformation of the activated 
a54—holoenzyme in open promoter complexes. The extent 
to which the conformations of regulated and deregulated 
a54  holoenzymes differ and how conformations change 
upon interacting with DNA remains to be determined. It is 
interesting that Cys198 is proximal to sequences in the p' 
region G that are involved in maintenance of the active site 
of the RNA polymerase. 

Materials and methods 

Site-directed mutagenesis 
The pET28b(+) (Novagen)-based plasmid pMTHoN (Gallegos and Buck, 
1999), which directs the synthesis of the N-terminal His6-tagged cr54  from 
Kpneunioniae, was used as the template for construction of single 
cysteine mutants of 654  using the Quickchange mutagenesis kit 
(Stratagene). Briefly, mutated DNA was synthesized by Pfu DNA 
polymerase in a reaction that contains pMTHON and a large molar excess 
of complementary mutagenic oligonucleotides. Following 30 cycles of 
heating at 95°C for 1 min, 50°C for 1 min and 72°C for 14 min, the 
reactions were treated with Dpnl to remove the parental DNA. The 
resulting reaction mix was used to transform E.coli JM109 cells. Mutant 
clones were verified by DNA sequencing. Initially, the two single 
cysteine a54  mutants, C198A (pSRW198) and C346A (pSRW346), were 
constructed by replacing cysteine residues at positions Cys198 and 
Cys346 with alanine. An NdeI-Bam111 fragment from pSRW198 carrying 
the C198A mutation and a Baml11-Hind111 fragment from pSRW346 
carrying C346A were cloned into pET28b(+) (Novagen) to create 
pSRWCys(-). For the introduction of new cysteine residues at positions 
36, 336 and 383 in 054, pSRWCys(-) was used as the template plasmid in 
the site-directed mutagenesis reactions to create pSRW36, pSRW336 and 
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pSRW383. The DNA sequences of each single cysteine am mutant 
construct and that of cys(-)rpoN were confirmed by DNA sequencing. 

Protein overproduction and purification 
The plasmids directing the overproduction of Cys(-)am and the single 
cysteine mutants were overexpressed in E.coli B834(DE3) cells. Proteins 
were purified by nickel affinity chromatography and eluted with an 
imidazole gradient essentially as described previously for wild-type am 
(Gallegos and Buck, 1999). All purified proteins were dialysed against 
TGED buffer [10 mM Tris-HC1 pH 8.0), 5% (v/v) glycerol, 0.1 mM 
EDTA, 1 mM dithiothreitol (DTT)] to which 50% (v/v) glycerol and 
50 mM NaCI were added, and stored at -70°C (long-term storage) or 
-20°C (short-term storage). The activator protein PspFAHTH used in the 
in vitro transcription assays was purified and stored essentially as 
described (Jovanovic et al., 1996). Core RNA polymerase was purified 
from E.coli W3350 cells (Fujita et al., 1987; Kusano et al., 1996). 

Conjugation of ty" single cysteine mutants with Fe-BABE 
With the exception of C346A, each purified am protein was dialysed 
overnight at 4°C against conjugation buffer [10 mM MOPS pH 8.0, 0.2 M 
NaCl, 5% (v/v) glycerol, 2 mM EDTA]. Conjugation reactions were 
initiated by adding a 10-fold molar excess of Fe-BABE (300 µM) 
(Dojindo Chemicals, Japan) to each & mutant (20 AM) at pH 8.0. After 
1 h incubation at 37°C, excess Fe-BABE was removed by overnight 
dialysis against storage buffer (without DTT) at 4°C. The concentration 
of free cysteine sulfhydryl groups on the conjugated and unconjugated 
mutants and Cys(-)am was determined fluorometrically by the CPM test 
(Parvari et a/., 1983) and the conjugation yield was calculated as 
described previously (Greiner et al., 1997). The C346A preparation in 
storage buffer was dialysed overnight at 4°C against conjugation buffer 
containing 6 M deionized urea and treated essentially as described above. 

Core RNA polymerase-binding assays 
Escherichia coil core RNA polymerase (250 nM) and different amounts 
of unconjugated and conjugated mutant am proteins were mixed together 
in Tris-NaCI buffer [40 mM Tris-HCI pH 8.0, 10% (v/v) glycerol, 
0.1 mM EDTA, 1 mM DTT, 100 mM NaCI] and incubated at 30°C for 
10 min, followed by the addition of glycerol bromophenol blue loading 
dye. Samples were loaded onto native 4.5% polyacrylamide Bio-Rad 
Mini-Protean II gels and tun at 50 V for 2 hat room temperature in Tris-
glycine buffer (25 mM Tris, 200 mM glycine). Proteins were visualized 
by Coomassie Blue staining. 

in vitro transcription assays 
Supercoiled pFC50-m12 (Claverie-Martin and Magasanftc, 1992) con-
taining the E.coli g!nHp2-m12 promoter was used as the template for the 
in vitro transcription assays. Activator-dependent transcription was 
performed essentially as described previously (Chaney and Buck, 
1999), except that 30 nM am holoenzyme, 10 nM template DNA 
(30 nM core RNA polymerase:120 nM &) were used. For activation, 
4 p.M PspFAHTH was added with 4 mM ATP to the final reaction volume 
of 10 pl. The reactions were incubated for 20 min to allow open 
complexes to form. The remaining rNTPs (CTP and GTP at 0.1 mM and 
UTP at 0.05 mM), 1.5 µCi of [a-3211UTP and heparin (100 µg/ml) were 
added and incubated for a further 20 min at 30°C. The reactions were 
stopped with 4 µI of formamide loading buffer and, after heating for 5 min 
at 95°C, 7 µI of the samples were loaded on a 6% denaturing sequencing 
gel. The dried gel was analysed on a phosphoimager. The activator-
independent transcription assay was performed essentially as described 
above, but in the absence of the PspFAHTH activator protein. The E.coli 
glnHp2-m12 start sequence is TGTCAC (+1 to +6). To allow activator-
independent initiated complex formation, 4 mM GTP, 0.1 mM UTP and 
0.1 mM CTP were incubated with the holoenzyme prior to challenge with 
heparin and the addition of 0.1 mM ATP and 15 µCi of [a-32111.1TP. 

Core RNA polymerase cleavage by Fe-BABE-conjugated as' 
The E.coli RNA polymerase holoenzymes were prepared by incubating 
core RNA polymerase with Fe-BABE-conjugated am mutants and 
Cys(-)am (1:1 molar ratio) at 30°C for 10 min in cleavage buffer [10 mM 
MOPS pH 8.0, 10 mM MgCl2, 10% (v/v) glycerol, 200 mM NaCI, 2 mM 
EDTA]. Cleavage reactions were initiated by the rapid sequential addition 
of freshly prepared ascorbate (5 mM final) and hydrogen peroxide (5 mM 
final) and were allowed to proceed for 2 min at 30°C. Reactions were 
stopped with 5X SDS sample buffer [62.5 mM Tris-HCI pH 8.2, 2% 
(w/v) SDS, 5% (v/v) 2-mercaptoethanol, 10% (v/v) glycerol, 25 mM 
EDTA, 0.02% (w/v) bromophenol blue] and immediately frozen in liquid 
nitrogen and stored at -70°C. The cleaved fragments were separated,  

blotted, and visualized by irmnimostaining with affinity-purified subunit I3 
and [3' N-terminus-specific antibodies essentially as described previously 
(Greiner et al., 1996). 

Assignment of cleavage sites on /3 or /3' subunits 
The [I  and [3' subunits were cleaved at either cysteine or methionine 
residues using the sequence-specific chemical reagents NTCB and CNBr, 
respectively. NTCB cleavage was performed as described previously 
(Jacobson et al., 1973). For the NTCB cleavage, core RNA polymerase 
was buffer exchanged into unfolding buffer (0.1 M MOPS pH 83, 8 M 
urea) and incubated for 10 min at 37°C. Cleavage was initiated by adding 
a 5-fold molar excess of NTCB (in 0.1 M MOPS buffer) over total 
sulfhydryl groups. After overnight incubation at 37°C, the cleavage 
reactions were stopped with 5 X SDS sample buffer [125 mM Tris-HCl 
pH 6.8, 4% (w/w) SDS, 20% (v/v) glycerol, 10% (v/v) 2-mercapto-
ethanol, 0.004% (w/v) bromophenol blue] and analysed by SDS-PAGE 
and immunostaining with 13 and f3' N-terminus-specific antibodies. CNBr 
cleavage was performed essentially as in Grachev et al. (1989). Initially, 
core RNA polymerase was treated with 10% SDS and incubated at 37°C 
for 30 min. For denaturation, 1 M HC1 and 1 M CNBr in acetonitrile were 
then added and incubated at room temperature for 6 h. The reaction was 
stopped with 5X SDS sample buffer and analysed as described above. 
The cleavage sites for each NTCB- and CNBr-generated fragment of [3 
and f3' were assigned by using a third-order polynomial fit of log 
molecular weight versus the migration distance on SDS-PAGE of a 
known set of marker fragments and by [I and [3' amino acid sequence 
analysis. 
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Transcription initiation by the enhancer-dependent am  RNA polymerase 
holoenzyme is positively regulated after promoter binding. The promoter 
DNA melting process is subject to activation by an enhancer-bound acti-
vator protein with nucleoside triphosphate hydrolysis activity. Tethered 
iron chelate probes attached to amino and carboxyl-terminal domains of 
am were used to map a54-DNA interaction sites. The two domains loca-
lise to form a centre over the —12 promoter region. The use of deletion 
mutants of 754  suggests that amino-terminal and carboxyl-terminal 
sequences are both needed for the centre to function. Upon activation, 
the relationship between the centre and promoter DNA changes. We 
suggest that the activator re-organises the centre to favour stable open 
complex formation through adjustments in a54-DNA contact and am con-
formation. The centre is close to the active site of the RNA polymerase 
and includes a' regulatory sequences needed for DNA melting upon 
activation. This contrasts systems where activators recruit RNA polymer-
ase to promoter DNA, and the protein and DNA determinants required 
for activation localise away from promoter sequences closely associated 
with the start of DNA melting. 
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Introduction 

Transcription initiation in bacteria, an intricate 
multistep process, is orchestrated by the multi-
meric DNA-dependent RNA polymerase (RNAP) 
enzyme consisting of the core subunits, 72f3f3r, and 
a a factor subunit. In Escherichia coli, the RNAP a 
subunit plays an essential role in promoter recog-
nition and open complex formation. The seven a 
factors identified in E. coli are categorised into two 
classes on the basis of sequence similarity and tran-
scription mechanism. The e-class includes the 
major a factor, a70, that is responsible for most of 
the genes expressed during exponential cell 
growth, and the structurally and functionally 
related alternative a factors (a38, 732, a28, 724 and  
a'8) that are responsible for expressing genes 
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under various environmental conditions (reviewed 
by Ishihama, 1997). The second class is uniquely 
represented by the a54  factor, which differs func-
tionally from the a' class. The cr'-holoenzyme 
binds promoters with the consensus YTGG-
CACGrNNNTTGCW (Barrios et al., 1999) contain-
ing conserved sequences (underlined) centred 
around —24 and —12 , respectively, from the tran-
scription start site, in contrast to the —10 and —35 
sequence recognition elements of the a'-holoen-
zyme family. a54  endows its RNAP holoenzyme 
with a distinctive mechanism of transcription 
initiation (reviewed by Buck et al., 2000). Isom-
erisation of the am-holoenzyme-DNA closed com-
plex to a transcription-competent open complex 
requires nucleoside triphosphate hydrolysis by an 
enhancer-bound activator protein and is mediated 
by direct activator-closed complex interactions 
(Cannon et al., 2000; Kelly & Hoover, 2000; Lee & 
Hoover, 1995; Rippe et al., 1997; Su et al. 1990; 
Wedel et al., 1990). Since the rate-limiting step in 
transcription initiation by um-holoenzyme is the 
isomerisation of the closed complex to an open 
one, the major function of am-dependent activator 

0022-2836/01/040681-21 $35.00/0 	 © 2001 Academic Press 
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proteins is not that of recruitment but to catalyse 
post-binding steps. 

The am protein can be divided into three regions 
(Regions I41.1). The amino-terminal Region I is a 
regulatory domain, playing a central role in med-
iating response to activator proteins and conse-
quent isomerisation of the am-holoenzyme closed 
complex. Region II is an acidic linker connecting 
Region I and Region III, which contains sequences 
required for core RNAP binding (residues 120 to 
215 in Klebsiella pneumoniae) and determinants for 
DNA interactions, including the helix-turn-helix 
motif (residues 366 to 386) and a patch that UV-
crosslinks to promoter DNA (residues 329 to 346) 
(Chaney et al., 2000; Gallegos & Buck, 1999; 
Chaney & Buck, 1999; Cannon et al., 1994; Merrick 
& Chambers, 1992). The amino-terminal Region I is 
bifunctional: (i) it is required for inhibiting RNAP 
isomerisation and initiation in the absence of acti-
vation (Kelly & Hoover, 2000; Cannon et al., 1999; 
Syed & Gralla, 1998; Wang et al., 1995); and (ii) for 
aiding RNAP isomerisation and stable open com-
plex formation upon activation (Casaz et al., 1999; 
Syed & Gralla, 1998; Sasse-Dwight & Gralla, 1990). 
Holoenzymes containing am  without Region I 
(Dda') are active for so-called bypass transcrip-
tion, in which the AIa54  holoenzyme is able to iso-
merise and initiate transcription in the absence of 
activator proteins and nucleotide hydrolysis 
(Cannon et al., 1999; Wang et al., 1995, 1997). Open 
complexes formed with the Ala' holoenzyme are 
unstable (Wang et al., 1995, 1997) and Region I 
mutants are unable to bind well to certain DNA 
structures thought to mimic early DNA melting in 
the DNA opening pathway (Gallegos & Buck, 
2000; Guo et al., 1999). The solvent accessibility of 
Region III changes in the holoenzyme when Region 
I is removed (Casaz & Buck, 1997, 1999). These 
observations suggest that Region I contributes to 
the DNA binding properties of a' possibly 
through an interaction with Region III (Guo et al., 
1999, 2000; Cannon et al., 2000; Gallegos & Buck, 
2000). 

The Region III R336A mutant am protein shares 
characteristics with some Region I mutants and the 
Mu' protein (Gallegos & Buck, 2000; Chaney & 
Buck, 1999; Cannon et al., 1995, 1999; Casaz et al., 
1999; Hsieh & Gralla, 1994; Morris et al., 1994; 
Wong et al., 1994; Sasse-Dwight & Gralla, 1990). 
Mutating R336 (R336A) or removing Region I 
deregulates transcription in vitro, possibly due to 
disruption of a common or closely related inter-
action required to keep the RNAP holoenzyme 
silent for isomerisation in the absence of activation. 
Loss of stabilising interactions that normally 
restrict the conformation of the holoenzyme appear 
to allow unregulated isomerisation of the cy54 
holoenzyme. However, R336A remains largely 
dependent upon activator to form stable open pro-
moter complexes (Chaney & Buck, 1999). 

Here, we constructed a Region I-deleted o pro-
tein harbouring the R336A mutation (AIR336A) to 
further investigate the inter-related roles of Region  

I and Region III (Figure 1(a)). To begin to unravel 
the physical basis of the multiple a"-DNA inter-
actions that contribute to maintaining the stable 
a'-holoenzyme promoter complex, and which are 
believed to be directed through the —12 promoter 
region (Chaney et al., 2000; Guo et al., 1999), we 
examined the proximity relationships of Region I 
and Region III to promoter DNA using a tethered 
iron chelate footprinting method. The FeBABE 
(iron [S]-1[p-bromoacetamidobenzyl] ethylenedia-
minetetraacetate) conjugated a54  proteins were 
made using single-cysteine 654  mutants 
(Wigneshweraraj et al., 2000). Sites for FeBABE con-
jugation were in the Region I (E36) and carboxyl-
terminal, DNA-binding domain Region III (R336), 
at locations that partially deregulate the 654-
holoenzyme in vitro but still retain activator 
responsiveness for stable open complex formation 
(Wigneshweraraj et al., 2000; Chaney & Buck, 
1999). Sinorhizobium meliloti promoter DNA com-
plexes representing possible intermediates along 
the DNA melting pathway from a closed to the 
open promoter complex were analysed 
(Figure 1(b)). The results show that Region I and 
Region III FeBABE derivatives each lead to DNA 
cutting across the —12 promoter region. Cutting 
changes in an activator-dependent manner, and is 
influenced by core RNAP and DNA structure. Our 
results, together with related core RNAP proximity 
data (Wigneshweraraj et al., 2000), led to the clear 
conclusion that a localised structure contributed to 
by the —12 region promoter DNA and at least two 
different structural elements of a54  exists within a 
closed complex. It appears that this structure is 
intimately linked to the activation target of the 
enhancer binding proteins, or may be included 
within it, and can help explain the overlapping 
properties of mutants in Region I and Region III. 

Results 

Region I and R336 proximal DNA sequences 
on homoduplex, early and late melted 
heteroduplex DNA structures 

To explore the relationship between Region I 
and Region III we attempted to identify promoter 
DNA sequences proximal to Region I and R336. In 
addition to double-stranded homoduplex DNA on 
which the closed complex forms, we used different 
DNA templates (Figure 1(b)) to represent struc-
tures formed when the nucleation of DNA melting 
has occurred in the closed complex (early melted 
DNA) or when extended melting is evident, as in 
the open complex (late melted DNA). The use of 
different template types allows formation of com-
plexes that reflect the state of the DNA in initial, 
closed and open complexes to be examined, under 
non-activating and activating conditions. The 
cysteine-tethered chemical nuclease (FeBABE) 
allows the identification of DNA sites proximal to 
probe conjugation sites through the generation of 
local hydroxyl radicals that cleave the DNA 
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Strong Core Binding 
Weak Core Binding 

56 

654 	N 
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R336A 

AIR336A 

Cys(-) 

Cys36 

Cys336 

Cannon et aL, 1999 

Chaney & Buck, 1999 

This Work 

Wigneshweraraj et al., 
2000 

Wigneshweraraj et al., 
2000 

Wigneshweraraj et al., 
2000 

Homoduplex 

-26 -25 	 -14 -13 	 +1 
-60 .CAGACGGCTGGCACGACTTTTGCACGATCAGCCCTGGG +28 

.GTCTGCCGACCGTGCTGAAAACGTGCTAGTCGGGACCC 

Heteroduplex -12/-11 
Early Melted DNA 

-60 .CAGACGGCTOCACGACTTTTGCCEGATCAGCCCTGGG +28 
.GTCTGCCGACCGTGCTGAAAACGTGCTAGTCGGGACCC . 

	

Heteroduplex -10/-1 	-60 CAGACGGCTGGCACGACTTTTGCAC 	 .+28 

	

Late Melted DNA 	....GTCTGCCGACCGTGCTGAAAACGTGCTAGTCGGGACCC . 

Figure 1. (a) K. pneumoniae 654  proteins used in this work. (b) S. nteliloti nifri homo- and heteroduplex promoter 
DNA probes used for the gel mobility shift and DNA cleavage assays. The consensus GG and GC of the (04-binding 
sites are highlighted and the mismatched regions are boxed in black. 

(Ishihama, 2000; Bown et al., 1999, 2000; Owens 	bind to promoter DNA in the absence of core 
et al., 1998; Murakami et al., 1997a,b). Because 654, 	RNAP in vitro, the FeBABE footprinting method- 
in contrast to 67°  and cs70-related sigma factors, can 	ology allows identification of DNA sites proximal 

TCGACTAAAG, 



(a.) (b.) (e.) (f.) 

I 2 3 4 5 6 M M I 2 3 4 5 6 7 8 

- + - + - + - + 	+ - + 	+ + 	+ - + 	+ 	- + 	+ - + 

-12 

-34 

-20 111110.;  

-2 

DNA Cys36 Cys336 Cys(-) 
M 1 2 3 4 5 6 7 8 

DNA Cys36 Cys336 
M I 2 3 4 5 6 

DNA Cys36 Cys336 Cys(-) 	DNA Cys36 Cys336 

-42 

-34 

-5 

684 	 Sigma 54-DNA Interactions 

Homoduplex 	 Homoduplex 	 Late Melted DNA 	 Late Melted DNA 
Non-Template Strand 
	

Template Strand 
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Figure 2 (legend opposite) 
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to the iron chelate probe within um-DNA and 
am-holoenzyme-DNA complexes (reviewed by 
Ishihama, 2000). For conjugation we chose E36 in 
Region I, because it is implicated in movements 
associated with activation (Casaz & Buck, 1997) 
and R336 in Region III (see Introduction). The 
single-cysteine mutants Cys36 (E36C) and Cys336 
(R336C) remain dependent on activation for stable 
open promoter complex formation, demonstrating 
that productive interactions occur between the acti-
vator and the closed complex formed by these 
mutants (Wigneshweraraj et al., 2000; Chaney et al., 
1999). The essential negative control reaction in the 
DNA cleavage assays involved a cysteine-free 
am mutant (Cys(—)), which was subjected, together 
with the single cysteine mutants Cys36 and 
Cys336, to the FeBABE reagent (Wigneshweraraj 
et al., 2000). Cleavage reactions conducted using 
the Cys(—) protein in parallel with the Cys36-
FeBABE and Cys336-FeBABE resulted in no dis-
cernible cutting of the DNA, demonstrating that 
under the conditions used there is no artifactual 
DNA cleavage (see Figures 2-5 and summarised in 
Figure 6). Hence, we are confident that each DNA 
cut is attributed to the FeBABE specifically conju-
gated to either Cys36 or Cys336. Amongst the 
DNA cleavage experiments, the weakest cutting 
pattern was with Cys36-FeBABE am on the early 
melted and late melted DNA probes where the 
background signal was highest. Nevertheless, 
quantification of the gels showed that cutting of 
DNA with FeBABE-conjugated proteins was 
clearly discernible above background. The results 
shown (see Figures 2-5) and summarised (see 
Figure 6) were confirmed with many replicate 
experiments. In general, we observed that the 
addition of small amounts of heparin (10µg/m1) to 
samples prior to initiating cleavage gave more dis-
crete patterns of cutting, possibly through remov-
ing non-specific complexes, but the instability of 
the Cys36-FeBABE-DNA complex to heparin pre-
cluded use of this procedure in the experiments 
shown in Figure 2(c). 

Promoter DNA sequences proximal to E36 
(Region I) and R336 (Region III) 

The binding of a' to its target promoter 
sequences in the absence of core RNAP allows 
identification of specific am-DNA interactions. The 
influence of core RNAP upon the am-DNA inter-
action were evaluated subsequently.  

cr'-homoduplex DNA. FeBABE cleavage of homo-
duplex promoter DNA with Cys336-FeBABE 654 
reveals an R336 proximal interaction centred 
around position —7 (±2), between positions —9 
and —5 on the non-template strand (Figure 2(a), 
lane 6) and position —8 (±2), between positions 
—10 and —6 on the template strand (Figure 2(b), 
lane 6). We analysed by densitometry the gel 
shown in Figure 2(a). The results showed that 
there was a 50 % increase in signal in the cleavage 
region when compared with the control lanes (2, 3, 
7 and 8) in Figure 2(a). No obvious cleavage of 
homoduplex DNA non-template strand is seen 
with Cys36-FeBABE am implying that position 36 
of Region I is not within 12 A of promoter DNA 
(Figure 2(a), lane 4). Attempts to cut the template 
strand with the Cys36-FeBABE am  yielded no dis-
cernible cleavage products (Figure 2(b), lane 4). 
Since gel shift assays showed that Cys36-FeBABE 
am  bound the homoduplex DNA probe (data not 
shown), we concluded that Region I is positioned 
mainly away from the DNA in the initial am-DNA 
complex. 

o54-early melted DNA. Chemical footprinting of 
the am-holoenzyme closed complex reveals a 
hypersensitive site downstream of the consensus 
GC element, where the DNA appears to be locally 
melted out (Morris et al., 1994). This nucleation of 
melting results in the formation of a fork junction 
structure downstream of the GC element, which 
am binds tightly to (Cannon et al., 2000; Gallegos 
& Buck, 2000; Guo et al., 1999). Next, we attempted 
to map the Region I (E36) and Region III (R336) 
interaction sites on an early melted promoter DNA 
probe. Weak binding of the R336 derivative to the 
early melted DNA precluded detection of any cut-
ting (Figure 2(d) and see below). In contrast to the 
homoduplex DNA (Figure 2(a) and (b), lanes 4), 
we detected cutting of the early melted DNA 
probe with Cys36-FeBABE. The region of early 
melted DNA could help structure Region I for 
binding and cutting. Cys36-FeBABE cleaves the 
early melted DNA probe at three distinct positions; 
between —17 and —15 (±1), adjacent to the —14, 
—13 GC element on the non-template strand 
(Figure 2(c), lane 2), and between —18 and —15 
(±1) on the template strand (Figure 2(c), lane 10). 
Residue 36 is situated approximately in the middle 
of Region I sequences important for am  function 
(Casaz et al., 1999) and which are probably 
a-helical, suggesting that some Region I sequences 

Figure 2. (a) S. meliloti nifl-I promoter DNA cleavage by FeBABE-modified 054  proteins. Homoduplex (a) non-
template and (b) template strand cleavage by Cys36-FeBABE and Cys336-FeBABE. (c) Early melted probe 
non-template (lanes 1-8) and template strand (lanes 9-16) DNA cleavage by Cys36. An arrow shows the migration 
position of the cleaved DNA bands. (d) am-isomerisation assay on the early melted DNA probe. Late melted probe 
(e) non-template and (f) template strand DNA cleavage by Cys36-FeBABE and Cys336-FeBABE. Reactions to which 
ascorbate and hydrogen peroxide were added to initiate DNA cleavage are marked with +, control reactions to 
which no ascorbate or hydrogen peroxide were added are marked with —. Lane M contains a mixture of end-labelled 
S. meliloti nifH promoter DNA fragments as a molecular mass marker. 
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(a.) 

DNA Cys36 Cys336 Cys(-) 
1 2 3 4 5 6 7 8 M  

(b.) 

DNA 	Cys36 Cys336 Cys(-) 
1 2 M 3 4 5 6 7 8 

(c.) 
	

(d.) 

DNA Cys36 Cys336 Cys(-) 	DNA Cys36 Cys336 Cys(-) 
M 1 2 3 4 5 6 7 8 	1 2 3 4 5 6 7 8 M 

Figure 3. S. meliloti nifH promoter DNA cleavage by RNAP holoenzymes containing FeBABE-modified 6 proteins. 
Homoduplex probe non-template strand and template strand DNA cleavage under ((a) and (c)) non-activating, and 
((b) and (d)) activating conditions, respectively. Reactions to which ascorbate and hydrogen peroxide were added 
to initiate DNA cleavage are marked with +; control reactions to which no ascorbate or hydrogen peroxide were 
added are marked with —. Lane M contains a mixture of end-labelled S. meliloti nifH promoter DNA fragments as a 
molecular mass marker. 

could interact with the consensus GC promoter 
doublet. 

Addition of activator and hydrolysable nucleo-
tide to the early melted DNA-am  complex causes 
654  to isomerise and further melt out the DNA 
(Cannon et al., 2000; Gallegos & Buck, 2000). Inter-
estingly, we see a reduction in non-template DNA 
cutting between positions —17 and —15 (±1) by 
Cys36-FeBABE am under conditions that permit 
4:754  isomerisation (i.e. in the presence of activator 
and hydrolysable nucleotide) (Figure 2(c), compare 
lanes 2 and 4). Densitometry showed that when 
activated there is a 40 % reduction in cutting effi-
ciency of the early melted template strand by 
Cys36-FeBABE am  (data not shown, and compare 
Figure 2(c), lanes 11 and 12). We considered the 
possibility that activation may have caused sub-
stantial dissociation of the early melted DNA-
Cys36-FeBABE complex, thus resulting in the dis-
appearance of the cleavage profile. As shown, acti-
vation of the early melted DNA-Cys36-FeBABE 
complex produces an unstable, but supershifted 
654-DNA complex (Figure 2(d), compare lanes 4 
and 5). However, the total amount of bound DNA  

remains constant. The reduction of DNA cutting 
between positions —17 (±1) and —15 (±1) by 
Cys36-FeBABE may reflect conformation changes 
in Region I that appear to position Region I (at 
least residue 36) away from promoter DNA 
sequences in response to activation (see also Casaz 
& Buck, 1997) The failure to see a reduction of 
DNA cutting under non-activating conditions, i.e. 
in the presence of activator and GTP(S or in the 
absence of PspF(HTH further supports this view 
(Figure 2(c)). 

654-late melted DNA probe. On this DNA structure 
the mismatched region includes the non-conserved 
sequence from —10 to —5 that interacts with 654  
within closed complexes (Cannon et al., 1995) or 
with 654-holoenzyme in the open promoter com-
plexes (Popham et al., 1991; Morett & Buck, 1989; 
Sasse-Dwight & Gralla 1988). Binding of am to the 
late melted DNA structure is thought to reflect 
interactions that occur in the open complex. 
Cys336-FeBABE cuts the late melted DNA probe 
between positions —10 and —3 (±2) on the non-
template strand (Figure 2(e), lane 6) and between 
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Figure 4. S. meliloti nifH early melted promoter DNA cleavage by RNAP holoenzymes containing FeBABE-modified 
654 proteins. Early melted probe non-template strand and template strand DNA cleavage under ((a) and (c)) non-
activating, and ((b) and (d)) activating conditions, respectively. Reactions to which ascorbate and hydrogen peroxide 
were added to initiate DNA cleavage are marked with +; control reactions to which no ascorbate or hydrogen 
peroxide were added are marked with —. Lane M contains a mixture of end-labelled S. meliloti nifH promoter DNA 
fragments as a molecular mass marker. 

—11 and —6 (±1) on the template strand 
(Figure 2(f), lane 6). These cutting patterns are 
different to those seen on the homoduplex DNA, 
suggesting that a54-DNA relationships have chan-
ged by melting out sequences between —10 and 
—1. On the late melted DNA probe, Cys36-FeBABE 
weakly cleaves the non-template strand around 
and across the —14, —13 GC element between pos-
itions —17 and —13 (Figure 2(e), lane 4, marked 
with arrows). Densiometry of the control lanes 
(Figure 2(e) lanes 2, 3, 7 and 8) showed that the 
cutting by Cys36 did occur, but with very low effi-
ciency. However, Cys36-FeBABE fails to cleave 
template strand DNA detectably when bound to 
the late melted DNA probe (Figure 2(f), compare 
lanes 3 and 4). Even though the efficiency of strand 
cleavage by Cys36-FeBABE on the late melted 
DNA probe is not strong, it appears that Region I 
is facing the —14, —13 GC element in the late 
melted DNA-654  complex and (at least residue 36) 
is orientated towards the non-template strand. 

Promoter DNA sequences proximal to Region I 
and R336 in the closed and open complex 

We investigated how the relationship between 
the three promoter DNA structures and Region I 
E36 and Region III R336 change in the transition  

from closed to an open promoter complex. 
Although the Cys36 and Cys336 mutants are 
deregulated for DNA melting on supercoiled 
DNA, they are not deregulated on linear DNA and 
form activatable closed complexes on homoduplex 
DNA (Chaney & Buck, 1999). Holoenzymes were 
formed with 1:2 molar ratio of core RNAP: crm  in 
order to ensure that all conjugated am proteins 
were in the holoenzyme form. Holoenzymes were 
at 100 nM concentrations where the free 100 nM 
sigma would not give efficient binding and cutting. 
To investigate whether the 654-DNA relationship 
changes upon binding to core RNAP and acti-
vation of the closed complex, we conducted clea-
vage experiments on closed and activated 
holoenzyme complexes. 

Homoduplex DNA. The Cys-336-FeBABE holoen-
zyme cuts the homoduplex DNA probe between 
positions —10 and —6 (±1) on the non-template 
strand (Figure 3(a), lane 6), whereas the template 
strand is cut strongly between positions —13 and 
—8 (Figure 3(c), lane 6). Intense cleavage of homo-
duplex DNA template strand is seen with Cys36-
FeBABE holoenzyme and is centred around pos-
ition —16 (±2), between —18 and —14 (Figure 3(c), 
lane 4). In contrast, the non-template strand is 
cleaved weakly along the T-tract upstream of the 
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Figure 5. S. meliloti nifH late melted promoter DNA cleavage by RNAP holoenzymes containing FeBABE modified 
c 	proteins. Late melted probe non-template strand and template strand DNA cleavage under ((a) and (c)) non- 
activating, and ((b) and (d)) activating conditions, respectively. Reactions to which ascorbate and hydrogen peroxide 
were added to initiate DNA cleavage are marked with +; control reactions to which no ascorbate or hydrogen 
peroxide were added are marked with —. Lane M contains a mixture of end-labelled S. meliloti nifH promoter DNA 
fragments as a molecular mass marker. 

GC element between positions —16 and —11 (±2) 
(Figure 3(a), lane 4). It seems that Cys336-FeBABE 
and Cys36-FeBABE cleavage positions of non-
template DNA in the closed complex are very 
close, consistent with previous observation that 
residues 36 and 336 are proximal to some of the 
same surfaces on the core RNAP subunits 13 and 13' 
(Wigneshweraraj et al., 2000). When PspEAFITH 
and dGTP were added, no discernible changes 
were observed in the cutting patterns between 
homoduplex DNA-G54-holoenzyme (compare 
Figure 3(b) and (d) with (a) and (c), respectively), 
consistent with the view that open complex for-
mation on linear DNA is inefficient (Oguiza & 
Buck, 1997; Wedel & Kustu, 1995; and our unpub-
lished data). 

Early melted DNA. On the early melted DNA 
probe, Cys336-FeBABE holoenzyme produced 
strong cutting of the non-template strand between 
positions —18 and —10 (±1), whereas the template 
strand was cut moderately between positions —13 
and —7 (±2). (Figure 4(a) and 4(c), lane 6). Recall 
that binding Cys336-FeBABE 654  alone did not 
occur with the early melted DNA probe (Figure 2(c) 
and (d)). Core RNAP clearly stabilises the Cys336- 

FeBABE on the early melted DNA probe (see 
Figure 4 and below). As in the homoduplex DNA-
holoenzyme closed complex, Cys36-FeBABE clea-
vage of non-template strand was along the promo-
ter T-tract between positions —19 and —16 (±1), 
and between positions —19 and —15 on the tem-
plate strand. It is striking that activation of the 
early melted DNA-holoenzyme complex reduces 
the efficiency of non-template strand cutting by 
Cys36-FeBABE (Figure 4(b), lane 4, marked with 
arrows), whereas the cutting between positions 
—17 and —14 on the template strand (Figure 4(c) 
and (d), lanes 4) remains unchanged. As deduced 
from the constant cutting patterns, the relationship 
between Cys336-FeBABE holoenzyme and the non-
template early melted DNA probe remains 
unchanged even under activating conditions 
(Figure 4(a) and (b), lanes 6). In contrast, activation 
of the Cys336-FeBABE holoenzyme on the early 
melted DNA probe complex causes a reduction in 
the efficiency of cutting on the template strand 
(Figure 4(c) and (d), lanes 6). Consistent with other 
observations (Guo et al., 2000; Casaz & Buck, 1997 
and Figure 2(c)), activation-dependent changes in 
Cys36-FeBABE and Cys336-FeBABE-DNA cleavage 
provide evidence for conformational changes in 
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Region I and Region III within the holoenzyme 
that are associated with activation leading to proxi-
mity and orientation changes between the promo-
ter DNA, Region I and Region III. Cleavage 
patterns by Cys36-FeBABE and Cys336-FeBABE 
holoenzyme did not change when the non-hydro-
lysable nucleotide GTPyS substituted dGTP in the 
activation assays (data not shown). 

Late melted DNA cleavage. Since the late melted 
DNA structure is believed to represent a DNA 
conformation adopted by the promoter DNA 
following activation and isomerisation of 
am-holoenzyme, we examined whether activation 
dependent changes were evident in holoenzyme 
complexes with the late melted DNA probe. If so, 
they would support the view that activator drives 
conformational changes within a' and that pre-
melting the DNA does not bypass the action of the 
activator (Cannon et al., 1999; Wedel & Kustu 
1995). Strong cleavage by Cys36-FeBABE holo-
enzyme occurs on the non-template strand of the 
late melted DNA probe between positions —16 and 
—11 (±2) (Figure 5(a), lane 4), and moderate clea-
vage on the template strand centred around pos-
ition —16 (between —18 and —14) (Figure 5(c), lane 
4). Consistent with our previous observation (see 
above, Figure 4(b)), activation causes a decrease in 
non-template strand cleavage by Cys36-FeBABE 
between positions —16 and —11 (compare 
Figure 5(a) and (b), lanes 4 and 2, respectively). 
Similarly, there is a slight reduction in the template 
strand cleavage by Cys36-FeBABE when activated 
(Figure 5(c) and (d), lanes 4). The relationship 
between Cys336-FeBABE and template strand 
remains unchanged when activated as judged by 
the relatively constant cutting patterns between 
positions —12 and —4 (non-activated) and —14 and 
—5 (activated) in the Cys336-FeBABE holoenzyme 
late melted DNA complex (Figure 5(c) and (d), 
lanes 6). It is interesting that there is an increase in 
non-template strand cleavage between positions 
—12 and —3 by Cys336-FeBABE when activated 
(Figure 5(a) and (b), compare lanes 6 and 4, 
respectively). It appears that conformational 
changes in response to activation have led to an 
increased interaction of Region III residue 336 with 
late melted non-template DNA strand. It is clear 
that these FeBABE cutting data support the view 
that changes in Region I and Region III brought 
about by activator are involved in the confor-
mational changes that allow the holoenzyme to 
engage with melted DNA (Guo et al., 2000; 
Cannon et a/., 1999; Wedel & Kustu, 1995). The 
cleavage results are summarised in Figure 6. 

R336A and AIR336A mutants have altered 
binding properties to late and early melted 
promoter DNA probes 

To explore the functional relationship of Region 
I and Region III residue R336, we conducted DNA  

binding activity assays using the wild-type am, 
R336A and AIR336A mutant proteins (Figure 1(a)). 

Homoduplex DNA binding 

Using a native gel mobility shift assay, we exam-
ined binding to double-stranded promoter DNA to 
gauge contributions of Region I and R336. The 
results indicate that AIR336A has similar binding 
activity as the wild-type am, and showed a three-
to fourfold increased binding compared to the 
R336A mutant (Figure 7). Consistent with previous 
results using um  and AIam  (Cannon et al., 1999; 
Casaz et al., 1999), the lower DNA-binding activity 
of the R336A mutant in comparison to that of 
AIR336A argues for a role for Region I in masking 
some DNA-binding activity. It is clear that R336 is 
not a determinant of the extra binding activity 
masked by Region I, but is a determinant of 
another DNA-binding activity. 

Binding to early melted DNA probe 

In the next set of binding assays, we used 
heteroduplex S. meliloti nifH promoter DNA probes 
mismatched at positions —12 and —11 (next to the 
GC element) to simulate the early DNA melting 
found in closed complexes. am binds the early 
melted DNA probe better than the homoduplex 
DNA probe (Figure 7). In contrast the AI654  bound 
the early melted DNA probe less well (Figure 7) 
and formed a complex with mobility slightly great-
er than that of the initial a"-DNA complex 
(Figure 8, compare lane 2 to lanes 6, 7 and 8; see 
also Gallegos & Buck, 2000; Cannon et al., 2000). 
The R336A mutant was defective in binding to the 
early melted DNA probe: when added at up to 
6 uM it did not detectably bind DNA (Figure 7 
and Figure 8, lanes 9-11). Since R336A binding to 
the homoduplex probe is less impaired, there 
appears to be a specific contribution by R336 to 
bind the early melted DNA structure. The binding 
defects with R336A were greater than that associ-
ated with the removal of Region I (Figure 7 and in 
Figure 8, compare lanes 6-8 with lanes 9-11). Rela-
tive to R336A, A IR336A is able to bind well to 
both homoduplex and early melted DNA probes 
(Figure 7). The AIR336A showed an affinity for the 
early melted DNA probe approaching that of 
AIam (Figure 7 and in Figure 8 compare lanes 6-8 
with lanes 12-14) demonstrating that removal of 
Region I allows recovery of DNA binding, as seen 
with the homoduplex DNA. It seems that Region I 
masks a DNA-binding activity that is independent 
of R336. However, the AIR336A differed from 
ART' in the sense that part of the DNA was 
bound in a complex with lower mobility (Figure 7, 
lanes 12-14, marked as ssa). It seems that R336 
contributes to the conformation of the complex 
with early melted DNA when Region I is removed. 
A low-mobility 654-DNA complex (called super-
shifted DNA, sso) is usually seen with wild-type 
654  only in the presence of activator and hydro- 
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lysable nucleotides (Figure 8, lane 3 and Cannon 
et al., 2000). As anticipated from the lack of Region 
I and/or weak DNA binding, Alum, R336A and 
AIR336A did not respond to activator and nucleo-
tides to form a new slow-running species (data not 
shown). Region I supplied in trans to a AIum-early 
melted DNA complex increased DNA binding and 
resulted in the formation of the low-mobility DNA 
complex (Cannon et al., 2000; Gallegos & Buck, 
2000) implying that Region I peptide directs c 
binding to the early melted DNA probe. Presenting 
Region I in trans to the R336A and AIR336A did 
not detectably increase binding to the early melted  

DNA probe (data not shown). This is consistent 
with the dominant role of R336 seen in DNA-
binding assays with Region I in cis (Chaney & 
Buck, 1999 and Figure 7). 

Characterisation of the AiR336A 
supershifted complexes 

Activator functions catalytically to cause um  
bound to an early melted DNA probe to isomerise 
and melt DNA (Cannon et al., 2000). Since the 
mutant AIR336A formed a lower-mobility complex 
with the early melted DNA (Figure 7, lanes 12-14) 



-111 	 +1 

1-1°- 
-4 

Sigma 54-DNA Interactions 	 691 

(b.) (554-Holoenzyme Footprints 

< Cys36 	 -16r 	-11 

E Cys336 	 -TO 

X a) 	-60...CAGACGGCTGGCACGACTTTTGCACGATCAGCCCTGGG....+28 
= 	 ...GTCTGCCGACCGTGCTGAAAACGTGCTAGTCGGGACCC 
-0 

g Cys36 	 -181 	-14 

1  Cys336 

r 
-60....CAGACGGCTGGCACGACITTTG GATCAGCCCTGGG....+28 

....GTCTGCCGACCGTGCTGAAAACGTGCTAGTCGGGACCC.... 
2 

- 
Cys36 	 '9015 

 

	

-13 	 -7 
Cys336 

• Cys36 	 -16 

12 
E Cys336 
-0 	-60...CAGACGGCTGGCACGACTTTTGCA TCGACTAAAGGGG....+28 

....GTCTGCCGACCGTGCTGAAAACGTGCTAGTCGGGACCC.... 
2 - 	 Cys36 	 181  

Cys336 

Figure 6 (legend shown on page 692) 

+1 
-6 	r 

-13 	 -8 

< Cys36 	 -19 Ò16 	 +1 
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independent of activation, we characterised the 
complex by DNAse I and KMnO4  footprinting. 
This did not reveal an extended footprint (towards 
—1) nor any extra DNA melting as is seen for the 
wild-type crm  in the isomerised DNA complex 
(data not shown; see Cannon et al., 2000). It seems 
that A1R336A forms an altered complex with 
DNA, in contrast to .554  and Ala', but one that is 
not distinguishable from AIo-54  by footprinting 
(data not shown). 

Binding to late melted DNA probe 

Next, we assayed the binding properties of the 
mutant am  to heteroduplex S. meliloti nifH DNA  

with mismatches from —10 to —1. Compared to 
homoduplex and early melted DNA binding, the 
R336A bound the late melted DNA probe best 
(Figure 7). However, the R336A protein showed a 
significant decrease in binding to late melted DNA 
probe with respect to wild-type a' (Figure 7). In 
contrast, similar affinities of wild-type am, AIcr54  
and AIR336A for the late melted DNA were evi-
dent. The reduced affinity of R336A mutant for 
late melted DNA structure is clearly compensated 
for by the removal of Region I. Overall, it seems 
defects in DNA binding of R336A are largely cor-
rected by removal of Region I, irrespective of the 
DNA probe (Figure 7), to yield a binding pattern 
similar to that of AIcr54. 
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Figure 6. Summary of S. trieliloti nifH cleavage results. Boxes above (non-template strand) and below (template 
strand) the DNA sequence indicate positions of cleavage by FeBABE-modifed n54  proteins. Open boxes show cutting 
by Cys36-FeBABE and filled boxes by the Cys336-FeBABE protein. Shown are (a) r54-DNA complex, (b) closed com-
plex and (c) open complex on homoduplex, early melted and late melted DNA structures, respectively. In (c) the 
hatched box indicates the "repositioning" of Cys36 from the non-template DNA strand and Cys336 from the template 
DNA strand under activating conditions (see the text). 
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Characterisation of R336A and AIR336A 
holoenzymes on early and late melted 
DNA structures 

We determined the DNA binding activities of 
the mutant holoenzymes. Initially we showed that 
AIR336A bound E. coli core RNA polymerase at a 
1:1 ratio like the R336A and Ala' proteins 
(Chaney & Buck, 1999; Cannon et al., 1995; data 
not shown). Consistent with the DNA binding 
properties of R336A and AIR336A, AIR336A-
holoenzyme bound the homoduplex DNA probe 
with higher affinity than the R336A holoenzyme 
(like the Ab554-holoenzyme) (Chaney & Buck, 
1999; data not shown). Therefore, it appears that  

removal of Region I increases DNA-binding 
activity that is not reliant on R336. 

Holoenzyme interactions with early melted DNA 

Holoenzymes formed with R336A and AIR336A 
bound the early melted DNA probe in a similar 
fashion as the 01654-holoenzyme and the .554-
holoenzyme (Figure 9(a) lanes 1, 3 and Figure 9(b) 
lanes 1, 3). This contrasts the undetected binding 
of R336A with the early melted DNA probe 
(Figures 7 and 8), indicating that the interaction 
with core RNAP recovers R336A binding to the 
early melted DNA probe. However, as with the 
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AIG54-holoenzyme, the R336A and AIR336A 
holoenzymes appear to bind DNA in two different 
complexes, one with the same mobility as that 
found with the wild-type holoenzyme (marked 
with an arrow in Figure 9(a) and (b)), and another 
with further reduced mobility and which was very 
sensitive to the polyanion heparin. This low-mobi-
lity complex was only very weakly evident with 
wild-type cr'-holoenzyme. Core RNAP alone did 
not produce the same defined slow-moving species 
(Oguiza et al., 1999; data not shown). Unlike wild-
type 654  and the R336A mutant holoenzymes, 
AI654- and the AIR336A-holoenzymes were unable 
to form heparin-resistant complexes on the early 
melted DNA probe (Figure 9(a) and (b) lanes 5, 
respectively). Presenting Region I peptide in trans 
to the AI054-holoenzyme enables the AIcrm  holoen-
zyme to form heparin-stable complexes on the 
early melted DNA probe (Gallegos et al., 1999 and 
Figure 9(a), compare lanes 5, 6, 9 and 10; 
Figure 9(c)). In marked contrast, Region I in trans 
did not diminish the heparin sensitivity of the 
AIR336A holoenzyme (Figure 9(b), compare lanes 
5, 6, 9 and 10, and (c)). Thus, it appears that R336 
is necessary for G'-holoenzyme to form heparin-
stable complexes on the early melted DNA probe 
when Region I is supplied in trans, but not in cis. 
These data suggest an interaction between Region I 
and Region III within the holoenzyme, since R336 
appears to influence the heparin sensitivity of com-
plexes to the presence and absence of Region I. It 
seems that interactions made by Region I and R336 
that influence properties of the holoenzyme are 
closely linked. 

Holoenzyme interactions with late melted 
DNA probe 

Previously, we showed that the R336A holoen-
zyme, like the AIe-holoenzyme, formed heparin-
stable activator-independent complexes on the late  

melted DNA probe, whereas the wild-type holoen-
zyme did not (Chaney & Buck, 1999). The for-
mation of heparin-resistant complexes on late 
melted DNA by 654  holoenzyme is dependent on 
the presence of activators (Cannon et al., 1999). 
Acquisition of heparin stability independent of 
activation on the late melted DNA probe is a prop-
erty of deregulated cr' holoenzymes (Cannon et al., 
1999, Casaz et al., 1999, Chaney & Buck, 1999). 
Addition of Region I peptide in trans to the deregu-
lated Abu' holoenzyme prior to the addition of 
the late melted DNA probe increases heparin sensi-
tivity, causing it to behave like the unactivated 
wild-type holoenzyme (Cannon et al., 1999). We 
therefore tested whether the same was true for the 
R336A and AIR336A-holoenzymes. It is remark-
able that addition of Region I peptide in trans to 
the R336A-holoenzyme prior to binding the late 
melted DNA probe inhibited the formation of 
heparin-resistant complexes (Figure 10(a), compare 
lanes 4, 6, 8, 10 with 5, 7, 9). It seems that sites 
needed for the negative functions of Region I 
appear to be intact in the R336A-holoenzyme, thus 
allowing Region I to act in trans and drive the for-
mation of heparin-sensitive complexes. These 
results imply that mutating R336 allows the 
holoenzyme to interact with the late melted DNA 
probe for stable complex formation by causing 
Region I in cis to adopt an altered conformation. 
However, a site of negative interaction appears to 
be intact within the R336A-holoenzyme, thus 
allowing Region I to act in trans and reduce stab-
ility. Again, the data suggest a functional inter-
action between am  Regions I and III within the 
holoenzyme. 

The 	A IR336A-holoenzyme formed activator- 
independent, heparin-stable complexes on late 
melted DNA with a slightly reduced stability 
compared to that of the A I cr54-holoenzyme 
(Figure 10(b), lanes 5-8). However, in marked con-
trast to the AIG54  (Figure 10(b), lanes 1-4) and the 
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Figure 8. DNA-binding activity of am  proteins on S. meliloti nifH early melted promoter DNA probe in a gel mobi-
lity shift assay. Lane 1, DNA alone. Lanes 2 and 3, wild-type o (1 µM) alone (—) or in the presence (+) of 4 µM 
PspFAHTH and 4 mM dGTP. Activation results in the lower-mobility band (sscs-DNA, lane 3) indicative of 
c04-isomerisation. DIa54, AIR336A and R336A were titrated against the early melted DNA at 2, 4 and 6 µM. The 
R336A mutant does not detectably bind the early melted DNA probe at up to 6 µM (lane 11) or at 4 µM in the pre-
sence of PspFAHTH and dGTP (lane 5). The AIR336A forms an sscv-DNA complex in the absence of activator and 
nucleotide (lanes 12 to 14). 

R336A (Figure 10(a)) holoenzymes, presenting 
Region I peptide in trans to the AIR336A-
holoenzyme prior to DNA binding increased rather 
than reduced its heparin stability (Figure 10(c) 
lanes 4, 6, 8 and 10, and (d)). Addition of Region I 
in trans to the AIam-holoenzyme already bound to 
the late melted DNA probe has been shown to 
increase its heparin stability (Cannon et al., 1999). 
Thus it appears that AIR336A forms a holoenzyme 
that is further (with respect to the AIo-54  and 
R336A-holoenzymes) deregulated for interaction 
with the late melted DNA probe. Region I supplied 
in trans is without order of addition effects and 
does not destabilise interactions of the AIR336A-
holoenzyme with the late melted DNA probe. 

In vitro activator-independent transcription 
activity of the mutant AIR336A 

To extend the DNA binding assays, and explore 
the sensitivity of the R336A and AIR336A-
holoenzymes to Region I further, we conducted 
activator-independent transcription assays. The 
ability of the AIR336A holoenzyme to support 
activator-independent (bypass) transcription in vitro 
from the supercoiled plasmid pMKC28 (Chaney & 
Buck, 1999), which contains the S. meliloti nifH 
promoter was examined using a single-round tran-
scription assay. The AIR336A-holoenzyme was as 
active for activator-independent transcription as 
the Mu' and R336A holoenzymes (Figure 11(a), 
compare lanes 1, 5 and 9). Addition of Region I 
in trans to the reaction inhibits the activator inde-
pendence of the AI054  and R336A-holoenzymes 
(Figure 11(a), lanes 2-4 and 6-8, respectively; 
Gallegos et al., 1999). This is consistent with our  

previous observation that A Tam  and R336A-
holoenzymes became increasingly heparin sensitive 
on late melted DNA in the presence of Region I 
peptide supplied in trans (Gallegos & Buck, 1999; 
Cannon et al., 1999; and Figure 10(a)). In marked 
contrast, addition of Region I in trans to the 
AIR336A-holoenzyme stimulated activator-inde-
pendent transcription (Figure 11(a), lanes 10-12, 
and (b)). Recall that Region I peptide in trans 
increased the heparin stability of AIR336A holoen-
zyme on late melted DNA (Figure 10(c)). We 
suggest the enhancement of activator-independent 
transcription with the AIR336A-holoenzyme when 
Region I acts in trans is through stabilising the 
AIR336A-holoenzyme's interaction with a transi-
ently melted state of the supercoiled DNA down-
stream of —11. It appears that the sites in the 
holoenzymes with which Region I interacts to inhi-
bit activator-independent transcription (and reduce 
heparin stability on late melted DNA structures) 
are inaccessible or inactive in the AIR336A-
holoenzyme. Holoenzymes with AIR336A appear 
to be further deregulated for transcription than the 
AIcr and R336A mutant proteins, since the nega-
tive functions of Region I supplied in trans cannot 
be demonstrated. 

Discussion 

Results overview 

We have examined the inter-relationship of two 
sequences in am  that, when mutated, lead to over-
lapping new functionalities of the am-holoenzyme 
and changed DNA binding activities of a'. The 
am Region I and Region III point mutants used in 
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(e.)  

Figure 9. Holoenzyme stability on the S. meliloti nifH early melted DNA probe in a gel mobility shift assay and the 
effect of Region I in trans. Holoenzyme (100 nM) formed at a ratio of 1:6 (core RNAP to a') was incubated with the 
early melted DNA probe (2.5 nM) and 1 mM GTP in the absence (—) or presence (+) of 2µM Region I in trans at 
30 CC. Region I was added to the reaction before DNA. After 15 minutes, 100 µg/ml heparin was added to the reac-
tions, samples were taken directly before (time 0) and at five and ten minutes after the addition of heparin. Samples 
were immediately loaded onto a running native gel. The arrow indicates the position of the heparin-stable holo-
enzyme-DNA complexes. (a) and (b) Lanes 1 to 4, time 0; lanes 5 to 8, five minutes; and lanes 9 to 12, ten minutes 
after adding heparin, respectively. (c) Histogram showing the percentage of DNA bound by holoenzyme five minutes 
after the heparin challenge in the absence (open bars) and presence (filled bars) of Region I in trans. 

this work depend upon activation for stable open 
complex formation, demonstrating that they pro-
ductively interact with activator for open complex 
formation. Although the Region I and Region III 
sequences are separated by nearly 300 amino acid  

residues, they seem to occupy closely related 
positions with respect to the core RNAP 
(Wigneshweraraj et al., 2000) and the GC promoter 
DNA region (this work, Figure 6). The GC promo-
ter region is associated with determining regulata- 
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Figure 10. Holoenzyme stability on the S. meliloti nifH late melted DNA probe. (a) The R336A holoenzyme was 
incubated with the late melted DNA probe (2.5 nM) and 1 mM GTP in the presence (+) or absence (—) of 2 
Region I added in trans prior to addition of DNA. Lanes 1 and 2, before heparin, remaining lanes, 2, 5, 10 and 20 
minutes after heparin. (b) AIa54  and AIR336Ae-holoenzymes were incubated with the late melted DNA probe. 
Lanes 1 and 5 show complexes before the addition of heparin, remaining lanes at 2, ten and 20 minutes after the 
heparin challenge. (c) The same assay as in (b) except 2 tiM Region I was added in trans prior to addition of DNA. 
Odd-numbered lanes contain AIa54-holoenzyme, and even-numbered lanes contain AIR336Aa54-holoenzyme. Lanes 1 
and 2 show complexes before heparin and the remaining lanes complexes at two, five, ten and 20 minutes after the 
heparin challenge. The arrow indicates the position of the heparin-stable holoenzyme-DNA complex. (d) Histogram 
showing the percentage of DNA bound by holoenzyme after a 20 minute heparin challenge in the absence (open 
bars) or presence (filled bars) of Region I in trans. 

ble properties of the promoter, especially the 
dependence upon activator for open complex for-
mation and DNA melting (Guo et al., 1999, 2000; 
Cannon et al., 2000; Wang, J.T. et al., 1997; Wang, 
L. et al., 1999). Hence, we suggest that parts of 
Region I and Region III form a centre in the 
holoenzyme closely associated with control of 
DNA melting. Changing relationships between 654  

and DNA were evident under activating conditions 
(Figures 4 and 5, summarised in Figure 6), 
suggesting that movements in the centre occur and 
are probably needed for open complex formation 
(Guo et al., 2000). Some of these movements seem 
to involve parts of 654, in particular Region I 
sequences, that direct 654  to melted DNA struc-
tures downstream of the promoter GC element 
(Cannon et al., 2000; Gallegos & Buck, 2000; Guo 
et al., 1999). The different DNA cutting patterns 
seen between FeBABE-modified a' proteins and 
their holoenzymes implies some re-arrangements  

in the a54  DNA-interacting surfaces upon binding 
to core RNAP. FeBABE appears to be in a slightly 
different place in the 0.54  versus the 654-

holoenzyme. Strikingly, either the addition of core 
RNAP or the use of early melted DNA increases 
the non-template strand cutting by Cys36-FeBABE. 
This suggests that core RNAP and the distorted 
DNA structure created when holoenzyme binds 
homoduplex DNA can increase the interaction of 
Region I sequences with promoter DNA. This is 
consistent with differences seen between el  and 
a54-holoenzyme DNA —12 region footprints 
(Morris et al., 1994). 

As summarised in Figure 6, —25 bp of promoter 
DNA between —18 and —5 are within cutting 
range (-12 A from the cysteine sulphur atom, ±3-
4 A diffusion distance of the actual cutting species) 
of Region I residue 36 and Region III residue 336. 
Our cleavage data imply that Cys36-FeBABE 
cleavage sites are, in general, located upstream to 
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Figure 11. (a) Effect of Region I in trans on activator-independent transcription. Increasing amounts of Region I 
peptide (1, 2 and 4 µM) were added to the activator independent transcription assay prior to addition of DNA tem-
plate. Holoenzymes (100 nM) in the absence (lanes 1, 5 and 9) or the presence of Region I in trans were incubated 
with template 20 nN DNA and 3 mM GTP for 15 minutes at 30°C prior to addition of 100 µg/ml heparin and 
remaining NTPs plus [x-32PJUTP. (b) Transcripts were quantified by phosphorimager and values plotted against 
concentration of Region I. 

the consensus GC promoter element, whereas the 
Cys336-FeBABE cleavage sites are located down-
stream to the consensus GC element. This suggests 
parts of Region I and Region III could form or con-
tribute to a "clamp" across the GC region to 
restrict or aid DNA melting, depending upon the 
functional state of the holoenzyme. It remains to be 
shown that probes attached to part of 654  at sites 
that do not partially deregulate the holoenzyme 
lead to the same set of conclusions drawn using 
Cys36-FeBABE and Cys336-FeBABE. FeBABE con-
jugated at native cysteine 346, where the regulated  

properties of the holoenzyme are fully intact, 
results in —12 region DNA cutting (Wignesh-
weraraj et al., 2000, 2001). 

Region III R336 and relationship to Region I 

The DNA proximity relationships suggested for 
R336 indicate that it interacts with sequences just 
downstream to the GC element, close to the early 
melted DNA. Consistent with this, R336A binds 
probes with early melted DNA less well than 
homoduplex DNA. The known roles of arginine 
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residues in DNA interactions suggests that R336 
may well make a direct DNA contact. DNA melt-
ing within isomerised el-DNA complexes is to —6 
(Cannon et al., 2000), suggesting that R336 could 
interact with DNA that exists in the double-
stranded form, and is later melted out. R336 may 
make a direct interaction with the —12 to —6 pro-
moter segment in both double and single-stranded 
states. This suggests that 654  functions in DNA 
melting through a direct interaction with DNA 
that later melts. 

Activation of the Cys336-FeBABE-holoenzyme 
complex on early melted DNA probe causes a 
reduction in the efficiency of template strand cut-
ting, whereas activation leads to enhanced cutting 
of the non-template strand in the complex with 
late melted DNA. Cutting of non-template strand 
sequences by the Cys36-FeBABE seems always to 
be reduced under activating conditions on the 
early melted and late melted DNA probes. The 
FeBABE cutting data clearly provide evidence for 
movements in two am-DNA relationships during 
transition from a closed complex to an open com-
plex. Conformational changes in Region I upon 
activation has been observed (Casaz et al., 1997). 
The a-helical secondary structure in which R336 is 
predicted to lie may make several contacts to pro-
moter DNA during open complex formation, some 
closer to the GC element, possibly even overlap-
ping those associated with Region I, and has been 
suggested to be involved in binding single-
stranded DNA (Kelly et al., 2000). 

The properties of the double mutant lacking 
R336 and Region I reinforce a positive role for 
Region I in open complex formation and show that 
Region I masks DNA-binding activity. When sup-
plied in trans, Region I clearly stimulates bypass 
transcription by the AIR336A-holoenzyme, an 
activity of Region I not evident in assays using 
Ale' or R336A-holoenzymes. It seems that on 
transiently melted DNA the absence of R336 
makes accessible a complex that Region I can 
stabilise so as to increase initiation. The presence of 
R336 may normally disfavour such positive effects 
of Region I under non-activating conditions, since 
R336 may bind to and stabilise double-stranded 
DNA in the —12 to —6 area (Chaney et al., 2000; 
Chaney & Buck, 1999). 

Region I and Region Ill sequences form a 
regulatory centre 

Region I appears to interact with the carboxyl 
terminal DNA-binding domain hi Region III 
(Wigneshweraraj et al., 2000; Casaz & Buck, 1999). 
The FeBABE cleavage data now shows that parts 
of Region I and Region III are close to the —12 
promoter element, a DNA sequence known to 
influence the regulation of open complex formation 
(this work; Guo et al., 1999; Wang & Gralla, 
1998), and to core RNA polymerase subunits 
(Wigneshweraraj et al., 2000). An advantage of 
this protein-DNA arrangements would be in co- 

ordinating concerted movements in 654, promoter 
DNA and core RNAP to orchestrate the formation 
of a stable open promoter complex upon 
activation. Region I may act as an organising 
centre that brings the key 654, core RNAP 
(Wigneshweraraj et al., 2000) and DNA com-
ponents together. Region I and Region III change 
their relationship to DNA in response to activation, 
suggesting that the organising centre includes a 
target for the activator NTPase activity (Guo et al., 
2000; Cannon et al., 2000). In ceLmediated tran-
scription initiation, where activation is often by 
recruitment of the RNAP, determinants within the 
holoenzyme needed for activation often localise at 
or upstream of the start-site distal —35 promoter 
element. In contrast, our work shows that for 
crm-holoenzyme, which is activated at the DNA 
melting step, activation determinants in the 
holoenzyme localise over the start-site proximal 
—12 promoter region from where DNA melting 
originates (Guo et al., 1999, 2000; Cannon et al., 
2000; Morris et al., 1994). DNA looping could easily 
deliver enhancer-bound activator to the centre 
formed by core RNAP, Region I and the R336 
DNA crosslinking patch of am. Access of activator 
to the centre from sites on DNA proximal to the 
holoenzyme would be sterically hindered by 
RNAP, suggesting a requirement for DNA looping 
in activation when activators are enhancer bound. 

Materials and Methods 
Proteins 

The 654  proteins used in this work are listed in 
Figure 1(a). Wild-type am  and the mutants Ala' and 
R336A were overexpressed and purified essentially as 
described by Gallegos & Buck (1999), Cannon et al. 
(1999) and Chaney & Buck (1999), respectively. The 
single-cysteine mutants E36C and R336C were made 
using Stratagene's Quickchange mutagenesis kit using 
pSRWCys(—) as the template (Wigneshweraraj et al., 
2000) The Cys(—), E36C and R336C a' mutant proteins 
were overproduced and purified as described by 
Wigneshweraraj et al. (2000). For the construction of 
A1R336A mutant, the MscI-HindIII fragment (containing 
the R336A substitution) from pMKCRA336 (Chaney & 
Buck, 1999) was replacement cloned into p16OHMK' 
(Casaz et al., 1999), which contains the rpoN gene missing 
the coding sequences for Region I, derived from 
pMB7.7160 (Cannon et al., 1995). The resulting plasmid 
p160RA336 was sequenced to confirm the presence of 
the Region I-deleted rpoN gene harbouring the R336A 
substitution. 

The AIR336A mutant was transformed into E. coli C41 
(Miroux & Walker, 1996) strain and overexpressed essen-
tially as described by Gallegos & Buck (1999) for the 
wild-type 654. For induction of AIR336A, the 2 x YT 
growth mediuma was supplemented with 2% (w/v) 
glucose, 0.2 mg/ml glutamine and 150 µg/ml carbenicil-
lin (for selecting p160RA336). The cell pellets were lysed 
at 4 °C in TG5ED (10 mM Tris-HC1 (pH 8.0), 5% (v/v) 
glycerol, 0.1 mM EDTA, 1 mM DTT) containing 100 mM 
NaCl. The A1R336A protein was predominantly found 
in the soluble cell fraction, which was chromatographed 
on a HiTrap Q-Sepharose cartridge (Pharmacia). Peak 
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fractions containing the AIR336A were pooled and 
further purified on a HiTrap heparin cartridge (Pharma-
cia) as described by Cannon et al. (1995). Elution was 
achieved with a NaC1 gradient in all cases. All working 
protein solutions were stored at —20 °C, stocks at —70°C, 
in TC5ED buffer (10 mM Tris-HCI (pH 8.0), 50% (v/v) 
glycerol, 0.1 mM EDTA, 50 mM NaC1 and 1 mM DTT). 

The activator protein PspF(HTH used in the in vitro 
transcription assays was purified and stored essentially 
as described by Casaz & Buck (1997) and Jovanovic et al. 
(1999). Purified E. coli core RNAP was purchased from 
Epicentre Technologies. 

Homo- and heteroduplex promoter DNA formation 

Either [32P]end-labelled 88-mer double-stranded 
homoduplex or non-template strand mismatched 
between —12 to —11 (early melted DNA) and —10 to —1 
(late melted DNA) heteroduplex DNA fragments 
(Figure 1(b)) consisting of the —60 to +28 S. meliloti nifH 
promoter was prepared as described by Cannon et al. 
(1999, 2000) and Gallegos & Buck (2000) and used as a 
template for gel mobility shift and FeBABE cleavage 
assays. Briefly, PAGE-purified 88-mer oligonucleotides 
were purchased (Genosys), and pairs of DNA strands 
were mixed with the unlabelled strand present at a two-
fold molar excess (10 pmol in 20 pl) over [32P]DNA, 
heated at 95 °C for three minutes in 10 mM Tris-HC1 
(pH 8.0), 10 mM MgC12, and then rapidly chilled in iced 
water for five minutes to allow duplex formation. 

FeBABE modification of E36C and R336C 
single-cysteine mutants 

E36C and R336C were conjugated with the FeBABE 
reagent (Dojindo Chemicals, Japan) and assayed for 
the conjugation yield essentially as described 
(Wigneshweraraj et al., 2000). All conjugated proteins 
were stored at —70 °C. 

DNA Cleavage of the S. meliloti nifH promoter DNA 

The 654-DNA (either homoduplex, early or late melted 
DNA) binding reactions (10 µ1) were conducted in clea-
vage buffer (40 mM Hepes (pH 8.0), 10 mM MgC12, 5 % 
(v/v) glycerol, 0.1 M KCI, and 0.1 mM EDTA) with 
20 nM DNA and 2 pM a", and incubated for ten min-
utes at 30 'C. For a"-isomerisation assays, 4 mM dGTP 
(where indicated, GTPyS) and 4 pM PspFAHTH were 
added for a further ten minutes. Closed complexes were 
formed with 100 nM holoenzymes (ratio 1:2, core RNAP 
to Fe-BABE modified am). For open complex formation, 
4 mM dGTP (where indicated GTPyS) and 4 jiM 
PspFAHTH were added and incubated for a further ten 
minutes. Following DNA-binding or activation, cleavage 
of promoter DNA carrying FeBABE modified a" pro-
teins or holoenzymes containing FeBABE modified o 
proteins was initiated by the rapid sequential addition of 
2 mM sodium ascorbate (pH 7.0) and 1 mM hydrogen 
peroxide. Reactions were allowed to proceed at 30 °C for 
ten minutes before quenching with 30 µ1 of stop buffer 
(0.1 M thiourea and 100 µg/ml sonicated salmon sperm 
DNA) and 80 µ1 of TE buffer (10 mM Tris-HC1 (pH 8.0), 
1 mM EDTA. The stopped reactions were phenol/ 
chloroform-extracted, precipitated with ethanol and elec-
trophoresed on denaturing urea-10 % polyacrylamide 
gels. The cleavage sites were determined by using end-
labelled fragments of the S. meliloti nifH promoter DNA. 

Native gel mobility shift assays 

These were performed at 30 °C in STA buffer (25 mM 
Tris-acetate (pH 8.0), 8 mM magnesium acetate, 10 mM 
KC1, 1 mM DTT and 3.5 % (w/v) PEG 8000). For a bind-
ing assays, standard 10 pl binding reactions contained 
2.5 nM DNA and 2 AM um, unless otherwise indicated, 
and were incubated for ten minutes. For holoenzyme 
binding assays, 100 nM holoenzyme (ratio 1:6, core 
RNAP a) was used. Where indicated, 2 j.tM Region I was 
added to the holoenzyme prior to addition of DNA. For 
open complex formation, 4 µM PspFAHTH and 4 mM 
dGTP were added. Where indicated, 100 µg/ml heparin 
was added for a specified time prior to gel loading. Free 
DNA was separated from a or holoenzyme-bound DNA 
on a native 4.5 % (w/v) polyacrylamide gels run in 
25 mM Tris/200 mM glycine buffer at room tempera-
ture. Quantitative data were from phosphorimager ana-
lyses of two or three independent experiments to 
enhance reliability of data. 

In vitro activator-independent transcription assays 

Supercoiled pMKC28 (Chaney & Buck, 1999) contain-
ing the S. meliloti nifH promoter was used as the 
template for the in vitro transcription assays. Activator-
independent transcription was performed essentially as 
described by Chaney & Buck (1999) using 100 nM holo-
enzyme (ratio 1:6, core RNAP o-) and 20 nM supercoiled 
pMKC28 template DNA. Reactions (10 µ1) containing 
promoter DNA, holoenzyme and 4 mM GTP (the S. meli-
loti nifH start sequence is GGG (+1 to +3) were incu-
bated for ten minutes at 30 °C in STA buffer to allow 
activator-independent open complex formation and 
initiation. The remaining rNTPs (CTP and GTP at 
0.1 mM and UTP at 0.05 mM), 1.5 jiCi of [a-32P]UTP and 
heparin (100 µg/m1) were added and incubated for a 
further ten minutes at 30°C. Reactions were stopped 
with 4 µI of formamide loading buffer and, after heating 
for five minutes at 95 °C, 7 pl of each sample was 
loaded onto a denaturing 6 % sequencing gel. The dried 
gel was analysed on a phosphorimager. Where 
indicated, 500 nM Region I was added together with the 
holoenzyme. 

Acknowledgements 
We thank Nobuyuki Fujita for help with early stages 

of this work, Wendy Cannon for oligonucleotides and 
members of the MB laboratory for comments on the 
manuscript. This work was supported by a Biotechnol-
ogy and Biological Sciences Research Council (BBSRC) 
project grant to M.B.; M.K.C. was supported by a BBSRC 
postgraduate studentship and S.R.W. from a postgradu-
ate studentship from LEA of Karlsruhe, Germany. 

References 
Barrios, H., Valderrama, B. & Morett, E. (1999). Com-

pilation and analysis of sigma(54)-dependent 
promoter sequences. Noel. Acids Res. 15, 4305-4313. 

Bown, J. A., Owens, J. T., Meares, C. F., Fujita, N., 
Ishihama, A., Busby, S. J. & Minchin, S. D. (1999). 
Organization of open complexes at Escherichia coli 
promoters. Location of promoter DNA sites close to 



700 	 Sigma 54-DNA Interactions 

region 2.5 of the sigma7 subunit of RNA polymer-
ase. J. Biol Chem. 274, 2263-2270. 

Bown, J. A., Kolb, A., Meares, C. F., Ishihama, A., 
Minchin, S. D. & Busby, S. J. (2000). Positioning of 
region 4 of the Escherichia coli RNA polymerase 
sigma(70) subunit by a transcription activator. 
J. Bacteriol. 182, 2982-2984. 

Buck, M., Gallegos, M.-T., Studholme, D. J., Guo, Y. 
& Gralla, J. D. (2000). The bacterial enhancer-
dependent am  (e) transcription factor. J. Bacteriol. 
182, 4129-4136. 

Cannon, W., Claverie-Martin, F., Austin, S. & Buck, M. 
(1994). Identification of a DNA-contacting surface in 
the transcription factor sigma-54. Mol. Microbial. 11, 
227-236. 

Cannon, W., Missailidis, S., Smith, C., Cottier, A., 
Austin, S., Moore, M. & Buck, M. (1995). Core RNA 
polymerase and promoter DNA interactions of puri-
fied domains of a': bipartite functions. J. Mol. Biol. 
248, 781-803. 

Cannon, W., Gallegos, M. T., Casaz, P. & Buck, M. 
(1999). Amino-terminal sequences of sigmaN 
(sigma54) inhibit RNA polymerase isomerization. 
Genes Dev. 13, 357-370. 

Cannon, W., Gallegos, M. T. & Buck, M. (2000). Isomeri-
sation of a binary sigma-promoter DNA complex 
by enhancer binding transcription activators. Nature 
Struct. Biol. 7, 594-601. 

Casaz, P. & Buck, M. (1997). Probing the assembly of 
transcription initiation complexes through changes 
in sigma N protease sensitivity. Proc. Natl Acad. Sci. 
USA, 94, 12145-12150. 

Casaz, P. & Buck, M. (1999). Region I modifies DNA-
binding domain conformation of sigma 54 withing 
the holoenzyme. J. Mol. Biol. 285, 507-514. 

Casaz, P., Gallegos, M. T. & Buck, M. (1999). Systematic 
analysis of (354  N-terminal sequences identifies 
regions involved in positive and negative regulation 
of transcription. J. Mol. Biol. 292, 229-239. 

Chaney, M. K. & Buck, M. (1999). The sigma 54 DNA-
binding domain includes a determinant of enhancer 
responsiveness. Mol. Microbial. 33, 1200-1209. 

Chaney, M., Pitt, M. & Buck, M. (2000). Sequences 
within the DNA-crosslinking patch of sigma54 
involved in promoter recognition, a isomerisation 
and open complex formation. J. Biol. Chem. 275, 
22104-22113. 

Gallegos, M. T. & Buck, M. (1999). Sequences in 
sigma N determining holoenzyme formation and 
properties. J. Mal. Biol. 288, 539-553. 

Gallegos, M. T. & Buck, M. (2000). Sequences in 654  
region I required for binding to early melted DNA 
and their involvement in sigma-DNA interactions. 
J. Mol. Biol. 297, 849-859. 

Gallegos, M. T., Cannon, W. & Buck, M. (1999). Func-
tions of the sigma(54) region I in trans and impli-
cations for transcription activation. J. Biol. Chem. 
274, 25285-25290. 

Guo, Y., Wang, L. & Gralla, J. D. (1999). A fork junction 
DNA-binding switch that controls promoter melting 
by the bacterial enhancer-dependent sigma factor. 
EMBO J. 18, 3736-3745. 

Guo, Y., Lew, C. M. & Gralla, J. D. (2000). Promoter 
opening by 654  and (770  RNA polymerises: a factor-
directed alterations in the mechanism and tightness 
of control. Genes Dev. 14, 2242-2255. 

Hsieh, M. & Gralla, J. D. (1994). Analysis of the N-term-
inal leucine heptad and hexad repeats of sigma 54. 
J. Mol. Biol. 239, 15-24. 

Ishihama, A. (1997). Adaptation of gene expression in 
stationary phase bacteria. Curr. Opin. Genet. Dev. 7, 
582-588. 

Ishihama, A. (2000). Molecular anatomy of RNA poly-
merase using protein-conjugated metal probes with 
nuclease and protease activities. Chern. Commun. 13, 
1091-1094. 

Jovanovic, G., Rakonjac, J. & Model, P. (1999). In vivo 
and in vitro activities of the Escherichia coli sigma54 
transcription activator, PspF, and its DNA-binding 
mutant, PspFAHTH. J. Mol. Biol. 285, 469-483. 

Kelly, M. T. & Hoover, T. R. (2000). The amino terminus 
of Salmonella enterica serovar Typhimurium 
sigma(54) is required for interactions with an 
enhancer-binding protein and binding to fork junc-
tion DNA. J. Bacteriol. 182, 513-517. 

Kelly, M. T., Ferguson, J. A. & Hoover, T. R. (2000). 
Transcription initiation-defective forms of 654  that 
differ in ability to funtion with a heteroduplex 
DNA template. J. Bacteriol. 185, 6503-6508. 

Lee, J. H. & Hoover, T. R. (1995). Protein crosslinking 
studies suggest that Rhizobium meliloti C4- dicar-
boxylic acid transport protein D, a sigma 54-depen-
dent transcriptional activator, interacts with sigma 
54 and the beta subunit of RNA polymerase. Proc. 
Natl Acad. Sci. USA, 92, 9702-9706. 

Merrick, M. & Chambers, S. (1992). The helix-turn-helix 
motif of sigma 54 is involved in recognition of the 
-13 promoter region. J. Bacterial. 174, 7221-7226. 

Miroux, B. & Walker, J. E. (1996). Over-production of 
proteins in Escherichia coli: mutant hosts that allow 
synthesis of some membrane proteins and globular 
proteins at high levels. J. Mol. Biol. 260, 289-298. 

Morett, E. & Buck, M. (1989). In vivo studies on the 
interaction of RNA polymerase-sigma 54 with the 
Klebsiella pneumoniae and Rhizobium meliloti nifH 
promoters. The role of NifA in the formation of an 
open promoter complex. J. Mol. Biol. 210, 65-77. 

Morris, L., Cannon, W., Claverie-Martin, F., Austin, S. & 
Buck, M. (1994). DNA distortion and nucleation of 
local DNA unwinding within as' (a') holoenzyme 
closed promoter complexes. J. Biol. Chem. 269, 
11563-11571. 

Murakami, K., Owens, J. T., Belyaeva, T. A., Meares, 
C. F., Busby, S. J. & Ishihama, A. (1997a). Position-
ing of two alpha subunit carboxy-terminal domains 
of RNA polymerase at promoters by two transcrip-
tion factors. Proc. Natl Acad. Sci. USA, 94, 11274-
11278. 

Murakami, K., Kimura, M., Owens, J. T., Meares, C. F. 
& Ishihama, A. (19976). The two alpha subunits of 
Escherichia coli RNA polymerase are asymmetri-
cally arranged and contact different halves of the 
DNA upstream element. Proc. Natl Acad. Sci. USA, 
94, 1709-1714. 

Oguiza, J. A. & Buck, M. (1997). DNA-binding domain 
mutants of sigma-N (sigma N, sigma54) defective 
between closed and stable open promoter complex 
formation. Mol. Microbiol. 26, 655-664. 

Oguiza, J. A., Gallegos, M. T., Chaney, M. K., Cannon, 
W. & Buck, M. (1999). Involvement of the sigmaN 
DNA-binding domain in open complex formation. 
Mol. Microbiol. 33, 873-885. 

Owens, J. T., Chmura, A. J., Murakami, K., Fujita, N., 
Ishihama, A. & Meares, C. F. (1998). Mapping the 
promoter DNA sites proximal to conserved regions 
of sigma 70 in an Escherichia coli RNA polymerase-
lacUV5 open promoter complex. Biochemistry, 37, 
7670-7675. 



Sigma 54-DNA Interactions 	 701 

Popham, D. L., Keener, J. & Kustu, S. (1991). Purification 
of the alternative sigma factor, sigma 54, from 
Salmonella typhimurium and characterization of 
sigma 54-holoenzyme. J. Biol. Chem. 266, 19510-
19518. 

Rippe, K., Guthold, M., von Hippel, P. H. & 
Bustamante, C. (1997). Transcriptional activation via 
DNA-looping: visualization of intermediates in the 
activation pathway of E. coli RNA polymerase 
sigma 54 holoenzyme by scanning force 
microscopy. J. Mol. Biol. 270, 125-138. 

Sasse-Dwight, S. & Gralla, J. D. (1988). Probing the 
Escherichia coli g1nALG upstream activation mechan-
ism in vivo. Proc. Natl Acad. Sci. LISA, 85, 8934-8938. 

Sasse-Dwight, S. & Gralla, J. D. (1990). Role of eukary-
otic-type functional domains found in the prokaryo-
tic enhancer receptor sigma 54. Cell, 62, 945-954. 

Su, W., Porter, S., Kustu, S. & Echols, H. (1990). DNA-
looping and enhancer activity: association between 
DNA-bound NtrC activator and RNA polymerase 
at the bacterial glnA promoter. Proc. Nat! Acad. Sci. 
USA, 87, 5504-5508. 

Syed, A. & Gralla, J. D. (1998). Identification of an N-
terminal region of sigma 54 required for enhancer 
responsiveness. J. Bacteriol. 180, 5619-5625. 

Wang, J. T., Syed, A., Hsieh, M. & Gralla, J. D. (1995). 
Converting Escherichia coli RNA polymerase into an 
enhancer-responsive enzyme: role of an NH2-term-
inal leucine patch in sigma 54. Science, 270, 992-994. 

Wang, J. T., Syed, A. & Gralla, J. D. (1997). Multiple 
pathways to bypass the enhancer requirement of  

sigma 54 RNA polymerase: roles for DNA and 
protein determinants. Proc. Natl Acad. Sci. USA, 94, 
9538-9543. 

Wang, L. & Gralla, J. D. (1998). Multiple in vivo roles 
for the -12-region elements of sigma 54 promoters. 
J. Bacteriol. 180, 5626-5631. 

Wang, L., Guo, Y. & Gralla, J. D. (1999). Regulation of 
sigma 54-dependent transcription by core promoter 
sequences: role of -12 region nucleotides. 
J. Bacteriol. 181, 7558-7565. 

Wedel, A. & Kustu, S. (1995). The bacterial enhancer-
binding protein NTRC is a molecular machine: ATP 
hydrolysis is coupled to transcriptional activation. 
Genes Dev. 9, 2042-2052. 

Wedel, A., Weiss, D. S., Popham, D., Droge, P. & Kustu, 
S. (1990). A bacterial enhancer functions to tether a 
transcriptional activator near a promoter. Science, 
248, 486-490. 

Wigneshweraraj, S. R., Fujita, N., Ishihama, A. & Buck, 
M. (2000). Conservation of sigma-core RNA 
polymerase proximity relationships between the 
enhancer independent and enhancer dependent 
sigma classes. EMBO 1. 19, 3038-3048. 

Wigneshweraraj, S. R., Ishihama, A. & Buck, M. (2001). 
In vitro roles of invariant helix-turn-helix motif 
residue R383 in 654  (ox). Nucl. Acids Res. In the 
press. 

Wong, C., Tintut, Y. & Gralla, J. D. (1994). The domain 
structure of sigma 54 as determined by analysis of 
a set of deletion mutants. J. Mol. Biol. 236, 81-90. 

Edited by J. Karn 

(Received 14 August 2000; received in revised form 13 December 2000; accepted 13 December 2000) 



© 2001 Oxford University Press 	 Nucleic Acids Research, 2001, Vol. 29, No. 5 1163-1174 

In vitro roles of invariant helix turn helix motif residue 
R383 in 654  (UN) 
Siva R. Wigneshweraraj, Akira Ishihama1  and Martin Buck* 

Department of Biology, Imperial College of Science, Technology and Medicine, Sir Alexander Fleming Building, 
Imperial College Road, London SW7 2AZ, UK and 'Department of Molecular Genetics, National Institute of Genetics, 
Mishima, Shizuoka 411, Japan 

Received October 24, 2000; Revised and Accepted December 13, 2000 

ABSTRACT 
In vitro DNA-binding and transcription properties of 
a54  proteins with the invariant Arg383 in the putative 
helix-turn-helix motif of the DNA-binding domain 
substituted by lysine or alanine are described. We 
show that R383 contributes to maintaining stable 
holoenzyme-promoter complexes in which limited 
DNA opening downstream of the -12 GC element has 
occurred. Unlike wild-type a54, holoenzymes assem-
bled with the R383A or R383K mutants could not form 
activator-independent, heparin-stable complexes on 
heteroduplex Sinorhizobium meliloti nifH DNA 
mismatched next to the GC. Using longer sequences 
of heteroduplex DNA, heparin-stable complexes 
formed with the R383K and, to a lesser extent, R383A 
mutant holoenzymes, but only when the activator 
and a hydrolysable nucleotide was added and the 
DNA was opened to include the -1 site. Although R383 
appears inessential for polymerase isomerisation, it 
makes a significant contribution to maintaining the 
holoenzyme in a stable complex when melting is 
initiating next to the GC element. Strikingly, Cys383-
tethered FeBABE footprinting of promoter DNA 
strongly suggests that R383 is not proximal to 
promoter DNA in the closed complex. This indicates 
that R383 is not part of the regulatory centre in the am 
holoenzyme, which includes the -12 promoter region 
elements. R383 contributes to several properties, 
including core RNA polymerase binding and to the in 
vivo stability of a54. 

INTRODUCTION 
The promoter specificity of bacterial RNA polymerases 
(RNAP) is determined by the a subunit present in the holo- 
enzyme (Ea). Two classes of a factors, 070 and G54 	 , (01,1‘) have 
been identified. In marked contrast to the am factor, a54  associates 
with core RNAP to form a holoenzyme that binds to promoter 
DNA forming a closed complex that rarely spontaneously 
isomerises to the open complex. Conversion of the a54  holo-
enzyme closed complex to a transcription-competent open  

complex is dependent upon y—P bond hydrolysis of nucleoside 
triphosphates by activator proteins that bind DNA elements 
with enhancer-like properties. Activation is mediated by direct 
activator—closed complex interactions (1-6). 

Promoter-specific DNA-binding activity of 1:554  is central to 
formation of the Ea54—promoter complex. DNA binding by a54 
appears complex and the interaction between a54  and DNA is 
modulated by core RNAP (7,8). The promoter sequence recog-
nised by Ea54  is generally characterised by the presence of GG 
and GC doublets 24 and 12 bp, respectively, upstream of the 
transcription initiation point (9). The specific DNA-binding 
determinants of a54  are located in the C-terminal Region III 
(residues 329-477 in Klebsiella pneumoniae). Included are a 
putative helix—turn—helix (HTH) motif (residues 367-386) and 
a patch (residues 329-346) that UV cross-links to DNA, each 
located C-terminal to the core RNAP-binding domain 
(residues 120-215) (10-15). 

The N-terminal Region I has important regulatory roles in 
Ea54  function, including effects on DNA binding (8,16,17). 
Region I sequences also bind to core RNAP, an interaction 
suggested to control properties of the holoenzyme important 
for activator responsiveness, but dispensable for core RNAP 
binding per se (7,10,13,18,19). The solvent accessibility of 
sequences within the DNA-binding domain of a54  is changed 
in the holoenzyme when Region I is deleted, suggesting that 
Region I contributes to physical properties of the holoenzyme, 
some of which involve sequences that are closely associated 
with the DNA-binding function of a54  (7). Holoenzymes formed 
with mutant or deleted Region I a54  function in activator-
independent transcription, in which the promoter-bound Ea54  
isomerises and produces transcripts via an unstable open 
promoter complex (17,20,21-24). Mutant or deleted Region I 
a54  proteins display changes in DNA-binding activity associated 
with recognition of the local DNA melting that occurs next to 
the consensus GC element upon closed complex formation 
(8,25,26). Proper recognition of this local DNA melting down-
stream to the GC is a hallmark for regulated transcription 
initiation by Ea54  (8,10,15,26). The GC promoter region of 
a54-dependent promoters in known to be a key DNA element 
contributing to the network of interactions that keep the 
polymerase in the closed complex and limit DNA opening 
prior to activation (8,22,27). Region I, the a54  UV cross-
linking patch and the —12 promoter region form a centre in the 
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holoenzyme that contains protein and DNA determinants for 
activator responsiveness and DNA melting (15,17,22,27,28). 

Region III residues 367-386 of am are proposed to form a 
HTH DNA-binding structure. R383 in the recognition helix is 
suggested to interact with bases in the —12 promoter element, 
in particular with the consensus G of the GC promoter doublet 
(14). Substitution of R383 with any other amino acid except 
lysine and, to a lesser extent, histidine was suggested to result 
in an inactive protein, implying that the nature of the charge on 
this residue is important for am function (14). The suppression 
of —12 promoter-down mutations in the K.pneumoniae glnAp2 
promoter by R383K in vivo is considered as evidence for a role 
for R383 in recognition of the —12 promoter region. An extension 
of these conclusions was that the promoter interaction was 
direct, based largely on the idea that the suggested bi-helical 
structure would make specific contacts to promoter DNA and 
that the apparent suppression data might not be explained by 
indirect effects (14). 

Here we have explored the functionality of purified am 
proteins altered at position 383 to determine if R383 is part of 
the regulatory centre in the o holoenzyme. Results indicate 
that R383 is not a part of the centre and that R383 may not 
establish a direct contact to DNA. Rather it seems that residue 
346 is part of the centre and is close to the GC promoter region. 
However, it is clear that R383 contributes to DNA binding and 
discrimination between bases at the G of the GC. It is also 
required for am stability in vivo. We show that R383 contributes 
to maintaining stable promoter complexes in which limited one 
base DNA opening downstream of the —12 GC element has 
occurred. Although R383 appears inessential for polymerase 
isomerisation, it appears to make a significant contribution to 
maintaining the holoenzyme in a stable complex when melting 
is initiating next to the GC element. 

MATERIALS AND METHODS 

Site-directed mutagenesis 

Plasmids pSRW-R383K and pSRW-R383A expressing 
K.pneumoniae a54  as an N-terminal His6-tagged protein with 
alanine or lysine substitution, respectively, at residue R383 
were created using the Quickchange mutagenesis kit (Stratagene) 
as previously described (18). Briefly, pET28::rpoN (pMTHaN) 
plasmid DNA (29) was used as template with a large molar 
excess of complementary mutagenic primers. Following muta-
genesis PCR, DNA was transformed into Escherichia coli 
strain XL2B and mutant clones were identified by sequencing. 
The BamHI—HindIII fragment carrying part of the C-terminal 
Region III of am and harbouring the R383 mutations was 
cloned into pMT1/306 (29). A cysteine-free a54  [pSRW-Cys(—)] 
was created by changing the native cysteines at positions 198 
and 346 by site-directed mutagenesis using pMTHaN as 
template. pSRW-Cys(—) was used to introduce a cysteine at 
position R383 to generate pSRW-R383C (18). 

Immunoblotting 

Mutant plasmids pSRW-R383K and pSRW-R383K were 
transformed into E.coli strain TH1 (ArpoN2518, endAl, thil, 
hsdR17, supE44, A/acU169), which has a deletion of chromo-
somal rpoN, and grown in Luria Broth (LB) to an OD600  of 
1.0. Cells (1 ml) were collected by centrifugation and  

resuspended in 100 1.11 of sterile H2O. Aliquots of 20 [t1 of 
concentrated cells were lysed with 20 ill of 2x SDS sample 
buffer, heated at 95°C and 10 IA used for loading. Proteins were 
separated on denaturing 7.5% SDS—PAGE mini-gels and 
blotted onto PVDF membranes (0.2 µm pore size for western 
blotting; Millipore). Anti-a54  (30) and alkaline phosphatase-
conjugated anti-rabbit IgG (Promega) antibodies were used for 
detection (20). 

Protein expression and purification 
The R383A and R383K mutant o proteins were over-
expressed in E.coli strain BL21 (pLysS). Freshly transformed 
E.coli BL21 (pLysS) cells (overnight growth) were used to 
inoculate (-100-200 c.f.u.) 1 1 of 2x YT medium and grown at 
37°C with 50 lig/mlkanamycin. The cultures were grown to an 
OD600  of between 0.5 and 0.7 and then induced with 1 mM 
IPTG at 25°C for 2 h. This temperature shift protocol increases 
the level of solubility of a54  (29) and improves stability of the 
R383A mutant, which otherwise becomes severely proteolysed 
when overproduced at higher temperatures. The cells were 
collected by centrifugation and resuspended in cold 25 mM 
sodium phosphate (pH 7.0), 0.5 M NaC1, 5% (v/v) glycerol and 
1 mM PMSF and lysed in a French press. The lysate was centri-
fuged at 20 000 g for 30 min and >50% of R383K and —25% of 
R383A were found in the soluble fraction. The N-terminal His-
tagged mutant proteins were partially purified by Ni affinity 
chromatography using FPLC and eluted with an imidazole 
gradient (29). Since R383K and, to a larger extent, R383A co-
purified with a truncated form (implying proteolysis of R383K 
and R383A in the C-terminal domain), peak fractions from the 
Ni affinity column were dialysed into TGED buffer (10 mM 
Tris—HC1, pH 8.0, 50 mM NaCl, 0.1 mM EDTA, 1 mM DTT 
and 5% v/v glycerol) overnight at 4°C for further purification. 
The truncated fragments in the two protein preparations were 
removed by heparin and finally Mono Q chromatography 
essentially as previously described (13). Elution was achieved 
with a NaCl gradient in both cases. Peak fractions from the 
Mono Q chromatography were pooled and dialysed against 
TGED buffer and stored at —70 (long-term storage) or —20°C 
(short-term storage). Cys383 protein was overexpressed and 
purified as previously described (18) using a Ni affinity 
column. 

The activator proteins E.coli PspFAHTH and K.pneumoniae 
NtrC were overexpressed and purified as His6-tagged fusion 
proteins from pMJ15 (31) and pDW78 (provided by David 
Widdick and Ray Dixon). PspFAHTH was stored at —70°C in 
TGED buffer with 50% (v/v) glycerol and NtrC in TGED 
buffer with 10% glycerol (50 mM Tris—HC1, pH 8.0, 300 mM 
NaCl, 20 mM imidazole and 10% v/v glycerol). Escherichia 
coli core RNAP was purchased from Epicentre Technologies. 

Assay for free sulfhydryl groups (CPM test) 
A modified version of the method of Parvari et al. (32) was 
used. Briefly, P-mercaptoethanol standard solutions were 
prepared in MOPS buffer (10 mM MOPS pH 8.0, 0.1 mM 
EDTA and 50 mM NaC1) at concentrations of 100, 50, 20, 10, 
5, 1, 0.5 and 0.1 µM. Cys383 was exchanged into MOPS 
buffer by dialysis at 4°C and protein concentration was deter-
mined by Bradford assay. A 15 ill aliquot of 0.4 mM 7-diethyl-
amino-3-[4'-maleimidylphenyl)-4-methylcoumarin (CPM) in 
dimethylformamide was added to 15 Ill of each standard and 
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Table 1. Escherichia coli glnHp2 and S.meliloti nifH promoter sequences. 

Promoter Plasmid Sequence Reference 

—28 	 —13 	 +1 

E.coli glnHp2 pFC50 ACTGGCACGATTTTTTCATATATGTGAATGT 34 

pFC50-m12 ACTGGCACGATTTTTGCATATATGTGAATGT 34 

pFC50-m33 ACTGGCACGAT1T1TCCATATATGTGAATGT 34 

pFC50-m11 ACTGGCACGA11-1-1TACATATATGTGAATGT 34 

—29 	 —14 	 +1 

S.meliloti nifH pMKC28 GCTGGCACGAC111 1GCACGATCAGCCCTGGG 36 

—28 	 —13 	 +1 

K.pneumoniae glnAp2 GTTGGCACAGATTTCGCTTTATATTTTTTAA 

The E.coli glnHp2 (shown from —28 to +3) and S.meliloti nifH (shown from —29 to +3) promoter sequences used for the in vitro transcription assays. 
The —13GC (for the glnHp2 promoters) and —14GC (for the nifH promoter) promoter elements are underlined and the consensus G is shown in bold. 
The K.pneumoniae glnAp2 promoter sequence (from —28 to +3) is also given for comparison. 

each protein sample. After I h incubation at 37°C the reaction 
was stopped by adding 3 ml of 1% (v/v) Triton X-100. The 
intensity of fluorescence emission was measured on 1 ml 
samples, using a Perkin-Elmer 2000 fluorescence spectro-
photometer. The excitation wavelength was 390 nm and the 
emission wavelength was 473 nm. 

Core RNAP binding assays 

These were performed essentially as previously described as 
10 pi reactions in Tris—NaC1 buffer (40 mM Tris—HC1 pH 8.0, 
10% v/v glycerol, 0.1 mM EDTA, 1 mM DTT and 100 mM 
NaCl) (29). Briefly, E.coli core RNAP (250 nM) and different 
amounts of mutant 654  proteins were mixed together and 
incubated at 30°C for 10 min, followed by addition of glycerol—
bromophenol blue loading dye. Aliquots of 10 µI of the 
samples were loaded onto Bio-Rad native 4.5% polyacrylamide 
Mini-Protean II gels and run at 50 V for 2 h at room temperature 
in Tris—glycine buffer (25 mM Tris and 200 mM glycine). 
Complexes were visualised by Coomassie blue staining of the 
gels. 

Gel mobility shift assays 

32P-end-labelled, fully complementary 88 bp homoduplex or 
heteroduplex fragments mismatched at positions —12, —12 to —11, 
—12 to —6, —12 to —1, —5 to —10 and —10 to —1 (heteroduplexes 
1-6, respectively, consisting of the —60 to +28 S.meliloti nifH 
promoter sequence; Table 2) were formed as described (15) 
and used as probes. Escherichia coli glnHp2 promoter 
fragments were obtained by PCR using pFC50 (33) and 
pFC50-m12 as templates with primers FC5 and FC6 (34). The 
promoter fragments were gel purified and end-labelled with 
32P. A typical a54  or Ea54  (formed with a54  at a 2-fold molar 
excess over core RNAP) binding assay contained 16 nM DNA 
and a54  or Ea54  (concentrations as indicated in figures or corre-
sponding legends) in STA buffer (25 mM Tris—acetate pH 8.0, 
8 mM magnesium acetate, 10 mM KC1, 1 mM DTT and 3.5% 
w/v PEG 6000) and incubated for 10 min at 30°C. For activation, 
4 µM PspFAHTH activator protein and 4 mM dGTP were 
used. Briefly, core RNAP, a54  and DNA were pre-incubated at 
30°C for 10 min and then nucleotide and activator were added 
for 10 mM and, if required, heparin (final concentration  

100 µg/m1) for a further 5 mM prior to gel loading. Samples 
were then loaded onto native 4.5% polyacrylamide gels and 
run at 60 V for 80 min (for the E.coli glnHp2 promoter frag-
ments 60 V for 150 mM) at room temperature in Tris—glycine 
buffer. DNA—protein complexes were detected and quantified 
by phosphorimager analysis. 

In vitro transcription assays 

The template for transcription assays was either the supercoiled 
plasmid pMKC28 carrying the S.meliloti nifH promoter in 
p11,103 (35,36) or pFC50 containing the E.coli glnHp2 promoter 
and its mutant derivatives (33) harbouring —13 GC element muta-
tions (Table 1): —13T-->G (pFC50-m12), —13T-->C (pFC50-m33) 
and —13T--A (pFC50-m11) (the nucleotide numbering system 
used here is based on E.coli glnHp2 and differs from that used 
for S.meliloti nifH due to minor variations in the location of the 
transcription start site; Table 1). The transcription assays were 
performed in STA buffer as previously outlined (35), except 
that 30 nM Ea54  (30 nM core RNAP:120 nM a54) and 10 nM 
DNA was used. For activation, 4 µM PspFAHTH or 100 nM 
NtrC were added with 4 mM ATP (plus 10 mM carbamyl 
phosphate, used for NtrC phosphorylation). The reactions were 
incubated for 20 mM to allow open complexes to form. The 
remaining rNTPs (100 nM), 3 µCi [a-3211UTP and heparin 
(100 µg/m1) were added and incubated for a further 20 mM at 
30°C. The reactions were stopped with 4 µI of formamide 
loading buffer and 7 IA aliquots were loaded on 6% denaturing 
sequencing gels. The dried gel was analysed on a phosphor-
imager. 

DNA cleavage of the S.meliloti nifH promoter DNA 

DNA cleavage was conducted essentially as previously 
described (28). Briefly, closed complexes were formed with 
100 nM holoenzyme (ratio 1:2, core RNAP to FeBABE-
modified a54) and incubated at 30°C for 10 min. Cleavage was 
initiated by rapid sequential addition of 2 mM sodium ascor-
bate (pH 7.0) and 1 mM hydrogen peroxide. Reactions were 
allowed to proceed at 30°C for 10 min before quenching with 
30 µ1 of stop buffer (0.1 M thiourea and 100 µg/ml sonicated 
salmon sperm DNA) and 80 pl of TE buffer (10 mM Tris—HC1 
pH 8.0, and 1 mM EDTA pH 8.0). The stopped reactions were 
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Figure 1. Overexpression and in vivo stability of R383K and R383A mutant n54  
proteins. (A) Uninduced whole cell extracts from E.coli BL21 pLysS carrying 
pSRW-R383A (lane 1) and pSRW-R383K (lane 3). The arrow indicates expression 
of R383A (lane 2) and R383K (lane 4) in whole cell extracts after 2 h induction. 
The arrow with asterisk indicates the proteolysed R383A protein (lane 2). The 
marker (lane M) is BroadRange SDS-7L (Sigma). (B) Whole cell extracts from 
E.coli strain THI carrying pMTHe (lane 1), pET281)' (lane 2), pSRW-R383A 
(lane 3) or pSRW-R383K (lane 4) were probed with anti-a54  antibodies. The 
arrow indicates a54. The prestained marker M (lane M) is from BioRad (broad 
range) and lane S contains a partially purified sample of a54. 

phenol/chloroform extracted, precipitated with ethanol and 
electrophoresed on 10% denaturing urea—polyacrylamide gels. 
The cleavage sites were determined using end-labelled 
fragments of the S.meliloti nifH promoter DNA. 

RESULTS 

Expression and stability of the R383K and R383A a54  
mutant proteins 

We constructed the a54  mutants R383K and R383A to explore 
their activities in vitro. Denaturing gel analysis of whole cell 
extracts from induced E.coli BL21 (pLysS) cultures revealed 
proteolysis of the overexpressed R383A protein (Fig. 1A, 
lane 2). In contrast, the R383K protein, harbouring the more 
conservative substitution, appeared to be more stable and 
migrated mainly as a single band, as did the wild-type protein 
during denaturing gel electrophoresis (Fig. 1A, lane 4). Over-
expression of the R383A protein in different E.coli back-
grounds and altering overexpression conditions (time and 
temperature) did not improve the stability of the R383A protein 
(data not shown). Since the truncated R383A co-purified with 
full-length R383A protein during Ni affinity chromatography, 
R383A appears to be proteolysed in its C-terminal domain. 
These observations indicate that R383 is structurally important, 
not readily predicted from the suggestion that R383 is solvent 
exposed (14). We therefore constructed the R383C mutant 
protein in a cysteine-free c754  background to measure solvent 
accessibility (18). The CPM reactivity of R383C in its native 
state showed that R383C is indeed solvent accessible. Further-
more, the R383C protein was more stable upon overexpression 
and more active in transcription in vitro than were R383A and 
R383K (18; data not shown). We therefore infer that R383 has 
a structural role related to the bulk of the side chain and that 
383 is a surface accessible residue. 

Previous in vivo studies led to the conclusion that R383A is 
unable to initiate transcription from the E.coli glnAp2 
promoter (14). The instability of R383A we observed (Fig. 1A) 
suggested that the apparant inactivity of the R383A protein 
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Figure 2. Binding of 654  to E.coli core RNAP. Native gel holoenzyme assembly 
assays were used to detect complexes forming between core RNAP and R383K 
and R383A, respectively. The formation of holoenzyme (En54) was detected as 
the presence of a faster migrating species when compared with core (E, lane 1) 
alone. Titrations of core RNAP with 654  were carried out using 250 nM core 
RNAP and increasing concentrations of o at ratios of 1:1 (lanes 2, 5 and 10), 
1:2 (lanes 3, 6 and 11), 1:4 (lanes 4, 7 and 12) and 1:8 (lanes 8 and 13). Wild-
type n54  shifted nearly all the core into the holoenzyme form at a 1:1 molar ratio 
of core to 054  (lane 2); in contrast, R383K shifted all the core to the holoenzyme 
form at a ratio of 1:2 (lane 6) and R383A at 1:4 (lane 12). Free 054  (2.5 JIM) 
proteins arc also shown: lane 14, wild-type; lane 15, R383K; lane 16, R383A. 

could be due to proteolytic cleavage in vivo rather than solely a 
functional defect caused by the mutation. We therefore 
conducted in vivo promoter activation assays (f3-galactosidase 
promoter fusion assays) and western blots with the R383A 
protein. Leaky expression of rpoN in pET28b+ allows use of 
the overexpression plasmid in these assays (20). Consistent 
with the previous in vivo results (14), the R383A mutant did 
not support activation in vivo (data not shown). Analysis of 
whole cell extracts containing pSRW-R383A prepared from 
E.coli TH1 cells under activating conditions with anti-a54  
polyclonal antibodies failed to detect full-length R383A cr54  
protein (Fig. 1B, lane 3); wild-type and R383K proteins were 
detected (Fig. 1B, lanes 1 and 4). It appears that the activity of 
R383A may not be easily judged by in vivo activity assays. We 
therefore conducted a series of in vitro assays to explore the 
activity of the R383A and R383K mutants. 

Interaction of R383K and R383A with the E.coli core RNAP 

Native gel holoenzyme assembly assays were used to detect 
complexes forming between core RNAP and 054  based on the 
different mobilities of core versus holoenzyme. Results 
showed that R383K has a slightly reduced affinity for core 
RNAP (Fig. 2). In contrast, R383A had a significantly reduced 
affinity and, compared to wild-type (754, forms a holoenzyme 
with an increased mobility on native gels. The R383A protein 
did not produce a characteristic 054  band but was diffuse and 
slower running (Fig. 2, lane 16), in contrast to the R383K and 
wild-type proteins (Fig. 2, lanes 14 and 15). Previously we 
showed, using Cys383-tethered FeBABE footprinting 
methods, that R383 is not proximal to the core subunits 3  and 
13' (18). We conclude that changing the invariant R383 to A 
results in a conformational change that may not be localised 
and which results in significant changes in core RNAP binding 
and in formation of holoenzyme with a different conformation. 
These observations further support a structural role for R383. 
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Figure 3. Interactions of R383K and R383A with E.coli glnHp2 and S.meliloti 
nifH promoter fragments. Gel mobility shift assays were used to detect the 
binding activities of the o mutants and their holoenzymes to E.coli glnHp2 
promoter fragments. Binding of (A) wild-type 654  (closed circles), R383K 
(closed squares) and R383A (closed diamonds) and (B) their holoenzymes to 
Hp2-13T (closed symbols) and Hp2-13T—>G (open symbols). Binding of (C) 
wild-type 654  (open circles), R383K (open squares) and R383A (open 
diamonds) and (D) their holoenzymes [as in (C), but with closed symbols] to 
the S.meliloti nifH promoter fragment. 

DNA-binding activities of the R383K and R383A mutant 
654  proteins and their holoenzymes 

The R383K mutant was suggested to show an altered DNA-
binding preference for the promoter GC element (14). Using a 
gel mobility shift assay we compared the DNA-binding activities 
of the R383A, R383K and wild-type G54  proteins and their 
holoenzymes for E.coli glnHp2 (termed Hp2-13T) and a 
mutant derivative with a T—>G substitution at position —13 
(termed Hp2-13TG) (Fig. 3A and B, respectively). The glnHp2 
promoter is very close in sequence to the K.pneumoniae glnAp2 
promoter used in previous in vivo work with R383 mutants (14; 
Table 1). Previous in vivo and in vitro studies have shown that 
the glnHp2 promoter with a G at —13 is a better substrate for 
654  holoenzyme function than one with a T at —13 (33). 
Binding of 654  confirmed the promoter with a G at position —13 
(Hp2-13T-->G) as the preferred template, to which 654 had 7-fold 
increased binding (at 250 nM) compared to the Hp2-13T 
promoter. The R383K mutant bound both promoter sequences 
similarly, but had a 7- to 8-fold reduced overall binding (at 
1 i.tM) to the Hp2-13T and Hp2-13TG templates compared 
to wild-type 654  (Fig. 3A). This observation, together with the 
inability of R383A to detectably bind either promoter probe 
even at higher protein concentrations (1.5 and 21..tM; Fig. 3A) 
establishes that R383 is important for DNA binding by G54. 

By comparing the binding activities of the wild-type, R383A 
and R383K holoenzymes for the two promoter probes we 
determined that the wild-type holoenzyme (at 100 nM) had a 4-
to 5-fold higher binding to the Hp2-13T-->G than the Hp2-13T 
promoter sequence (Fig. 3B). The biphasic nature of the graph 
in Figure 3B (wild-type holoenzyme binding to Hp2-13T-->G) 
probably reflects the complex binding mode of 654  

holoenzyme to DNA. Like R383K am, the R383K holoenzyme 
showed a similar binding preference to both promoter probes, 
being unable to distinguish between them (Fig. 3B). Clearly, 
654—core RNAP interactions are significant in determining 
promoter binding (compare Fig. 3A ang B) and it seems that 
am dominates the promoter binding preference. Any binding 
preferences of the R383A holoenzyme for Hp2-13T and Hp2-
13T—>G could not be determined due to low binding of the 
R383A holoenzyme to both probes (data not shown). Overall, 
our data show that R383K and its holoenzyme bind the Hp2-
13TG and Hp2-13T templates equally. In contrast, wild-type 
654 and its holoenzyme bind to the Hp2-13TG probe better 
than to the Hp2-13T probe. R383 is significant for DNA 
binding by 654  and is needed for preferential binding to —13G 
rather than the —13T probe. 

To further explore the DNA-binding properties of the mutant 
654  proteins and their holoenzymes we compared the binding 
activities of R383K and R383A to S.meliloti nifH promoter 
DNA, a higher affinity binding site used for many 651  activity 
measurements (see below). As shown (Fig. 3C), R383K bound 
less S.meliloti nifH probe (3-fold reduced) compared to wild-
type et. In contrast, the R383A mutant appeared defective for 
DNA binding. Next, holoenzyme binding to the S.meliloti nifH 
promoter was assayed using saturating ratios of 6 to core 
RNAP. The wild-type holoenzyme shifted 70% of the 
S.meliloti nifH promoter probe DNA at 150 nM, whereas 
mutant holoenzymes shifted 60 (R383K) and 45% (R383A) of the 
probe (Fig. 3D). This observation contrasts with the behaviour of 
the R383A holoenzyme on Hp2-13TG and suggests that 
sequences in the S.meliloti nifH promoter rescue promoter 
binding by R383A holoenzyme. 

In vitro transcription activity of the R383K and R383A 
holoenzymes 

To begin to examine the consequences of altered DNA binding 
by R383K and R383A upon later steps in activation, we next 
examined the ability of the R383K and R383A holoenzymes to 
support transcription in vitro from supercoiled plasmid pFC50, 
which contains the wild-type E.coli glnHp2 promoter or GC 
promoter region mutant derivatives of this promoter (Table 1). 
Changing —13T to a C (pFC50-m33) or A (pFC50-m11) results 
in a strong promoter-down phenotype or a largely inactive 
mutant promoter, respectively (33). 

Initially, the response of wild-type and mutant holoenzymes 
to saturating concentrations of the E.coli activator protein 
PspFAHTH, which functions in solution, was tested. The ability of 
the holoenzymes to promote transcription at glnHp2-13T, 
glnHp2-13T—>G and glnHp2-13T—>C was expressed as a 
percentage of wild-type holoenzyme activity at the glnHp2-
13T—>G promoter (Fig. 4A). Assays were conducted with sub-
saturating amounts of holoenzyme to allow quantitative 
detection of holoenzyme activities (see Materials and 
Methods). Experiments were performed at least six times to 
enhance reliability. The standard error range for the data 
shown in Figure 4A and B was ±4%. The results clearly show 
that the R383A holoenzyme is active and able to support 
transcription in vitro (40-50% of wild-type activity on the 
glnHp2-13TG promoter; Fig. 4A). Transcription by R383A 
is apparently greater than promoter DNA binding by the 
holoenzyme (Fig. 3B). Formation of stable open complexes 
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Figure 4. In vitro activator-dependent transcription assays on E.coli glnHp2 
wild-type and mutant promoter sequences. The sequences of the promoters used 
for transcription are as shown in Table 1. (A) PspFAHTH-activated transcription 
and (B) NtrC-activated transcription on glnHp2-13T—)G (pFC50-m12) (black 
bars), glnHp2-13T (pFC50) (grey bars) and glnHp2-13T—oC (pFC50-m33) (white 
bars). The transcription activities are expressed as a percentage of wild-type 
activity at the glnHp2-13T—)G (pFC50-m12) promoter. 

that do not rapidly decay to heparin-sensitive closed 
complexes could explain this. 

The R383K holoenzyme was 20 ± 4% less efficient in tran-
scription than the wild-type holoenzyme at all the promoters 
tested (Fig. 4A). This result differs from the in vivo assays on 
K.pneumoniae glnAp2 (Table 1), which showed that the 
R383K holoenzyme transcribed better from —13T or —13T--C 
promoters than did wild-type 654  (14). To explore the potential 
for suppression in vitro we varied the assay conditions. We 
failed to see any significant R383K-specific suppression at the 
promoter-down mutant (glnHp2-13T and gInHp2-13T—)C) 
sequences in the presence of nucleotides that facilitate formation 
of initiated complexes prior to heparin challenge, at higher 
temperatures (37 instead of 30°C) used to stimulate transient 
DNA melting, at different (10-8000 nM) PspFAHTH concen-
trations or with varying incubation times (5, 10, 20 and 30 min) 
before and after addition of heparin (data not shown). 

The possibility that the suppression of promoter-down 
K.pneumoniae glnAp2 mutants by R383K seen in vivo could be 
either activator-specific or require an enhancer-bound 
activator was considered. We used NtrC instead of PspFAHTH 

+ PspFAHTH 	 - PspFAHTH 

1 	2 	3 	4 	5 	6 

Figure 5. In vitro activator-independent transcription assays on the E.coli 
gInHp2-13TG (pFC50-m12) promoter. Activator-dependent (lanes 1-3) and 
activator-independent 'bypass' transcription (lanes 5-7) for wild-type um, 
R383K and R383A, respectively, are shown. The R336A mutant G54 (35) was 
used as the positive control in both cases (lane 4 for activator-dependent and 
lane 8 for activator-independent reactions). 

and examined in vitro transcription activity of the wild-type 
and mutant holoenzymes at the glnHp2 promoters. The results 
showed that when activated by NtrC, the R383K holoenzyme 
transcribed from the glnHp2-13T and glnHp2-13T-->G 
promoters at levels consistent with our observation using 
glnHp2-13T-G and PspFAHTH (compare Fig. 4A and B). In 
contrast to the PspFAHTH results, a much lower activity of 
R383A holoenzyme at the glnHp2-13TG or no detectable 
activity at the glnHp2-13T and glnHp2-13T--C promoters, 
even at higher holoenzyme and NtrC concentrations (data not 
shown), was evident. This could be linked to an altered holo-
enzyme conformation (Fig. 2) and reduced DNA binding by 
the R383A holoenzyme (Fig. 3B). 

In conclusion, our in vitro transcription results do not show 
the suppression of promoter-down phenotypes of the E.coli 
glnHp2 promoter by R383K holoenzyme reported for in vivo 
K.pneumoniae glnAp2 promoter assays (14). The in vitro 
activities of the R383K and R383A holoenzymes argue that 
R383, at least in vitro, is not absolutely required for productive 
transcription initiation by E654. It seems that R383 is not 
needed to allow preferential initiation of transcription in which 
the —13 base is G rather than T (Fig. 4). 

Activator-independent transcription activity of the R383K 
and R383A holoenzymes 

Maintaining the transcriptionally silent state of E654  in closed 
complexes depends upon the interaction of 654  with locally 
distorted promoter DNA downstream of the consensus —12 GC 
promoter element (10,26,27). 654  proteins defective in recogni-
tion of the —12 GC promoter element proximal DNA distortion 
are capable of increased activator-independent transcription 
in vitro, so called bypass transcription (8,20,25). We used the 
in vitro bypass assay to see whether holoenzymes formed with 
R383K and R383A were active in unregulated transcription 
from the glnHp2-13TG promoter. We used R336A mutant 
654  as a positive control for the bypass transcription assay (35) 
and PspFAHTH for activator-dependent transcript formation. 
As shown, no bypass transcription was observed with R383K 
or R383A (Fig. 5). Additional assays from glnHp2-13 variants 
(33) or pMKC28 carrying the S.meliloti nifH promoter (33) 
failed to give unregulated transcription with the R383 mutants 
(data not shown). The failure to detect bypass transcription 
with R383K and R383A suggests tight binding of these mutant 
654  proteins to the early melted DNA formed in closed 
complexes, as seen in heteroduplex DNA-binding assays 
(25,27). Bypass transcription correlates with strong defects in 
the binding of 654  to early melted DNA, a defect that is only 
weakly evident with the R383 mutants (see below). Thus we 
infer that the R383A and R383K mutants appear functionally 
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Table 2. The S.meliloti nifH and E.coli glnHp2 DNA fragments used for the gel mobility shift assays 

Heteroduplex Sequence 

1 
2 
3 
4 
5 
6 

7 

-12 
-12 to -11 
-12 to -6 
-12 to -1 
-10 to -1 
-5 to -1 

wild-type 

-60....GCTGGCACGACTTTTGCC 
-60....GCTGGCACGACTTTTGCCA 
-60....GCTGGCACGACTTTTGCCATCG 
-60....GCTGGCACGACTTTTGCCATCGACTAAAG 
-60....GCTGGCACGACTTTTGCACTCGACTAAAG 
-60....GCTGGCACGACTTTTGCACGATC 

-60....GCTGGCACGACTTTTGCACGATCAGCCCTGGG....+28 

CGATCAGCCCTGGG....+28 
GATCAGCCCTGGG....+28 

AC CCCTGGG....+28 
GGG....+28 
GGG....+28 

• TA AAG GGG....+28 

glnHp2-13T-->G(-12) -60....ACTGGCACGATTTTTG1TATATGTGAATGT....+28 

The S.meliloti nifH and E.coli glnHp2-13T-+G (-12) heteroduplex promoter DNA fragments (from —60 to +28) used for the gel 
mobility shift assays. Shown are sequences from —26 to +3, where the 654  consensus promoter sequences are in bold and mutant 
sequences introduced in the top strand to create the mismatch are boxed in black (16,27). 

intact in the generation and maintenance of locally melted —12 
proximal promoter structures associated with the closed 
complex (8,25). Further, chemical footprinting with copper o-
phenanthroline of closed complexes formed with R383 mutant 
holoenzymes revealed a local distortion of promoter DNA 3' 
adjacent to the GC element, as seen with the wild-type holo-
enzyme but not in bypass mutants (26,35; data not shown). 
Overall, R383 is neither directly nor indirectly associated with 
inhibition of unregulated bypass transcription in vitro. By 
inference, R383 does not closely interact with the elements of 
the —12 promoter region that are involved in maintaining the 
stable conformation of the closed complex and in limiting 
DNA opening prior to activation. 

Interaction of R383K and R383A mutant proteins and 
their holoenzymes with heteroduplex S.meliloti nifH 
promoter DNA probes 
In the course of the in vitro transcription experiments we 
observed that the R383K and R383A holoenzymes were essentially 
inactive for transcription at the S.meliloti nifH promoter even 
though promoter binding was sufficiently efficient to expect 
transcripts (Fig. 3D and data not shown, respectively). The 
transcriptional inactivity of the mutant proteins at the nifH 
promoter but not at the glnHp2-13T—>G promoter with essentially 
the same —12 region sequences (Table 1) prompted us to 
further explore the properties of the R383K and R383A mutant 
proteins. Sinorhizobium meliloti nifH (from —11 to —1) is rich 
in G and C residues, whereas E.coli glnHp2, like the 
K.pneumoniae glnAp2 promoter used in the in vivo assays, is 
AT-rich in this region, which is melted in open complexes 
(Table 1). This led us to consider that the R383K and R383A 
mutant holoenzymes might be defective in some aspect of 
DNA melting or single-stranded DNA binding at the S.meliloti 
nifH promoter. We used heteroduplex DNA that mimics the 
DNA at different stages of open complex formation to test this 
idea (Table 2). In marked contrast to the failure to transcribe  

from the S.meliloti nifH promoter (data not shown), both the 
R383K and R383A mutant holoenzymes gave heparin-stable, 
activator- and nucleotide hydrolysis-dependent complexes on 
promoters with a region of heteroduplex from —10 to —1 
(Table 2, heteroduplex 5) (Fig. 6A). On this DNA structure the 
mismatched region includes the non-conserved sequence from 
—10 to —1 that interacts with 654  within the closed complex (13) 
or with 654  holoenzyme in the open promoter complex (37-39). 
The ability of the wild-type, R383K and R383A holoenzymes 
to form activator- and nucleotide hydrolysis-dependent, 
heparin-stable complexes when bound to promoter DNA 
where the sequence from —10 to —1 is heteroduplex (Table 2, 
heteroduplex 5) argues that the R383K and R383A holo-
enzymes are not per se defective in polymerase isomerisation 
at the nifH promoter. Also, pre-opening from —10 to —1 appears 
to allow a range of activities with R383K and R383A similar to 
that seen with the glnHp2 promoters in transcription assays. As 
expected from the in vitro activator-dependent transcription 
results, the wild-type holoenzyme, like the R383K and R383A 
holoenzymes, does not form heparin-stable, activator- and 
nucleotide hydrolysis-independent complexes on heteroduplex 
5 (16; data not shown). 

Heteroduplex with early melted sequences. Next we examined 
whether the R383A and R383K mutants were defective in 
interacting with DNA structures representing the early stages of 
DNA melting. We used heteroduplex promoter DNA fragments 
unpaired at —12 (Table 2, heteroduplex 1) and at —12/-11 
(Table 2, heteroduplex 2) to mimic the structure believed to be 
involved in initial DNA opening (25,27). These hetero-
duplexes allow the wild-type holoenzyme to form complexes 
that survive a heparin challenge independently of activator and 
nucleotide hydrolysis (25). As shown (Fig. 6B), we were 
unable to form heparin-stable complexes with the R383K and 
R383A holoenzymes on either of the heteroduplexes, even 
under activating conditions. This defect correlates with the 
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Figure 6. Binding of R383K and R383A to homo- and heteroduplex promoter DNA probes. (A) Activator- and nucleotide-dependent, heparin-resistant open 
complex formation on the S.meliloti nifH heteroduplex —10 to —1 (heteroduplex 5, Table 2) by wild-type o54  (lane 1), R383K (lane 2) and R383A (lane 3) holoenzymes 
(100 nM). Black arrows indicate the position of the E654—DNA complex; white arrows the position of core RNAP complex. Reactions without (lanes 1-3) and with 
(lanes 4-6) heparin (100 mini]) challenge for 5 min prior to loading are shown. (B) Activator-dependent, heparin-resistant E054—DNA complex formation on 
heteroduplexes (heteroduplexes 1-6, Table 2). Percent DNA shifted with the wild-type o54  (black bars), R383K (grey bars) and R383A (white bars) holoenzymes 
are shown. (C) Stability of wild-type and mutant En54—DNA complexes on S.meliloti nifH heteroduplex —12 to —1 (heteroduplex 4) under non-activating and activating 
conditions in the presence and absence of heparin (100µg/m1), respectively (lanes as indicated on figure). The slower running band in the lanes containing Eo54  is 
a heparin-unstable complex of E654  with DNA (15,35,40). (D) DNA-binding activities of R383K (grey bars) and R383A (white bars) to homo- and heteroduplex 
DNA (see Table 2) expressed as a fraction of wild-type 654  (black bars) binding. (E) As (D) but for holoenzymes. (F) Activator- and nucleotide hydrolysis-independent, 
heparin-stable E654—DNA complex formation on E.coli gInHp2-13T—>G(-12) (see Table 2). Reactions without (lanes 1-3) and with (lanes 4-6) heparin challenge 
are shown. Lanes 1 and 4, wild-type 654; lanes 2 and 5, R383K; lanes 3 and 6, R383A. 

inability of the R383 mutants to transcribe from the nifH 
promoter. However, when using heteroduplex promoter DNA 
where the sequences from —12 to —6 (Table 2, heteroduplex 3) 
and —12 to —1 (Table 2, heteroduplex 4) were unpaired, the 
R383K and R383A holoenzymes survived the heparin 
challenge, but only with activator and nucleotide hydrolysis  

(compare Fig. 6B and C). In contrast, the wild-type holo-
enzyme formed heparin-stable complexes on heteroduplex 4 in 
the absence of activator and nucleotide, as predicted from the 
results with heteroduplexes 1 and 2, opened at —12 (Table 2, 
heteroduplex 1) and from —12 to —11 (Table 2, heteroduplex 2) 
(16,25,27,40). Although non-native structures near —12 have 
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the property of allowing the wild-type holoenzyme to form 
heparin-stable complexes independently of activation, the 
R383K and R383A holoenzymes formed heparin-stable and 
activator- and nucleotide hydrolysis-dependent complexes 
with promoter probes containing -12 proximal melts (Table 2, 
heteroduplexes 1 and 2) only when these heteroduplexes 
included further regions of heteroduplex proximal to the start 
site (Table 2, heteroduplexes 3 and 4). These results show that 
R383 specifies an interaction in the closed complex associated 
with stable complex formation by the holoenzyme when the -12 
proximal sequences are melted. Other interactions required to 
acquire heparin-stable complex formation involving late 
melted sequences appear intact in the R383K and R383A 
mutants. 

DNA-binding activities on heteroduplexes. Next, we measured 
the DNA-binding activities of the mutant proteins (Fig. 6D) 
and their holoenzymes (Fig. 6E) on S.meliloti nifH hetero-
duplex DNA with -12 promoter element proximal melts 
(Table 2, heteroduplexes 1 and 2), start site proximal melts 
(Table 2, heteroduplexes 3 and 4) and on heteroduplexes with 
mismatches between -10 and -1 (Table 2, heteroduplex 5) and 
-5 to -1 (Table 2, heteroduplex 6). Results are shown relative 
to binding of wild-type 654  and its holoenzyme to S.meliloti 
nifH homoduplex DNA. It is evident that R383K and, 
especially, its holoenzyme bound more (2- to 3-fold) of the 
heteroduplex DNA probes which contain start site proximal 
melts, whilst wild-type 654  and its holoenzyme prefer hetero-
duplex DNA with -12 proximal melts. Since certain Region I 
mutants of 654  have defects in binding to early melted DNA 
structures (8,25,27), the DNA-binding properties of R383 
mutants (Fig. 6) may reflect indirect effects upon the function 
of Region I (28). 

The results (Fig. 6) clearly imply a role for R383 in inter-
actions within the closed complexes in which limited DNA 
opening next to the -12 element has occurred. To further 
explore this idea we used the E.coli glnHp2-13T-4G promoter 
mismatched at position -11 (i.e. glnHp2-13T—>G equivalent to 
heteroduplex 1; Table 2). R383K had 80% of wild-type tran-
scription activity on this promoter in vitro. As shown (Fig. 6F), 
whilst the wild-type holoenzyme was able to form activator-
and nucleotide hydrolysis-independent, heparin-stable 
complexes on the glnHp2 heteroduplex, the R383K holo-
enzyme did not. Activation enabled the R383K and, to a lesser 
extent, R383A holoenzymes to form some heparin-stable 
complexes (<10% DNA shifted) on this heteroduplex (data not 
shown). The ease of opening of the glnHp2 AT-rich sequence 
(from -11 to -1) may explain why the activator allows acquisition 
of heparin stability, and also why a longer segment of hetero-
duplex is needed at nifH. Therefore, binding assays with two 
different a54-dependent promoters are consistent with the view 
that R383 has a role in interactions within the initial closed 
complexes in which limited DNA opening next to the -12 
element has occurred. Unless DNA opening occurs easily, the 
defects associated with R383 dominate and few open 
complexes form. 

Proximity of residue 383 to promoter DNA 
To examine the physical proximity of R383 to promoter DNA 
we constructed a cy54  with FeBABE located at 383. A single 
cysteine substitution at 383 was made, the naturally occurring  

cysteines of K.pneumoniae 654  at 198 and 346 having been 
replaced by alanine to allow 383-specific conjugation of 
FeBABE. DNA cleavage by tethered FeBABE is achieved 
through the generation of hydroxyl radicals coordinated to the 
Fe2+, which attack the deoxyribose-sugar backbone of nucleic 
acids within a radius of 12 A from the FeBABE attachment site 
(reviewed in 41). Using the S.meliloti nifH homoduplex DNA 
probe the DNA-binding activity of the R383C mutant was 90% 
that of the wild-type and Cys-free 654  activity (data not shown). 
Upon conjugation with FeBABE (76% efficiency) the DNA-
binding activity remained largely unchanged. This suggests that 
even a relatively bulky substituent at 383 is tolerated for DNA 
binding, consistent with R383 being dispensable for DNA 
binding (this paper) and non-essential for transcription (this 
paper; 18). am containing Cys383-tethered FeBABE failed to 
produce detectable cutting of several different S.meliloti nifH 
promoter templates (homoduplex and heteroduplexes 2 and 5), 
both in the presence and absence of core RNAP and under 
activating conditions that allow open complex formation (see 
below and data not shown). We considered the possibility that 
am containing Cys383-tethered FeBABE and its holoenzyme 
might have dissociated from the promoter DNA under DNA 
cleavage conditions. However, binding assays conducted with 
the Cys383-tethered FeBABE protein under DNA cleavage 
conditions showed that 91% of am containing Cys383-tethered 
FeBABE and 48% of holoenzyme containing Cys383-tethered 
FeBABE remained bound to DNA (Fig. 7A). Repeated experi-
ments failed to show DNA cutting by o containing Cys383-
tethered FeBABE and its holoenzyme. As one positive control 
o 	with FeBABE conjugated to Cys346, at the edge of the 
DNA cross-linking patch of 654, produced cutting proximal to 
the GC element on S.meliloti nifH homoduplex promoter DNA 
(Fig. 7B). The putative HTH motif in 654  is C-terminal to a 
patch of amino acids that UV cross-links to promoter DNA. In 
this patch FeBABE conjugated to residue 336 cut DNA down-
stream of the conserved GC promoter element (28). As shown 
in Figure 7B, holoenzyme containing Cys346-tethered FeBABE 
strongly cut homoduplex promoter DNA between positions -14 
and -7, mostly downstream of the GC element, but this cutting 
was upstream of that seen with the Cys336-tethered FeBABE 
derivative (28). The C-terminal to N-terminal orientation of the 
cross-linking patch is therefore 5'3' with respect to the 
template strand of the promoter DNA. 

DISCUSSION 

Specific recognition of promoter DNA by a factors has an 
essential role in locating the RNAP at the correct site for 
initiation. However, the function of residues in a54  that contact 
DNA are likely to be more complex than just facilitating promoter 
location. Emerging functions associated with a54-DNA binding 
include recognition of the DNA fork junction created when the 
DNA starts to melt and keeping the polymerase silent for 
transcription (8,10,15,35). Protein footprints suggest that the 
DNA-binding domain of am is part of the interface with core 
RNAP and properties of mutants indicate a role in generating 
polymerase isomerisation and facilitating promoter opening 
(7,27,35). Our results address the functions of invariant residue 
R383 of 654, previously implicated in interactions with the -12 
promoter element (14). 
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Figure 7. Sinorhizobium meliloti nifH promoter DNA template strand cleavage 
by RNAP holoenzyme containing FeBABE-modified 654  proteins. (A) Cys383-
FeBABE 654  and E654  binding to the S.meliloti nifH homoduplex probe under 
DNA cleavage conditions (lanes as marked on figure). (B) Homoduplex 
cleavage. Reactions to which hydrogen peroxide and ascorbate were added to 
initiate DNA cleavage are marked +; control reactions to which no ascorbate 
and hydrogen peroxide were added are marked —. Lane M contains a mixture of 
end-labelled S.meliloti nifH promoter DNA fragments as molecular weight 
markers. 

Protein stability 

R383 is clearly required for protein stability in vivo. The instability 
of R383A may be associated with an unfavourable change in 
structure directly increasing its proteolytic sensitivity. Alterna-
tively, the reduced DNA-binding activity of R383A may 
indirectly increase proteolysis by changing the intracellular  

location of 654. The suggestion from in vivo promoter activation 
assays that R383 is essential for 054  function may be incorrect, as 
purified R383A does support transcription from the E.coli 
glnHp2 promoter in vitro. 

Core RNAP binding 
That part of o strongly footprinted by the core RNAP is 
centred on residue 397 and in the absence of Region I (AIG54) 
much of the 325-440 sequence is protected by core RNAP (7). 
R383A had reduced core RNAP binding and formed a holo-
enzyme with altered mobility on native gels, suggesting that 
R383 contributes to core RNAP binding. Possibly, the core 
interface of 654  is altered in the R383A mutant, potentially in a 
manner that involves Region I sequences (7,18,19). Interest-
ingly, Cys383-tethered FeBABE footprinting of core RNAP 
failed to show any proximity of residue 383 (within at least 
12 A) to the core subunits p and 13' (18). Thus we suggest that 
the defects in core RNAP binding by the R383 mutants are 
indirect. The R383K mutant was less disrupted for core binding, 
consistent with the conservative nature of the mutation. 

DNA binding 
Gel mobility shift assays showed that R383A was very 
defective in DNA binding, R383K less so. R383K did not 
preferentially bind E.coli glnHp2-13T promoter DNA. R383K 
is reported to transcribe more efficiently than wild-type 654  
from a similar promoter sequence (mutant K.pneumoniae 
glnAp2) (14). Clearly, the increased transcription reported may 
not simply correlate with increased DNA binding of am. 
R383K might therefore influence other steps to allow 
increased transcription in vivo. The R383K holoenzyme did 
not footprint the glnAp2-13G—>T promoter in vivo, but wild-
type o did, consistent with the view (developed below) that 
promoter occupancy may not be dominant for the increased 
transcription observed (14). It was striking that the defects in 
in vitro transcription at E.coli glnHp2 with the R383K and 
R383A mutants were less than the defects in in vitro 6 and 
holoenzyme DNA binding. We interpret this to mean that 
promoter occupancy is not reduced to a point that severely 
limits transcription in vitro. It is plausible that tight binding of 
the holoenzyme to the promoter increases a transition barrier 
for open complex formation. The R383K and R383A mutants 
may reduce this barrier, compensating for reduced promoter 
occupancy. This favourable effect might contribute to the 
elevated activities observed with R383K in vivo and the good 
level of transcription detected in vitro. It may also partly 
compensate for the defect in forming stable complexes with 
early melted DNA (discussed below). 

Interactions with heteroduplex DNA 
Results from transcription assays with heteroduplexes 
suggested that slow opening of the DNA at the S.meliloti nifH 
promoter might mean that the closed complex or an activator-
dependent isomerised holoenzyme formed with R383K disso-
ciates prior to full strand opening. In contrast, more frequent 
opening of the E.coli glnHp2 promoter or stable opening as in 
heteroduplexes may explain why these templates support 
stable open complex formation with R383K. Even so, these 
complexes decay more rapidly than those formed with wild-
type 654  (data not shown), suggesting that R383 contributes to 
DNA binding within the open complex. However, R383 is not 
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essential for transcription, at least in vitro. Our ability to 
recover activator-dependent stable complex formation using 
pre-melted S.meliloti nifH DNA templates with heteroduplex —10 
to —1 sequences suggests that the mutant holoenzymes are 
limited at some promoters in steps leading to full DNA 
melting. Compared to DNA templates with start site proximal 
melts, DNA templates with melted sequences proximal to the —12 
promoter element were poor DNA-binding sites for the R383K 
and R383A mutants. The failure of the R383A and R383K 
mutants to bind well or make stable complexes on the hetero-
duplex promoter fragments with —12 proximal melts suggests 
that the R383 mutant proteins are directly or indirectly defective 
for interaction with such structures. With the mutant proteins 
the activator did not allow the use of heteroduplex promoters 
with —12 proximal melts for efficient stable complex formation 
on either the S.meliloti nifH or E.coli glnHp2 promoters, but in 
the context of the S.meliloti nifH promoter the activator 
allowed formation of stable complexes on promoter sequences 
which were further opened to include the —1 residue. Overall, 
the results suggest that DNA melting from —10 to —1 stabilises 
the promoter complexes that form with the R383K and R383A 
mutant holoenzymes and that the initial melting at —12 is 
unfavourable for stable EG54—DNA binding when R383 is 
altered to A or K. Rapid melting at the AT-rich E.coli glnHp2 
may allow stable complexes to form, but slow melting at the 
GC-rich S.meliloti nifH may result in reduced stable complex 
formation. 

Bypass transcription 
Interaction of 654  with the —12 GC promoter element appears 
important in maintaining the transcriptionally silent state of the 
holoenzyme. Mutations that change the sequences adjacent to 
the GC or substitution of certain amino acids in 654  that interact 
with it allow transcription independent of activator 
(8,20,22,24,42). The G54  DNA-binding domain mutant R336A 
gives strong bypass transcription (35). R383K and R383A did 
not, despite supporting levels of activated transcription and 
binding to —10 to —1 heteroduplex DNA (heteroduplex 5), 
which suggested that bypass activity might be readily detected. 
If R383 interacts with the —12 GC promoter sequence, it would 
appear not to be an interaction contributing to maintaining the 
silent state of the holoenzyme prior to activation, in contrast to 
the properties of the R336A and Region I mutants (20,24,35). 

DNA proximities 
Residue 383 was suggested to be within a HTH motif, 
expected to establish direct contacts with DNA and thought to 
interact with the —12 region of the promoter (14). Although our 
data show that substitutions at 383 influence DNA binding, 
other data suggest that a simple direct interaction of R383 with 
DNA may not occur. Cleavage of the promoter DNA by 
Cys383-tethered FeBABE was not evident. Closed complex 
promoter DNA cleavage by the FeBABE derivative of G54  in 
the UV cross-linking patch (Cys336-tethered FeBABE) is 
centred around position —9 (±1) (28), while DNA cutting by 
the Cys346-tethered FeBABE derivative is centred further 
upstream at position —11 (±1) (Fig. 7). Given that the UV 
cross-linking patch is a-helical in structure, the FeBABE 
cleavage data suggest that the UV cross-linking patch (N-terminal 
to the HTH motif) aligns with or is inclined towards the  

promoter DNA template strand in closed complexes. The lack 
of any discernible cleavage by the Cys383-tethered FeBABE 
derivative suggests that either residue 383 is not involved in a 
direct DNA contact or that some structural consequences of 
making substitutions at 383 do not allow detection using the 
FeBABE methodology. However, R383C was active for tran-
scription in vitro, more so than R383A (18). 

Summary 
Overall, our data are consistent with a requirement for R383 to 
distinguish between T or G at —13 and overall reduced DNA 
binding when it is substituted by K or A (14). It is possible that 
some of the overall loss in DNA-binding activity has a basis in 
an altered protein structure rather than simple loss of a DNA-
interacting side chain, a view supported by the in vivo 
instability of R383A. Although instability is unexpected on 
substitution of a surface exposed residue in an a-helix by 
alanine, there are suggestions from secondary structure 
predictions that R383 may exist within a non-helical structure 
(www.http://jura.ebi.ac.uk:8888). The data presented in 
Figures 1-5 suggest that the interpretation placed on the in vivo 
activation data may need reconsideration and suggest that 
R383 has a previously unexpected role in the stability of 654. 

In the absence of additional structural or proximity data, any 
suggestion that the HTH motif lies within a fold that localises 
sufficiently near the —12 region to contact DNA is speculative. 
A colinear arrangement, N-terminal to C-terminal (beginning 
at the —24 promoter element and ending at the start site 
proximal sequences), of the UV cross-linking patch, the HTH 
motif and the RpoN box is possible, but unproven. Further, the 
clear involvement of the 654  Region I sequences in promoter 
binding has shown that determinants outside the DNA-binding 
domain make critical contributions to the DNA binding 
function of 654  (8,20,25,28). 

Specialisation of function across the 654  DNA-binding 
domain is evident. Residues F402, F403, F354 and F355 
appear to be associated with interactions needed for efficient 
polymerase isomerisation (40,43), R383 with forming stable 
initially melted DNA complexes and R336 with maintaining 
the inhibited silent state of the polymerase (10,35). We note 
functional similarities between the putative a-helix, in which 
C346 and R336 in o lie, and helix 14 of E.coli 67°. Both helices 
interact with promoter sequences that include recognition 
sequences (15,44). They also contain determinants for binding 
locally single-stranded DNA structures from which melting 
originates and spreads (8,26,28,45). These and other consider-
ations lead to the view that a series of linked interactions that 
involve 654—DNA interaction and 654—core interfaces are 
required to change in order to allow the polymerase to progress 
to the open complex. It seems that the putative HTH motif of 
654  contributes as a structural element rather than as a major 
direct DNA-contacting surface. Nevertheless, several confor-
mational changes in o are probably necessary for open 
complex formation. Transient contacts between 654  and core 
RNAP or between G54  and promoter DNA may have escaped 
our analysis of Cys383-tethered FeBABE proximities to DNA. 
Current data suggest that the centre formed by Region I, the 
UV cross-linking patch of 654  and the —12 promoter region 
does not include the HTH motif as an element in proximity 
(15,18,28). 
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The o54 RNA polymerase holoenzyme functions in en-
hancer-dependent transcription. The structural organi-
zation of the u54 subunit of bacterial RNA polymerase in 
solution is analyzed by synchrotron x-ray scattering. 
Scattering patterns are collected from the full-length 
protein and from a large fragment able to bind the core 
RNA polymerase, and their low resolution shapes are 
restored using two ab initio shape determination tech-
niques. The a54 subunit is a highly elongated particle, 
and the core binding fragment can be unambiguously 
positioned inside the full-length protein. The boomer-
ang-like shape of the core binding fragment is similar to 
that of the atomic model of a fragment of the Esche-
richia coli cr70 protein, indicating that, although the cr54 
and cr70 factors are unrelated by primary sequence, they 
may share some structural similarity. Potential DNA 
binding surfaces of o54 are also predicted by compari-
son with the o-54 core binding fragment. 

Transcriptional regulation of gene expression is a major area 
where information flow from DNA is controlled, often by acti-
vation of RNA polymerase function, and is central to regulating 
the initiation rates (1, 2). The expression of diverse gene sets in 
bacteria requires the specialized cr54-containing RNA polym-
erase (2), likened in its properties to the eukaryotic RNA po-
lymerase II (3). Transcription activation involves a poorly de-
fined interaction of activator proteins, bound at remote sites, 
with the cr54 holoenzyme bound at a promoter as a transcrip-
tionally inactive closed complex (4, 5). Our objectives are to 
determine the contributions of the o-54 protein to RNA polym-
erase function and activation through structure-function stud-
ies. The o-54 protein has a modular domain organization (4-8), 
and individual domains can be prepared as active partial cr54 
sequences, potentially allowing the assignment of structural 
features seen in the complete cr54 molecule (9). 

o- factors contribute to several functions of the holoenzyme, 
and although discrete activities are known to reside within 
individual domains, the domains appear to interact with each 
other for the full function of the cr54. In the present paper, the 
structural organization of the 54-kDa monomeric a54 protein 
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from Klebsiella pneumoniae bacteria is analyzed using x-ray 
solution scattering (SAXS),1  the method yielding low resolution 
structural information at nearly physiological conditions. Two 
methods of ab initio shape restoration (10-12) are used to 
establish the shapes of the full-length protein and of its 30-kDa 
fragment (previously obtained as a stable product of cr54 pro-
teolysis). The latter shape can be unambiguously positioned 
within the former, providing insight about the structural orga-
nization of the o-54 molecule. Further, the shape of the 30-kDa 
fragment exhibits similarity with that of the crystal structure 
of a fragment of the Escherichia coli o-70 protein that also binds 
the core RNA polymerase. A prediction of potential cr54 DNA 
binding surfaces is also made. 

EXPERIMENTAL PROCEDURES 
Sample Preparation—K pneumoniae o-54 protein (amino acids 

1-477) and the 30-kDa core binding fragment (amino acids 70-324) 
with an 11-amino acid amino acid extension (MARIRARGSSR) at its N 
terminus were overproduced as soluble proteins in E. coli and purified 
as described previously (13). They were concentrated to 15-20 mg/ml 
and buffer-exchanged into 10 mm Tris-HC1, 5% glycerol, pH 8.0, at 4 °C 
by centrifugal ultrafiltration. Concentrated samples were stored at 
-70 °C and thawed on ice prior to the scattering experiments. Protein 
concentrations of cr54 and the 30-kDa fragment were determined side 
by side using the Bio-Rad dye assay and bovine serum albumin as 
standard. 

Scattering Experiments and Data Treatment—The synchrotron radi-
ation x-ray scattering data were collected using standard procedures on 
the X33 camera (14-16) of the EMBL on the storage ring DORIS III of 
the Deutsches Elektronen Synchrotron (DESY) and multiwire propor-
tional chambers with delay line readout (17). Samples at concentrations 
between 2 and 15 mg/ml were measured at a wavelength A. = 0.15 nm 
for sample-detector distances of 2.9 and 1.4 m covering the momentum 
transfer ranges 0.20 < s < 2.0 nm-1  and 0.35 < s < 5.0 nm-1, respec-
tively (s = 47r sinO/A, where 20 is the scattering angle). The data were 
normalized to the intensity of the incident beam, corrected for the 
detector response; the scattering of the buffer was subtracted; and the 
difference curves were scaled for concentration using the program 
SAPOKO.2  The curves recorded at a sample-detector distance of 2.9 m 
were extrapolated to zero concentration and merged with the data 
obtained at 1.4 m. 

The maximum dimensions D„,„„ of the cr54 and the 30-kDa core were 
estimated from the experimental data using the orthogonal expansion 
program ORTOGNOM (19). The distance distribution functions p(r) 
and the radii of gyration Rg  were evaluated by the indirect Fourier 
transform program GNOM (20-21). The molecular masses of the sol-
utes were estimated by comparison of the extrapolated forward scatter-
ing I(0) with that of a reference solution of bovine serum albumin. 

Prior to the shape analysis, undesirable contributions from the scat-
tering due to the internal particle structure at higher scattering angles 
that become significant above approximately s = 2.0 nm-1  were re- 

The abbreviations used are: SAXS, small angle x-ray scattering; 
DAM, dummy atoms model. 

2  D. I. Svergun and M. H. J. Koch, unpublished results. 
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ing curves in the ranges up to .5,,„„ = 2.8 nm-1  (o-54) and 3.3 nm' 
(30-kDa core) were used to compute the excluded volumes V of the 
hydrated particles (22) and for the ab initio shape determination. The 
outer portions of the curves dominated by the scattering from the 
internal structure were discarded in the further analysis. 

Shape Determination—The low resolution particle shapes were re- 
stored from the experimental data using two ab initio procedures. In the 
method of Svergun et al. (10, 11), the shape is represented by an 
angular envelope function r = F(w), where (r,w) are spherical coordi-
nates. The envelope is parameterized as follows (23), 

(4) — 

L 	z 

F(w) = E Ef,„„Y,.(•,) 
i=o 

(Eq. 1) 

where Y,„,(co) are spherical harmonics and the multipole coefficients f„, 
are complex numbers. The maximum order of the spherical harmonics 
L is selected to keep the number of free parameters M = (L + 1)2  - 6 
close to the number of Shannon channels N = D„,„.s.„,,hr in the 
experimental data (10, 24-25). The scattering intensity of the envelope 
is as follows, 

I(s) = 2,T2E E IA„„(s)r ,=. 
(Eq. 2) 
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FIG. 1. Experimental solution scattering curves of 054 (a) and 
the 30-kDa fragment (b) and calculated scattering from the mod-
els. 1, composite experimental curves obtained by merging the data for 
the two sample-detector settings; 2, shape scattering curves after mod-
ifying for the scattering from internal structure; 3, scattering from the 
envelope models; 4, scattering from the DAMs. 

moved by subtracting a constant from the experimental data. This 
procedure ensures that the intensity decays as s' following Porod's 
(22) law for homogeneous particles and yields an approximation of the 
"shape scattering" curve (i.e. scattering due to the excluded volume of 
the homogeneous particle with a constant density). The shape scatter- 

where the partial amplitudes ilb,,(s) are calculated from the coefficients 
fik, using the recurrence relation of Svergun and Stuhrmann (26). These 
coefficients are determined by the program SASHA (10, 11) by mini-
mizing the discrepancy x between the calculated and the experimental 
curves as follows, 

vr I(S)  iewsjyr  
N - 1 LIL 	co,) 	 (Eq. 3) 

where N is the number of the experimental points and 4„,(sk ) and a(sk) 
are the experimental intensity and its S.D. in the kth point, respec-
tively. The spatial resolution of the envelope function representation is 
approximately Sr = -15T-R8/(1/3 (L + 1)). 

Another ab initio procedure employs a particular implementation of 
a general method (12). A sphere of diameter Dm„„ is filled by densely 
packed small spheres (dummy atoms) of radius 7-0  << D„„„.. The struc-
ture of this dummy atoms model (DAM) is defined by a configuration X, 
assigning an index to each atom corresponding to solvent (0) or solute 
particle (1). The scattering intensity from the DAM is computed using 
Equation 2 with the following partial amplitudes, 

Az.(s) = V21 
	

1(sri)ltn:(0)i) 
	

(Eq. 4) 

where the sum runs over the dummy atoms with X, = 1 (particle atoms); 
are their polar coordinates; and ji(x) denotes the spherical Bessel 

function. The number of dummy atoms in the search model MDAm 
>> 1 significantly exceeds the number of Shannon channels. 

To reduce the effective number of free parameters in the model, the 
method searches for a configuration X minimizing f(X) = x2  + aP(X), 
where the looseness penalty P(X) with a positive weight a > 0 ensures 
that the DAM has low resolution with respect to the packing radius 
The weight of the penalty is selected to have significant penalty contri-
bution at the end of the minimization The latter is performed starting 
from a random approximation using the simulated annealing method 
(27); details of the procedure are described elsewhere (12). The spatial 
resolution provided by the DAM is defined by the range of the momen-
tum transfer as Sr = 27rIsmax. 

Since the shape determination methods yield models with an arbi-
trary orientation and handedness, they were appropriately rotated for 
comparison with each other and also with the atomic model of a o-70 
subunit fragment from E. coli RNA. The latter was taken from the 
Protein Data Bank (28), entry lsig (29). The model of the fragment of 
the B-DNA was generated with the program Turbo-FRODO (30), and 
the three-dimensional models were displayed using the program ASSA 
(31). 

RESULTS 

The experimental scattering curves from the 054 and its 
30-kDa fragment are presented in Fig. 1, and the structural 
parameters computed from these curves are listed in Table I. 



1.0 

0.5 

5 	r, nm. 10 

4212 	 Low Resolution Structure of o-54 

TABLE I 
Experimental and model parameters of cr54 and of its 30-kDa fragment 

Parameter/Sample 
cr54 30-kDa fragment 

Exp.° Env.b  DAM' Exp. Env. DAM 
Mass (kDa) 58 ± 6 32 ± 4 
Dmax  (nm) 13.0 ± 0.5 10.4 12.5 11.0 ± 0.5 8.3 11.0 
Rg  (nm) 3.43 ± 0.06 3.04 3.39 3.05 ± 0.05 2.51 3.08 
V (nm3) 155 ± 10 144 152 85 ± 6 72.2 86.7 
Free parameters 11.6d  19 2243 11.6' 19 295 
Discrepancy X 1.79 1.18 1.49 0.88 
Resolution (nm) 2.8 2.2 2.4 1.9 

" Exp, calculated from the experimental data. 
6  Env, parameters of the envelope models. 
DAM, parameters of the dummy atoms models. 

d  Number of Shannon channels is given. 

The molecular masses of the solutes indicate that both o-54 and 
the 30-kDa fragment are monomeric in solution, in agreement 
with the results of analytical ultracentrifugation.3  The experi- 
mental values of Dma. and Rg  suggest that the two macromol-
ecules, and especially cr54, are rather anisometric. The volumes 
of the hydrated a54 and the 30-kDa fragment are twice the dry 
volumes expected from the molecular masses (about 75 and 42 
nm3, respectively). This reveals a very high hydration (0.4 g of 
H20/g of protein) characteristic for extended macromolecules 
with high specific surface accessible to the solvent. The profiles 
of the distance distribution functions p(r) in Fig. 2 are typical 
for elongated particles (32). It follows that o-54 is a very elon- 
gated protein and that the 30-kDa fragment, although having a 
2-nm smaller maximum diameter, is still rather elongated. 

The portions of the scattering curves used for ab initio shape 
determination contained N3  = 11.6 Shannon channels both for 
cr54 and for the 30-kDa fragment, allowing the use of harmon- 
ics up to L = 4 (19 independent parameters) in the shape 
determination using the envelope functions (10). The restored 
envelopes are presented in Fig. 3 (left column), and the fits to 
the experimental data are displayed in Fig. 1, a and b. The 
envelope of the 30-kDa fragment can be unambiguously posi-
tioned inside that of cr54. Moreover, a boomerang-like shape of 
the core correlates well with the gross structure of the core 
RNA polymerase-binding fragment of the E. coli cr70 protein 
(the atomic model of the latter is superimposed with the low 
resolution models in Fig. 3). Nevertheless, the shape recon- 
struction using envelope functions has its limitations for elon- 
gated particles like o-54. To keep the model at low resolution 
and the number of model parameters reasonably small, higher 
spherical harmonics are omitted in the description of the en-
velope (Equation 1). This ensures uniqueness of the model 
restoration (10) but leads to a termination effect especially 
noticeable for anisometric particles for which the higher har- 
monics play a significant role. As a result, the radius of gyra-
tion and the maximum size of the restored envelopes are lower 
than those determined experimentally (Table I), and the calcu- 
lated curves display systematic deviations from the experimen-
tal data (Fig. 1). 

A much less restricted description of the particle shape is 
provided by the alternative DAM technique. The search volume 
for the cr54 contained MDAm  = 2243 dummy atoms with a 
packing radius ra  = 0.45 nm within a sphere with the diameter 
D. = 13 nm. Of those, 295 dummy atoms were attributed to 
the particle in the final model of o-54, and they further defined 
the search volume for the 30-kDa fragment. The obtained 
DAMS presented in Fig. 3 (right column), yield better fits to the 
experimental data in Fig. 1 than those provided by the enve- 
lope models and also the structural parameters that neatly 
agree with the experimental values (Table I). To verify the 

3  D. Scott and J. Hoggett, personal communication. 

p(r), relative 

FIG. 2. Distance distribution functions of cr54 (1) and the 30-
kDa fragment (2). 

uniqueness of the shape restoration using DAM, several inde-
pendent restorations were performed using different conditions 
(by varying the packing radius ra  and by starting from random 
initial configurations). These restorations yielded reproducible 
results similar to that in Fig. 3 (right column). In particular, 
the shape of the 30-kDa fragment restored ab initio within the 
spherical search volume with D„,,,„ = 11 nm was very similar to 
that presented in Fig. 3. 

DISCUSSION 

An ab initio shape restoration from solution scattering data 
is not unique unless the search model is kept at low resolution 
(10). The two ab initio procedures employed here use different 
restrictions. In the envelope restoration, higher spherical har-
monics are omitted in the description of the envelope function 
so that the number of the adjustable parameters is comparable 
with that of the Shannon channels in the scattering data. In 
the DAM retrieval, the number of parameters is much larger 
(MDAm ---- 103), and the looseness penalty ensures that the final 
model is compact and interconnected. Given the differences in 
parameterization and in the numbers of model parameters, 
similarities in the low resolution models independently re-
stored by the two methods are remarkable. The differences 
between the two restorations in Fig. 3 are largely attributed to 
the termination effects in the envelope method, which are 
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FIG. 3. Low resolution models of 
4754 (yellow) and 30-kDa fragment 
(red). Left, envelope models (semitrans-
parent envelopes); right, DAMs (semi-
transparent spheres of radius r,, = 0.45 
nm). The middle and bottom rows are ro-
tated counterclockwise by 90° around the 
x and y axes, respectively. The models are 
superimposed with the crystal structure 
of the u70 subunit fragment from E. coli 
RNA (blue C-a trace). A 28-base pair-long 
B-DNA fragment comprising the cr54 
binding site (green) is shown above poten-
tial DNA binding surfaces (top orientation 
in the right panel). 
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significant for elongated particles like cr54. It should be 
stressed that although the shapes obtained with the DAM 
technique are still low resolution models, their better nominal 
resolution (Table I) and more detailed appearance compared 
with the envelope models are fully justified by better fits to the 
experimental data. 

DNA footprinting experiments have shown that o-54 inter-
acts with promoter DNA from -33 to -5. Major points of 
contact are within four base pairs (TGCA) centered at -12.5 
and seven (CTGGCAC) centered at -24, within the consensus 
sequence of o-54 DNA-binding sites. The distance between 
these contact centers suggests that unless a- binds to a non-B-
DNA conformation, interactions between cr and DNA will in-
volve contacts made by structures within more than one of the 
well developed lobes revealed by the SAXS analysis. Superpo-
sition of the low resolution dummy atoms models with a 28-
base pair B-DNA fragment in Fig. 3 (top right orientation) 
summarizes a relationship between cr54, the 30-kDa fragment, 
and promoter DNA that can account for the known extent of 
a-promoter DNA interactions. The 30-kDa fragment analyzed  

by SAXS lacks the cr DNA-binding domain and region I se-
quences that also contribute to DNA recognition. It therefore 
seems probable that the lobe missing from the 30-kDa frag-
ment (Fig. 3) but present in o-54 includes some of the structures 
that direct promoter binding. The upper surface of cr54 depicted 
in Fig. 3 (top right orientation) further distinguishes the full-
length protein from the 30-kDa fragment and may contribute 
additional DNA contacting structures. Together, the lobe and 
the upper surface can provide DNA-contacting surfaces of ap-
proximately the necessary extent to fully interact with pro-
moter DNA. The direction of the DNA sequence displayed in 
Fig. 3 is arbitrary, since no experimental data correlating 
which structure recognizes the -12 or -24 sequences are 
available. 

The low resolution solution structure for cr54 determined in 
this work provides the first initial model for a protein that 
functions to convert E. coli. RNA polymerase into an enhancer-
dependent enzyme (3). Clearly developed structures are pres-
ent that probably represent either a discrete individual domain 
or alternately domains that are directly interacting within the 
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tertiary structure. The amino-terminal domain required for 
transcription silencing and activator responsiveness and the 
C-terminal DNA binding domain are thought to interact (9). 
Comparison of the structure of the 30-kDa fragment that lacks 
both of these domains with the full-length protein structure is 
consistent with such an interaction, since one lobe is clearly 
absent (Fig. 3). Possibly, both the amino-terminal domain and 
C-terminal domain contribute to this lobe and do directly in-
teract with each other. Another striking observation is that the 
fragment of o-70 for which the atomic structure has been de-
termined has a similar shape and size compared with the 
30-kDa fragment of cr54 (Fig. 3). Both fragments bind to the 
same core RNA polymerase. Assuming the shape of the frag-
ments is related to core binding, it seems that cr70 and o-54 are 
probably located in similar places on the core. The sequence 
differences that exist between cr54 and cr70 are, however, suf-
ficient to account, at least in part, for the different properties of 
the two holoenzymes. Some interactions with core may never-
theless be conserved between the two a types. 

CONCLUSION 

The low resolution solution structure of o-54 shows a well 
developed anisometric shape. Similarity to a part of cr70 that 
binds to the core RNA polymerase and interacts with the —10 
promoter DNA is evident. Now that crystallography and cryo-
electron microscopy are beginning to reveal the structures of 
multisubuit RNA polymerases (18), one can also begin to eval-
uate the functional significance of this similarity. These struc-
tural approaches together with the use of tethered iron chelate 
methods for examining proximity relationships within tran-
scription complexes should help determine the organization of 
RNA polymerase holoenzymes. 
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