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ABSTRACT.

In spite of significant advances in treatment, tuberculosis remains the largest cause of 

death due to a single pathogen in the world. To understand the physiology of 

M.tuberculosis, the bacillus that causes the disease, is one of the biggest challenges of 

modem microbiology. M. tuberculosis, like other pathogenic mycobacteria, is 

characterized by its slow growth rate, and it is thought that slow growth is an important 

characteristic of the pathogenicity of these organisms. Since there is a strong correlation 

between the growth rate and ribosome synthesis, ribosomal RNA and ribosomal protein 

production are expected to be strongly regulated in these bacteria. In E. coli the 

synthesis of rRNA is believed to be the rate limiting step in ribosome synthesis. Several 

mechanisms have been found to regulate the transcription of rrn opérons in these 

bacteria. For example, interaction of protein factors, specifically ribosomal protein SIO 

and NusB, with signals present in the leader region of the operon {boxA) has been shown 

to be necessary for efficient end-to-end transcription of the operon (antitermination).

In order to further our understanding of the mechanisms used by pathogenic, slow- 

growing mycobacteria to regulate the synthesis of ribosomes, we have investigated the 

binding of mycobacterial homologues of ribosomal protein SIO and NusB to RNA 

molecules carrying a highly conserved sequence (including a boxA signal) of the leader 

region of the M. tuberculosis rrn operon. Mycobacterial homologues of ribosomal 

protein SIO and NusB have been identified, cloned, sequenced, expressed and purified. 

In order to study their interaction with the leader region of the rrn operon, RNA 

molecules carrying different sequences present in the leader region of the M.tuberculosis 

rrn operon were synthesized by in vitro transcription. The interaction between 

ribosomal protein SIO, NusB and boxA RNA was studied by different techniques. Our 

results show that the binding of NusB to RNA containing the boxA sequence is 

enhanced by ribosomal protein SIO. However, this phenomenon is largely non-specific 

for RNA molecules carrying the putative boxA element.
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1.- INTRODUCTION. 

1.1 .-Mycobacteria.

Despite major advances in treatment, tuberculosis remains the major cause of 

death due to an infectious agent. It is estimated that one third of the world’s population 

is currently infected and that it results in approximately 3 million deaths every year, 

making this disease the largest cause of death from a single pathogen in the world 

(Kochi, 1991). For a disease that can be cured if it is diagnosed promptly and treated 

appropriately, the numbers are amazingly high. The reasons for this can be found in the 

nature of the disease; tuberculosis is a disease in which the impact of social and 

economic factors on the individual are of major importance. However, although most of 

the cases are found in poor countries with deficient health care systems, recent years 

have seen an increase in the number of new cases in developed countries. One of the 

factors involved in this increase is the high prevalence of tuberculosis in HIV positive 

patients (Hopewell, 1992). There is also the alarming prospect of multiple drug 

resistance in the USA (Frieden et al, 1993). So great is the concern about the world

wide magnitude of the modem tuberculosis epidemic, that in 1993 the World Health 

Organization (WHO) declared tuberculosis to be a “global emergency”, the first 

declaration of its kind in the WHO history (Raviglione et al, 1995).

The causative agent of tuberculosis, Mycobacterium tuberculosis, as well as 

Mycobacterium leprae (the organism that causes leprosy), are members of the genus 

Mycobacteria. The generic name mycobacteria (“fungus bacterium”) refers to the 

mould-like pellicle formed by M. tuberculosis on liquid media. In addition to the 

pathogenic species, the genus contains over 50 well defined species, many of which are 

non pathogenic or are opportunistic pathogens to man. Mycobacteria were isolated from 

the inanimate environment about a decade after Koch’s discovery of the tubercle 

bacillus, in 1882. Interest in these environmental mycobacteria has grown in recent 

years, not only because of the increasing frequency with which they cause disease in the 

human population in the industrially developed countries, but because it has been 

claimed that immune responsiveness to mycobacteria is profoundly affected by 

exposure to them in early life (Hemandez-Pando et al, 1997).



Although M. leprae and M. tuberculosis were among the first bacteria to be 

identified as causative agents of human disease (by Hansen in 1874 and Koch in 1882 

respectively), knowledge of mycobacteria at the molecular level has lagged far behind 

that of other microbes. However in recent years the application of molecular genetic and 

biochemical methods to mycobacterial problems has greatly advanced our understanding 

of these organisms.

1.1.1.-Mycobacterial morphology.

The mycobacteria are usually slightly curved rod-shaped organisms with 

parallel sides and rounded ends, usually 1-4 mm long and 0.2-0.6 mm wide, which 

frequently form small clumps. Cells of M  tuberculosis are often arranged in ’serpentine- 

cords’. The cellular morphology of individual species is very variable and is affected by 

conditions of growth. Several different colonial forms of mycobacteria occur; some 

species show smooth-to-rough colonial variation while others have spreading and non

spreading forms. Many of the mycobacteria produce yellow or orange pigments in the 

dark (scotochromogens) or on exposure to light (photochromogens). Pigmentation is a 

fairly stable character that is not usually significantly influenced by conditions of culture 

and is therefore of value in identification. Electron microscopy shows that mycobacteria 

possess a relatively thick cell wall, about 20 nm across. The cell membrane is seen as a 

bilayer and frequently shows infoldings or mesosomes, particularly at the point of cell 

division. The surface of the cell is often covered by a capsule of fibrillar material 

composed of proteins and polysaccharides. The cytoplasm contains a well defined 

nuclear body, dense granules composed of polyphosphates and electron-translucent 

vacuoles which are probably lipid storage bodies.

1.1.2.- The mycobacterial cell envelope.

One of the characteristic features of mycobacteria, commonly used as a 

criterion for classification and identification, is their ability to resist decolorization by a 

weak mineral acid after being stained: acid fastness. The mechanism of acid-fastness is 

poorly understood but it appears to be due to the formation of complexes between the 

dye and mycolic acids in the cell wall, so trapping the dye within the cell. Actually, acid 

fastness is just one of a multiple set of characteristics that make the cell envelope of



mycobacteria a unique structure; mycobacteria have the most complex of all known 

bacterial cell envelopes, and such complexity is thought to be related to the capacity of 

the cell to survive and grow in a hostile environment, such as the host cell. The cell 

envelope of mycobacteria is the interface between the mycobacterium and its host, and 

as such is involved in many complex interactions that result in either stimulation of, or 

protection against the immune response. It also acts as a permeability barrier which may 

determine susceptibility to antibacterial drugs and protect the bacterium from the 

potentially damaging interaction with the host cell.

The mycobacterial cell envelope consists of the plasma membrane, which 

is apparently homologous to plasma membranes of other bacteria, surrounded by a 

complex cell wall composed of carbohydrate and lipid which is in turn surrounded by a 

capsule mainly composed of polysaccharide and protein but also glycolipids, 

peptidoglycolipids or phenolic glycolipids. Figure 1.1. shows a schematic representation 

of the mycobacterial cell envelope.

(a) The plasma membrane. The basic structure of plasma membranes of 

mycobacterial cell envelopes does not differ from that of the other plasma membranes. 

Polar lipids, mainly phospholipids, assemble themselves in association with proteins 

into a lipid bilayer. Mycobacterial plasma membranes contain a wide range of lipids, 

several of which are unique to this genus. Probably the most interesting is 

lipoarabinomannan, a solvent-extractable, immunologically active lipopolysaccharide 

(Hunter et al, 1986). Lipoarabinomannan is thought to play important roles in the 

interaction of the mycobacterium and the host cell (Moreno et a l, 1989; Chan et a l, 

1991; Stokes and Speert, 1995). Although its localization in the mycobacterial envelope 

is not known, this molecule is thought to be anchored in the mycobacterial cell 

membrane via phosphatidylinositol, and to extend all the way to the surface. 

Lipoarabinomannan from M.tuberculosis can inhibit macrophage activation at several 

levels and it has also been involved in (i) scavenging potentially cytotoxic oxygen free 

radicals; (ii) inhibiting protein kinase C activity; (iii) blocking the transcriptional 

activation of gIFN inducible genes in human macrophage-like cell lines (Chan et al, 

1991).

(b) The cell wall. The mycobacterial cell wall consists of a covalently 

linked “cell wall skeleton" and a heterogeneous collection of molecules associated to it.



Innermost, close to the cell membrane, there is a backbone of peptidoglycan, which gives 

the cell its shape and rigidity, as in other Gram-positive bacteria. The covalently linked 

skeleton of the cell wall is a net-like macromolecule formed of a peptidoglycan 

backbone, and cross-linked polysaccharides, sterified at their distal ends with mycolic 

acids (Brennan and Nikaido, 1995). Attached to the peptidoglycan is a branched 

arabinogalactan layer. One of the main features of the mycobacterial cell wall is a dense 

palisade of characteristic long-chain fatty acids termed mycolic acids. These are attached 

by ester bonds to the terminal arabinose units of the arabinogalactan.

In addition to this complex, the cell wall contains a variety of 

other components, including proteins, lipids and glycolipids. The lipid layer of the 

mycobacterial cell wall acts as a strong permeability barrier and is a major factor 

governing the resistance of pathogenic mycobacteria to otherwise potent antibiotics. It is 

also thought to be involved in the ability of the mycobacterial cell to survive in the 

presence of toxic substances generated by activated macrophages. It has been proposed 

that porins, protein channels in the cell wall, are necessary for diffusion of nutrients into 

the cell and of waste products to the environment (Trias et al, 1992).

(c) The capsule. The outer layer of the cell envelope is mainly composed 

of polysaccharides and proteins (Ortalo-Magne et al, 1995), but also glycolipids, 

peptidoglycolipids or phenolic glycolipids (Ortalo-Magne et al, 1996). In some 

mycobacteria the capsule is very thin. In the case of the intracellular pathogens M  

avium, M. lepraemurium and M  leprae, the capsule forms a thick electron-transparent 

zone around each bacillus. It is thought that the capsule protects the bacterial cell from 

macrophage killing mechanisms. Analysis of lipids present in the surface of different 

species of mycobacteria, has shown that the type and distribution of capsular lipids is 

species-specific in mycobacteria (Ortalo-Magne et a l, 1996). The implications of these 

findings for the pathogenicity of mycobacteria are not known.

1.1.3.- The mycobacterial genome.

Like other bacterial genomes, the mycobacterial genome consists of a 

single circular chromosome along with other extrachromosomal elements, such as 

plasmids. The M. tuberculosis chromosome is approximately 4.4 Mb (Philipp et al,

1996), but that of M  leprae is smaller, approximately 2.8 Mb (Eiglmeier et al, 1993). It
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has been speculated that the difference in size is due to a loss of biosynthetic capacity 

of M. leprae, concomitant with the development of host dependence (Imaeda et al, 

1982). The G+C content of the mycobacteria is regarded as high, 55-72 mol% (Imaeda et 

al, 1982). Mycobacterial DNA is digestible by a range of commercially available 

restriction endonucleases. In addition to the main chromosome, some species contain 

one or more plasmids (Crawford et al, 1981; Meissner and Flakinham, 1986). There is 

some evidence that, in M  avium, these plasmids affect resistance to microbial agents 

(Franzblau et a l, 1986) and virulence (Gangadharam et a l, 1988).

In recent years, phage and plasmid vectors, transformation procedures 

and recombination systems (Jacobs et al, 1987; Snaper et al, 1988, Husson et al, 1990) 

were developed for the introduction of recombinant DNA into mycobacteria. These 

techniques have made it possible to study the mycobacterial genome in detail. Cosmid 

libraries of the M. leprae and M. tuberculosis chromosomes have been established and 

sequenced, and a physical map constructed, in what has become known as the 

mycobacterial genome project. (Clark-Curtiss et a l, 1985; Honore et al, 1993; Philipp et 

al, 1996). In addition to generating information about chromosomal organization, the 

genomic sequencing projects will provide invaluable support to efforts to characterize 

biochemical and immunogenic features of mycobacteria by identifying genes encoding 

relevant antigens and enzymes. To facilitate the storage and dissemination of the vast 

amount of data generated, a database, MycDB, has been constructed, using ACEDB 

database manager software (Bergh and Cole, 1994).

An immediate application of studies of the M. tubercules is genome has 

been the discovery of repetitive DNA elements, which allows identification of strain- 

specific fingerprint patterns. At least two strain-specific repetitive DNA markers 

{IS6110 and IS 1081) have been identified in the tuberculosis complex (McAdam et al, 

1990 and Thierry et al, 1990). Repetitive elements (RLE?) have also been found in M 

leprae (Clark-Curtiss and Docherty, 1989). The function of these elements is not 

known, but they show characteristics typical of bacterial insertion elements (Young and 

Cole, 1993) and transposable elements (Fsihi and Cole, 1995).

A very unusual genetic element, which appears to be relatively common 

in mycobacteria is the intein. Inteins are recently discovered genetic elements that have 

the property of post-translationally splicing out of the mature protein (Kane et al,



1990). The first reported example of protein splicing was in the TFPl of 

Saccharomyces cerevisiae (Kane et a l, 1990). In M.tuberculosis, an intein was found 

initially in the recA gene (Davies et al. 1991, 1992). The recA gene codes for RecA 

protein, a key enzyme involved in homologous recombination, DNA repair, 

chromosomal replication, mutagenesis, induction of the SOS response and induction of 

phage 1 lysogens (McFadden, 1996). The recA gene of M  leprae also contains an intein, 

while the recA genes of most other mycobacteria do not (Davies et al, 1994). Recently, 

at least two other M. leprae genes have also been found to contain inteins (Fsihi et a l, 

1996; Pietrowski, 1994). Since few examples of protein splicing have been reported, the 

identification of several such elements in mycobacterial genes is surprising. Although the 

role of such elements is not clear, their presence in the two species of mycobacteria 

which are human pathogens raises the possibility that they may play a role in the 

survival of the bacteria inside the host (Davies et a l, 1994).

In conclusion, the study of the molecular biology of mycobacteria is a 

relatively new field, that offers a wide range of exciting possibilities. So far, the 

information obtained through molecular biology techniques, has been shown to be useful 

for diagnosis, strain identification and rapid drug-resistance testing, as well as to help to 

identify antigens and proteins relevant to the host response (Young and Cole, 1993). 

However, little is known about the mechanisms used by mycobacteria to control 

transcription and translation.

1.1.4.- Mycobacteria as intracellular parasites.

The factors determining the virulence of pathogenic mycobacteria remain 

poorly understood. Although live mycobacteria may be inherently toxic to host cells, it 

is very doubtful that toxicity plays a major role in determining virulence. Much of the 

pathology associated with tuberculosis and leprosy is not derived from bacillary 

growth, but from the immune response directed against mycobacterial antigens which 

results in tissue damage. Clinical manifestations of leprosy or tuberculosis will depend 

on the hosts success in generating an effective, protective immune response. The 

relationship between a favourable, protective immune response, and an unfavourable 

immunopathological reaction resulting in tissue damage is not understood. However, 

studies at the molecular level carried out in recent years, have yielded much information 

about the mycobacterial and host factors involved in pathogenicity. A schematic



representation of the interactions between mycobacteria and the host is shown in figure

1.2 .

(a) The interaction between mycobacteria and macrophages. Pathogenic 

mycobacteria function as intracellular parasites, and there is little doubt that an 

important determinant of their virulence is their ability to invade host cells and survive 

within them. The initial step of the invasion of macrophages is phagocytosis via a 

receptor-ligand interaction. Particular receptors on the surface of the macrophage, 

namely complement receptors CRl and CR3 (Schlesinger et al, 1990) and the mannose 

receptor (Schlesinger, 1993), are all involved in the uptake of mycobacteria. Also, it has 

been shown recently that lipoarabinomannan (the ligand for the mannose receptor) is 

able to inhibit the binding o f M. tuberculosis to murine peritoneal macrophages, in a dose 

dependent manner (Stokes, 1995).

(b) Avoidance of killing mechanisms inside the cell. Once inside a 

macrophage, M. tuberculosis is able to resist the natural killing processes of these cells, 

in particular the generation of reactive oxygen and nitrogen intermediates. Mycobacteria 

use a variety of mechanisms to survive and replicate within mononuclear phagocytic 

cells, including inhibition of the fusion of lysosomes with the phagosome (Armstrong 

and Hart, 1971; Hart et a l, 1987), failure of mycobacterial phagosomes to acidify 

(Sturgill-Koszycki et a l, 1994), avoidance of early activation of macrophages (Roach et 

a l, 1993), interference with y-interferon (ylFN) mediated activation and inhibition of 

cytotoxic mycobacterial products (Chan et a l, 1991). Many of these survival strategies 

are modulated by components of the cell wall of mycobacteria, and especially by 

lipoarabinomannan. Among the functions of lipoarabinomannan is the ability to induce 

tumour necrosis factor a (TNF-a) in macrophages. TNF-a is an important component 

of the early host response to mycobacteria. Lipoarabinomannan molecules from virulent 

M.tuberculosis fail to stimulate production of TNF-a (Moreno et al, 1989). 

Lipoarabinomannan has also been shown to block macrophage activation by ylFN, to 

inhibit protein kinase C, which is involved in macrophage activation and the respiratory 

burst, and to scavenge potentially cytotoxic oxygen free radicals (Chan et al, 1991).

(c) Immune responses against mycobacteria. The primary 

mechanism by which mycobacterial infections are controlled involves CD4+ T cells 

which recognize mycobacterial antigens presented in association with MHC class II
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molecules. Recognition is followed by a cascade of events which includes clonal 

expansion of T cells, cytokine production, and recruitment of other cells, particularly 

macrophages, to the site of infection. In addition to CD4+ T cells, a range of other 

cellular recognition events are involved in the response to mycobacteria, most of them 

are associated with activation of different T cell subsets: CD8+ (Orme, 1993; Tascon et 

a l, in press); yô cells (Tsukaguchi et al, 1995); CD4- CD8- a(3+ cells that recognize non 

peptide antigens in association with CDl. Sensitized T cells release cytokines (mainly 

IFNg, IL2 and IL12 (Rook and Hemandez-Pando, 1996) and TNFy3 (Flynn, 1995)) that 

trigger the macrophages to an activated state where they are able to express enhanced 

antimicrobial activity against the infecting organism. If the appropriate combination of 

cytokines is produced, the macrophages are activated to kill or suppress growth of 

mycobacteria. Although the relationship between a favourable, protective immune 

response, and an unfavourable, immunopathological response resulting in tissue damage 

is not understood, it is clear that many of the cellular responses and cytokines involved 

in protective immunity are also involved in immunopathology. In addition to cytokine 

production, the sensitized T cells themselves perform a number of functional roles: 

formation of granuloma, mediation of cutaneous delayed hypersensitivity to bacterial 

antigens and retention of immunological memory (Orme, 1987).

In addition to all the factors previously mentioned, genetic factors are known to 

be important in determining the susceptibility of the host to mycobacterial infections. 

Innate resistance of inbred mice to infection with M. bovis (BCG) is regulated by a 

single dominant, autosomal gene designated Beg. The same locus was found to be 

involved in resistance of mice to the taxonomically unrelated intracellular parasites 

Salmonella typhimurum {Ity) and Leishmania donovani (Lsh) (Skamene et al, 1982). 

The innate capacity of B c^  hosts to overcome the mycobacterial infection, rests in its 

ability to control early in vivo multiplication of the bacilli rather than in their 

elimination, as is the case when the immune response sets in (Gros et al, 1981). The 

Bcg/Ity/Lsh locus codes for a protein designated Nramp (Natural resistance-associated 

macrophage protein), a 65 kDa integral subcellular membrane protein (Atkinson et al,

1997) with structural features common to prokaryotic and eukaryotic transporters 

(Barton et al, 1994). The protein is expressed in macrophages activated by IFN-y and 

lipopolysaccharide (Atkinson et al, 1997). Some evidence seems to indicate that Beg
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acts by controlling the growth of M.tuberculosis (Brown et al, 1995). It has been 

suggested that Nramp may be involved in the transport of nitrates to the 

phagolysosome of infected macrophages (Barrera et al, 1994).

1.1.5.- Conditions of growth.

Mycobacteria are generally considered as aerobes, although some species 

are microaerophilic and grow as a narrow band several millimeters below the surface of a 

semisolid medium. It has been proposed that the virulence of mycobacteria, and 

specifically M.tuberculosis is, at least in part, a function of their ability to grow at lower 

concentrations of O2 than their avirulent counterparts (Wayne et al, 1994). Carbon 

dioxide enhances mycobacterial growth; increased yields are obtained by incubating 

cultures in an atmosphere of 5-10% CO2 . The optimum temperature for growth and the 

range of temperatures at which mycobacteria grow vary both between and within 

species, within a range between 25°C and 45°C. The optimum pH for mycobacterial 

growth is 6.0-6.5 and the pH range that supports growth varies from species to species, 

being wider for saprophytic species than for M. tuberculosis. The mycobacteria vary 

enormously in their metabolic activities, nutritional requirements and rates of growth. 

Much use has been made of these variations for identification purposes. The basic 

nutritional requirements of mycobacteria growing in vitro are carbon, nitrogen, oxygen, 

phosphorus, sulphur, iron, magnesium and various trace elements (Grange, 1990).

The cultivable members of the genus are divisible into two major groups, 

the slow growers and rapid growers. The rapid growers show visible growth from dilute 

inocula within 7 days, and the slow growers require more than 7 days for visible growth. 

(Wayne and Kubica, 1986). The slow growers form a coherent line of descent, distinct 

from the rapid growers, within which the overt pathogens are clustered (Stahl and 

Urbance, 1990). Molecular typing by 16S rRNA sequence determination confirms the 

species boundaries as determined by other methods and shows that the majority of the 

slowly growing members of the genus represent the most recently evolved organisms 

(Pitulle et a l, 1992). Slowly growing mycobacteria take 2-3 weeks or even longer to 

form colonies on suitable media. Rapidly growing species, by definition, give an 

abundant growth on subculture within 7 days. The fast-growers are rarely, if ever, 

pathogenic, but can be readily found in the environment. The slow-growers include
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several species which are pathogenic to man and animals. It is thought that the evolution 

of mycobacterial pathogens includes a strong selective advantage in favour of slow- 

growth (Young and Cole, 1993). The biochemical basis for the differences in the rate of 

bacterial multiplication between the rapidly and slowly growing mycobacteria has not 

been elucidated.

An interesting but unfortunately not well studied characteristic of 

M. tuberculosis is its ability to adapt to prolonged periods of dormancy in tissues. These 

dormant or “persistent” bacilli are responsible for latency of disease. The bacillus may 

remain in the host for decades in a quiescent state, with the potential for revival and 

initiation of clinical disease (Gangadharam, 1995). Furthermore, the “persistent” bacilli 

are less susceptible to killing by antimycobacterial agents. The dormant state appears to 

be sustained by the physiological conditions associated with immune mechanisms of the 

host. When these mechanisms fail to operate either because of a decline in immunological 

status of the host, with for example age or nutritional status or by steroid or virus 

induced immuno-deficiency, the bacilli regrow and the disease state resumes. The 

dormant forms of mycobacteria thought to be involved in long term persistence may 

represent an extreme form of stationary phase, in which the entire efforts of the 

organism are directed towards survival, with the temporary loss of replicative ability 

(Young and Cole, 1993). It is very important to understand the physiological events 

responsible for the shiftdown into dormancy, that is, the shift from rapid to slow 

replication, and eventually the complete shutdown of replication (Wayne, 1994).

1.2.-Growth rate and ribosome synthesis.

Protein synthesis is of central importance to cell growth. It is believed that 

growth requires strict control of a cells capacity to synthesise proteins. The events in 

protein biosynthesis are catalysed by a large multienzyme complex composed of protein 

and RNA molecules, the ribosome. In rapidly growing E. colt, the synthesis of 

ribosomes accounts for the single largest expenditure of biosynthetic energy of the cell. 

Under these conditions, the cell contains about 70000 ribosomes, each of which is 

composed of one large and one small subunit; the small subunit consists of one rRNA 

(16S) bound to about 21 proteins, while the large subunit consists of two different
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rRNA species (5S and 23 S) bound to more than 30 different ribosomal proteins. It has 

been shown that the synthesis of bacterial ribosomes is regulated in response to growth 

conditions; under a variety of nutritional environments, the number of ribosomes per 

genome is approximately proportional to the growth rate (Causing, 1977). This kind of 

regulation is termed growth-rate control, and it suggests that the adjustment of ribosome 

accumulation is a integral part of the regulation of cell growth rate. It has also been 

described that in less favourable nutritional conditions, that is in conditions of nutrient 

starvation, the growth rate slows considerably, and the synthesis of macromolecules 

such as rRNA, tRNA and ribosomal proteins is severely and co-ordinately depressed 

(Stent and Brenner, 1961). This regulation is designated as the stringent response, and 

has shown to be mediated by guanosine-5’-diphosphate-3’-diphosphate (ppGpp) a 

chemical mediator that accumulates within aminoacid starved cells and inhibits 

transcription (Course et al, 1996). Despite much research, the mechanism by which 

accumulation of ppCpp leads to down-regulation of ribosome synthesis is unknown. It 

has been shown recently that in vitro ppCpp increases pausing of RNA polymerase in 

promoters that are subject to stringent control (Krohn and Wagner, 1996).

The following sections summarize our current understanding of the molecular 

mechanisms involved in the control of the synthesis of ribosomal proteins and ribosomal 

RNA, and their role in regulating cell growth rate. The discussion will focus on the 

ribosomal components of E. coli, since this bacteria has been most thoroughly studied. 

However, in other bacteria the organization of the genes encoding the ribosome 

components has been shown to be very similar to that described for E. coli, suggesting 

that they use related mechanisms to control ribosome synthesis.

1.2.1.- Ribosomal protein genes.

(a) Organization. All 53 of the E. coli ribosomal protein genes have now 

been mapped (for reviews see Nomura et al, 1984 and Lindahl and Zengel, 1986). 

About half of the genes map at the classic str locus; another small cluster of ribosomal 

protein genes is found in the rz/locus and the remaining genes are scattered around the 

chromosome and organised into at least 20 transcriptional units containing from 1 to 11 

ribosomal protein genes (Bjork, 1985). The genetic organisation of ribosomal protein 

opérons is complex; some of the opérons contain genes for proteins that are not
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ribosomal; some have two promoters; others are co-transcribed with an upstream 

operon; in some cases there are internal promoters within structural genes. The 

physiological relevance of these complicated structures is not clear.

(b) Promoters. Initially, it was thought that one way to co-ordinate the 

synthesis of the various ribosomal proteins could be to use promoters of equal strength, 

responding to identical regulatory signals; if this hypothesis is true, one might expect to 

find clues for the basis of this co-ordination by comparing the sequences from different 

ribosomal protein opérons. In general, promoters for ribosomal protein opérons contain 

components that have been observed for other E. coli promoters, but stringently 

controlled promoters, specifically ribosomal protein and rRNA promoters, contain a 

conserved sequence, the GC rich discriminator, immediately 3’ of the -10 region 

(Travers, 1980). This sequence is absent from other promoters. Mutations in this region 

lead to loss of ppGpp sensitivity in vitro in the tufQ gene (Mizushima-Sugano and 

Kaziro, 1985), and abolishes both stringent and growth dependent control in the tyrT 

promoter as has been shown by in vivo studies (Travers et al, 1986). Other work has 

shown that the discriminator motif was sufficient to convert the rrn P2 promoter to a 

stringent, as well as growth rate-regulated promoter; the same sequence does not convert 

the tac promoter to either stringency or growth rate regulation, suggesting that the 

discriminator sequence is a necessary but not sufficient pre-requisite for growth-rate 

control and stringency (Zacharias, 1989).

(c) Regulation. All of the ribosomal protein opérons studied so far are 

under specific autogenous control, i.e. one of the ribosomal proteins encoded by a given 

operon represses the synthesis of most of the genes in the operon (see for example Dean 

and Nomura, 1980 or Lindahl and Zengel, 1979). Regulatory-ribosomal proteins are 

feedback inhibitors of the translation of their own mRNAs, so that the synthesis of 

ribosomal proteins is coupled to the process of ribosome assembly (Fallon, 1979); 

during ribosome biosynthesis, regulatory ribosomal proteins are rapidly sequestered into 

the ribosome and are therefore unable to inhibit ribosomal protein synthesis. However, 

if the synthesis rate of ribosomal proteins exceeds the ribosome biosynthesis rate, free 

ribosomal proteins accumulate and exert feedback inhibition on further ribosomal protein 

synthesis (Dean and Nomura 1980). Such a mechanism would ensure the balanced and

14



co-ordinate synthesis of all ribosomal proteins with respect to one another and with the 

synthesis of rRNA (Nomura et al, 1984).

1.2.1.1.- The ribosomal protein S10 operon.

The ribosomal protein SIO operon has special regulatory and 

structural characteristics in comparison with other ribosomal protein opérons. This 

operon, encoding 11 ribosomal proteins, is the longest of the ribosomal protein opérons 

(Zurawski and Zurawski, 1985). The transcription of the operon is initiated from a 

single promoter consisting of a standard -10 box and a -35 box similar to the consensus. 

A stringent discriminator is also present (Travers, 1984). The general organization of 

the E. coli SIO operon is shown in figure 1.3.

The ribosomal protein SIO operon is regulated by feedback 

mechanisms. Protein L4, the product of the third gene of the operon has been shown to 

inhibit the translation of other ribosomal proteins encoded by the operon (Yates and 

Nomura, 1980 and Zengel et al, 1980). However, the SIO operon is unusual in that L4 

not only regulates translation but also modulates transcription of the operon. 

Oversynthesis of L4 leads to a strong reduction of mRNA synthesis (Lindahl and 

Zengel, 1980). The two mechanisms of action of L4 are independent and require 

somewhat different features of the operon leader (Freedman et al, 1987). Transcription 

regulation of the ribosomal protein SIO operon results from L4 stimulated termination 

of transcription in the untranslated leader about 140 bases from the transcript start 

(Lindahl et al, 1983 and Zengel and Lindahl, 1990). The process involves pausing of 

the RNA polymerase at the attenuator, followed by sequential stabilization of the 

paused complex by NusA and then by L4, and finally release of the transcript and RNA 

polymerase from the template (Zengel and Lindahl, 1992). The process requires, in 

addition to the attenuator a small (6 bp long) hairpin immediately upstream from the 

attenuator. A region of about 110 bases within the domain I of 23 S rRNA eliminates the 

L4 effect of transcription, suggesting that only free L4 is active in regulating 

transcription of the ribosomal protein SIO operon (Zengel and Lindahl, 1993).

One interesting question that arises from the study of the 

ribosomal protein SIO operon is why only this operon is regulated at both 

transcriptional and translational levels? Inhibition of translation has the advantage of 

yielding an immediate response, while transcriptional inhibition allows several minutes
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of residual protein synthesis from pre-existing mRNA. However, transcriptional 

inhibition may be necessary for regulating long, multicistronic opérons, which is the 

case for the ribosomal protein SIO operon (Lindahl et al, 1983).

Although the transcriptional control of the ribosomal protein SIO 

operon seems to be involved in the response to nutritional upshift (Zengel et al, 1984; 

Zengel and Lindahl, 1986) and to temperature shifts (Zengel and Lindahl, 1985), it does 

not seem to be involved in steady-state growth rate dependent control (Zengel et al,

1984) or stringent control (Freedman et al, 1985). This suggest that overall regulation 

of ribosomal protein synthesis in response to growth conditions results from the 

interaction of several different regulatory processes.

1.2.2.- Ribosomal RNA genes.

(a) Organization. The genes encoding the three different classes of 

rRNA, (16S, 23S and 5S rRNA) are arranged into an operon called rrn (Doolittle and 

Pace, 1971). The organization of the three rRNA genes into one operon is one way of 

ensuring that mature 16S, 23S and 5S rRNA are synthesised in equimolar amounts. 

Several different tRNA genes are found in the spacer region between the 168 and 238 

RNAs and the distal ends of some of the rrn opérons (first reported in Lund et al, 

1976). Consequently, the gross anatomy of the rrn opérons is not identical. Whether the 

differences affect the regulation or function of particular rRNAs has yet to be establish. 

The rRNA genes are co-transcribed as large precursor molecules, which are cleaved into 

their component parts by specific RNases (Dunn and Studier, 1973). A schematic 

diagram showing the general structure of rrn opérons of E. coli is shown in figure 1.4.

(b) Number. The number of rrn opérons varies from species to species. 

In E. coli, there are seven non-contiguous rRNA opérons {rrn A, rrn B, rrn C, rrn D, 

rrn  E, rrn  G, rrn H), which are asymmetrically distributed about the origin of 

replication (oriC) on one half of the circular chromosome (for a review see Course et 

al, 1996). Multiple rrn opérons are found in the genomes of many organisms, and 

although the advantages conferred by rrn operon redundancy are still only partially 

understood, the phenomenon is clearly important for the survival of E. coli and many 

other species. Experiments in which multiple rrn opérons have been inactivated show 

that the expression of the remaining intact copies increase, in order to compensate 

(Condon et al, 1993). Although the seven rrn opérons of E. coli may appear to be

16



Feedback
control

Regulatory
protein

Prorinfiter

r-pmC

t l m» U2

r^lD rp lW  rplB rpsS rp lV  rpsC  rpiP  rpsQ

16 n
Stringency

discriminant
rpsJ gene 
> ^

-35
G C G C G G j.

-10 f -
tsp 172 n 

Untranslated 
leader region

S e c o n d a r y  s t r u c t u r e  
o f  t h e  1 7 2  n  lo n g

Attenuator
Hairpin

L4 dqiendent 
attenuation

Figure 1.3.- The ribosomal protein SIO operon of K. coli. The promoter region has been 

amplified to show the stringency discriminator, and the -35 and -10 boxes. The diagram 

in the box shows a schematic representation o f the secondary structure o f untranslated 

leader region (RNA).



P1P2 16S rRNA 23S rRNA 5S rRNA

tRNA T1T2

-35 -10-35 -10

3 1 -rH
111 11 1 UP I

FIS sites Stringent
discriminator

PI prom oter P2 prom oter

Figure 1 A.- Schematic representation of the general organization o f E. coli rrn opérons. 

The promoter region has been amplified to show the presence o f the different regulatory 

signals: The FIS binding sites, the UP elements and the hoxA signal.

18



superfluous for near optimal steady-state growth (five is sufficient), the cell benefits

significantly from this redundancy under conditions in which it encounters a sudden,

favourable change in environment (Condon et a l, 1995).

(c) Promoters. In order to account for so much of the cells total RNA

synthesis each rRNA operon must have promoters that are significantly stronger than

typical E. coli promoters. The promoter regions of all seven opérons have been

sequenced, and they all have the same general structure (see for example Condon et al,
701995). Each operon has tandem a  promoters, PI and P2, separated by about 100 base

pairs. The P2 promoter in turn is separated by a 200 bp leader region from the beginning

of the mature 16S rRNA (Lund and Dahlberg, 1979). None of the core promoter
70sequences has a perfect consensus a  promoter sequence. The -10 hexamers of all 

seven opérons are exact matches to the consensus (TAT A AT), but the -35 hexamers 

vary slightly. The spacing between the two hexamers is only 16 bp, rather than the 17 

bp found most frequently in E. coli promoters. In general, these deviations from the 

E.coli consensus promoter tend to reduce the strength of the rrn promoters. Special 

regulatory mechanisms increase both the frequency of transcription initiation by RNA 

polymerase and the efficiency with which the initiated transcripts are completed, 

contributing to the high rate of rRNA synthesis (For a comprehensive review of these 

mechanisms see Course et a l, 1996). These mechanisms will be discussed in the next 

section.

The dual promoters are differentially regulated over a wide range 

of environmental conditions. The rrn PI promoters are subjected to regulation and 

account for the majority of rRNA transcription at all but the slowest rates of growth. 

The rrn P2 promoter behaves as a relatively less active, constitutive promoter 

(Sarmientos and Cashel, 1983). However, the rrn P2 promoters are almost as strong as 

rrn PI promoters when isolated from their natural positions downstream of PI (Gafny et 

al, 1994). It has been suggested that the activities of the rrn P2 promoters are reduced 

by transcription from PI (“occlusion”), but it is likely that some additional mechanism 

must be responsible for repressing transcription from the rrn P2 (Gafny et al, 1994). An 

interesting characteristic is that a consensus stringency discriminator sequence (GCGC) 

is found only in the P 1 promoter and not in the P2 promoter. It has been demonstrated

19



that the discriminator motif by itself is sufficient to convert the usually constitutive 

promoter rrn P2, to a stringent, as well as growth-rate regulated promoter (Zacharias et 

al, 1989).

In addition to the well studied PI and P2 promoters, other 

promoters have been identified upstream of some opérons which may also have an 

influence on rrn expression. Two extra promoters, P3 and P4, were noted by Boros et 

a l (1983) about 1 Kb upstream of the operon, and RNA polymerase molecules 

originating from these promoters are thought to be capable of transcribing into rrnB.

(d) Regulation. Most of the regulation of rRNA expression occurs at the 

level of transcription initiation, although recent evidence suggest that the maintenance 

of a high elongation rate (antitermination) is also important for the completion of full 

length transcripts, rrn PI is the more highly regulated promoter, in its native context. 

This promoter is controlled in relation to amino acid availability (stringent response) 

and in relation to growth rate (Sarmientos and Cashel, 1983). However, mutations that 

reduce rrn PI activity do not affect growth-rate dependent control (Bartlett and Course, 

1994). Upstream of rrn PI are several binding sites for the transcription activator FIS 

and an AT-rich sequence, the UP element, which constitutes an extension of the 

promoter and has intrinsic activation capability through contacts with the a-subunit of 

RNA polymerase. Finally, transcription from both PI and P2 passes through an 

antitermination sequence similar to the N-mediated anti termination sites in the 

bacteriophage lambda.

- The UP element. The rrn PI and P2 promoters contain (A+T)- 

rich sequences upstream of their -35 hexamers that make a major contribution to 

promoter activity both in vivo and in vitro (Course et al, 1986). The -40 and -60 region 

stimulates PI promoter activity dramatically in vitro in the absence of proteins other 

than RNA polymerase and increases transcription from PI about 30 times in vivo (Ross 

et a l, 1993). This UP element is recognised by the carboxy terminal domain of the a  

subunit of the RNA polymerase, and might serve as a target for regulation under some 

conditions in vivo (Ross et al, 1993).

- FIS-dependent activation. FIS (Factor for Inversion 

Stimulation) is a small (11.2 kDa), heat stable, DNA binding protein which was
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identified by its ability to stimulate the site specific DNA inversion reaction catalysed 

by the DNA invertases Gin, Hin and Cin (Kahmann et al, 1985; Johnson and Simon,

1985). FIS binds in vitro to three sites upstream from rrn PI promoters, named UAR 

(Upstream Activating Region), located at -71, -102 and -143 (Course et a l, 1986). 

Purified FIS protein activates in vitro transcription from promoters containing UARs as 

much as ten fold (Ross et al, 1990). FIS levels vary dramatically during cell growth and 

in response to changes in environmental conditions (Ball et al, 1992). The mechanism 

by which FIS activates rRNA transcription has been investigated extensively. FIS 

induces and stabilizes DNA bending (Hübner et al, 1989). It has been proposed that 

bending of UAR DNA functions as a trap capable of anchoring RNA polymerase, and 

directing it to the initiation site (Muskhelishvili, 1995).

- Stringency discriminator and ppGpp. It has been shown that rrn 

B promoters in which UP element and FIS binding sites are deleted respond to 

aminoacid starvation like the full length wild-type promoter (Josaitis et al, 1995). 

Multiple base changes in the stringency discriminator sequence disrupt stringent control 

of the rrn PI promoter (Josaitis et al, 1995). Moreover, as mentioned before (see 

section 1.2.2.(b)), the stringency discriminator sequence is sufficient to change the 

response of the rrn P2 promoter to amino acid starvation and changes in growth rate 

(Zacharias et al, 1989). This effect was not observed in a non-ribosomal promoter (Jac), 

suggesting that some other element of the rrn promoters are necessary for regulation.

The reports about the role of ppGpp in the control of the strength 

of rrn promoters are contradictory. While some groups report that the normal growth 

control of the rrn PI promoter is abolished in mutants deficient in ppGpp synthesis 

(Zhang and Bremer, 1995), others have found that the core promoter region of rrn PI is 

sufficient for growth-rate dependent control in the absence of ppGpp (Bartlett and 

Gourse, 1994) and that the shut off of the rrn promoters upon the transition from the 

exponential to the stationary phase of growth occurs in the absence of ppGpp (Aviv et 

al, 1996).

- Antitermination. Translation is coupled to the transcription of 

most mRNAs in E. coli; that is, the ribosomes begin translation of mRNAs before RNA 

polymerase has reached the 5’ end of the transcription unit and released its transcript. It 

is thought that this is not simply a matter of efficiency but that the ribosomes also play a
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necessary role in restricting access of the transcription termination factor Rho to the 

mRNA, thereby preventing premature termination of transcription (Adhya and 

Gottesman, 1978). Evidence in support of this idea has come from the observation that 

nonsense mutations which cause premature translation termination and release of 

ribosomes from the mRNA also result in reduced transcription of regions downstream 

of the mutation, a phenomenon known as polarity. If untranslated rRNA transcripts 

were also subjected to polarity, equal amounts of each subunit would not be produced. 

However rrn opérons are exempt from premature transcription termination, even 

though it has been demonstrated that a Rho dependent terminator resides within the 16S 

gene. Several pieces of evidence suggest that there is an antitermination mechanism in 

E. coli rrn opérons that counteracts transcription termination signals, preventing the 

occurrence of polarity throughout their length (Morgan, 1980). Other roles have been 

proposed for this system, and it may be that several aspects of ribosome synthesis are 

governed by the antitermination mechanism. A growing number of genetic systems 

have been shown to be controlled at the level of premature termination of transcription, 

utilising a variety of mechanisms to control the formation of termination signals in the 

nascent RNA, or the ability of RNA polymerase to recognise those signals (for a review 

see Henkin, 1996).

The best characterised example of antitermination is provided by 

phage À, with which the phenomenon was discovered (for a review see Friedman and 

Court, 1995). During X phage transcription, RNA polymerase is modified by the N 

protein encoded by the phage and several E. coli host proteins, NusA, NusB, NusE 

(ribosomal protein SIO), and NusG, to form a termination-resistant elongation complex 

capable of proceeding for many Kb and through many Rho-dependent transcription 

terminators without stopping. Assembly of the elongation complex requires a promoter- 

proximal sequence in the RNA, known as the nut site, and it appears that the nut site 

RNA itself is the nucléation centre of the complex. The lambda nut site contains a 

sequence called boxA that hinds NusB, and a region of hyphenated dyad symmetry in 

the RNA downstream of boxA called boxB that interacts with lambda N protein. The 5’ 

end of the message is thought to remain attached through protein-protein and protein- 

RNA interactions, to the RNA polymerase as it transcribes towards the 3’ end of the
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template. It is not yet clear how this complex becomes resistant to either Rho-dependent 

or Rho-independent terminators. Recent studies indicate that the carboxy terminal 

domain of the RNA polymerase a-subunit may play an important, as yet undetermined, 

role in N-mediated transcriptional antitermination (Schauer et al., 1996 and 

Obuchowski fl/., 1997)

In the rrn opérons of E. coli, sequences homologous to the 

lambda nut site have been shown to promote antitermination of rRNA transcription in 

vivo (Li et al, 1984). hoxA like sequences occur in all seven E. coli rrn opérons, 

approximately 30 bp downstream of the P2 start site and again just preceding the 23S 

rRNA gene (Berg et a l, 1989; Morgan, 1986). The presence of a second nut like 

element in the spacer region between 16S and 23S genes, suggests that the system has 

to be recharged after transcription of the 16S gene (Ji et a l,  1994c; Pfeiffer and 

Hartman, 1997). While a boxB-\\\aQ stem-loop precedes the boxA sequence in the rrn 

opérons, its sequence is not conserved. Deletion analysis of the rrn nutAiks sequences 

demonstrated that boxA was required for rrn antitermination in vivo, but boxB was 

dispensable (Gourse et al, 1986; Berg et al, 1989). In addition, Nus factors appear also 

to be involved in rrn antitermination. NusA, NusB, NusE (ribosomal protein SIO) and 

NusG are all required for antitermination in rrn (Squires et al, 1993). Even more, a 

direct biochemical interaction between NusB and ribosomal protein SIO was 

demonstrated by affinity chromatography (Mason et al, 1992), and this heterodimer 

was subsequently shown to be capable of binding specifically to rrn boxA RNA 

(Nodwell and Greenblatt, 1993). The remarkable correlation between the ability of wild 

type and mutant boxA sequences to bind NusB and ribosomal protein SIO and to 

support transcription antitermination in vivo suggests that this interaction is of central 

importance to antitermination during the transcription of the rrn opérons. Hgure 1.5. 

shows a model of transcription antitermination in the rrn opérons, as suggested by 

Nodwell and Greenblatt (Nodwell and Greenblatt, 1993).

Although the similarities between the lambda and rrn antitermination 

systems are striking, it is clear that the two systems are not identical. Most important, a 

lambda N-like protein has yet to be identified from E. c o li, and the rrn antitermination 

system allows read-through primarily of Rho-dependent termination sites. The rrn
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modified RNA polymerase is able to transcribe through even multiple Rho-dependent 

termination sites, such as those that may exist within the 16S and 23 S rRNA genes, but 

reads through Rho-independent termination sites only very poorly and with some 

variations depending on the specific terminator (Albrechtsen et al, 1990). Thus, the 

distinct characteristics of the rrn and lambda antitermination systems may reflect their 

different purposes. The rrn system may have roles in promoting correct folding, 

processing and assembly of rRNAs, as well as in preventing premature termination of 

Rho-dependent, but not of Rho-independent, transcription. These roles would all 

prevent the production of incomplete rRNAs that might lead to unequal titration of 

ribosomal proteins and the formation of non functional and energy-wasteful incomplete 

ribosomal particles (Gourse et al, 1996). Recently it has been shown that boxA signals 

confer ppGpp insensitivity to the RNA polymerase (Vogel and Jensen, 1995), implying 

a possible role in the stringent response. The involvement of ribosomal protein SIO in 

the antitermination process raises some intriguing possibilities about the co-ordinate 

regulation of ribosomal proteins and rRNA. A deflcit of rRNA relative to ribosomal 

protein would be predicted to lead to an increase in rrn expression caused by excess 

Conversely, cells having an excess rRNA would not contain free SIO, which would 

lead to premature transcription termination early in rRNA synthesis. A schematic 

representation of the role of ribosomal protein SIO in coordinating the expression of 

rRNAs and ribosomal proteins, is shown in figure 1.6.

1.3.- The ribosome synthesis machinery in mycobacteria.

Mycobacteria differ markedly from many other bacteria in that their genomes 

carry far fewer rRNA opérons. While bacteria like E. coli have seven such opérons, 

fast-growing mycobacteria such as M. smegmatis have two and slow-growers, such as 

M. tuberculosis and M. leprae, have a single rRNA operon (Kempsell et al, 1992; Sela 

et a l, 1989). The physiological implications of this attribute in the regulation of 

ribosome synthesis is not known, but it seems to be reflected in the relatively slow rates 

of growth of mycobacteria (see section 1.1.4.). However, the possession of more than 

one rrn operon is not essential to achieve rapid growth in mycobacteria. Mycobacterium 

abscessus and Mycobacterium chelonae have a single rrn operon per genome, despite
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being considered fast growers (Domenech et al, 1994). The presence of a single rrn 

operon could also explain the limited capacity of slow-growers to colonise new habitats 

or to adapt to changing conditions (M leprae, for example, has not been grown in 

vitro). It is known, for example, that in E. coli all seven opérons are necessary for rapid 

adaptation to certain nutrient and temperature changes, although nearly optimal growth 

rates are obtained with only five rrn opérons (Condon et al, 1995). Whatever the 

implications are of the presence of a single rrn operon in slow-growing mycobacteria, 

it is clear that mechanisms that allow the efficient expression of the rRNA opérons are 

bound to be of extreme importance for the survival of these bacteria.

The single rrn operon of slow growing mycobacteria has the classical structure 

described for E. coli (with 2 promoters, a leader region containing putative 

antitermination signals, the 16S gene, a spacer region that also contains antitermination 

signals, the 23 S gene, another spacer region and finally the 5S gene), as has been shown 

for M  leprae (Liesack et al, 1990, 1991; Sela and Clark-Curtiss, 1991), M. bovis 

(Suzuki et al, 1988) and M. tuberculosis (Kempsell et al, 1992). Mycobacterial rrn 

opérons consist of 2 or more promoters, a leader region and the genes encoding 16S, 

23 S and 5S rRNA, separated by intergenic spacer regions. A schematic representation 

of the rrn opérons of different mycobacteria is shown in figure 1.7.

Comparison of rrn opérons of M.tuberculosis and M. leprae with six other slow- 

growers (M avium, M. paratuberculosis, M. intracellulare, M. marinum, M. simiae and 

M. lufu (Ji et al, 1994 a, b)) show that they were sufficiently closely related in both 

their primary and secondary structures to be regarded as members of a family, the rrn 

Ag opérons, the subscript S denoting slow growth (Ji et al, 1994a). Later, it was found 

that the rrn A g opérons of M. tuberculosis and M. leprae are located downstream from 

an open reading frame (ORF) coding for a protein significantly similar to the enzyme 

UDP-N-acetyIglucosamine carboxyvinil transferase (UNAcGCT) which is important to 

cell wall synthesis (Gonzalez-y-Merchand et a l, 1996). Furthermore, the PI promoter 

of the rrn A operon of M. tuberculosis, lies within the coding region of UNAcGCT, 

implying that transcription of the UNAcGCT gene would influence the transcription of 

the rrn operon (Gonzalez-y-Merchand et a l, 1996).

Most fast-growers are believed to have two rrn opérons per genome, namely rrn 

Ap and rrn Bp (Bercovier et al, 1986). Ji et al, (1994c) reported that the two opérons
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of Mycobacterium smegmatis appear identical downstream from the boxA^ motif; 

upstream from this motif one operon designated rrn Ap (the subscript F denoting fast 

growers) was found to resemble the rrn Ag opérons more than the other (designated rrn 

Bp). This view was confirmed when the rrn Ap operon, like the rrn Ag opérons 

mentioned above, was shown to be located downstream from an ORF coding for a 

protein significantly similar to UNAcGCT (Gonzalez-y-Merchand et al, 1996). In 

contrast, the rrn Bp was found to be located downstream from an ORF coding for 

tyrosyl-tRNA synthetase (Predich et al, 1995; Gonzalez-y-Merchand et a l, 1996). The 

single rrn operon present in fast-growers M. chelonae and M  abscessus {rrn Aj) is 

related to the rrn A g and rrn Ap as demonstrated by its location downstream from the 

putative UNAcGCT gene (Gonzalez-y-Merchand et a l, 1997).

Comparison of the DNA sequences of rrnK  opérons from species that differ 

markedly in their growth rates, has shown that a common strategy used to increase the 

efficiency of transcription involves the use of multiple promoters. Our group has 

identified a hypervariable multiple promoter region, located between the UNAcGCT 

and 16S genes of the rrnA  opérons, that contains between 2 and 5 promoters. Two of 

these promoters, PI and PCLl, are present in all the species examined (Gonzalez-y- 

Merchand et al, 1997). In contrast, rrn B opérons appear to be regulated by a single 

promoter (Predich et al, 1995; Gonzalez-y-Merchand et al, 1996b).

Another common feature of the rRNA synthesis machinery of different species 

of mycobacteria is the presence of highly conserved sequences in the spacer and leader 

region of the rrn opérons. A stretch of 31 identical nucleotides of the leader region was 

found to be present in the rrn operon from eight species of slow growing mycobacteria 

(Ji et a l, 1994a). The spacer region between the 16S and 23S rRNA genes also contains 

a highly conserved region of 46 nucleotides (Ji et a l, 1994b). Sequences with homology 

to the E. coli boxA and boxB signals can be identified in these two conserved regions. 

Putative antitermination signals can also be identified in the two opérons of fast 

growing mycobacteria (Ji et a l, 1994c). The high degree of conservation of these 

sequences between different species, suggest they are essential for efficient synthesis of 

rRNA in mycobacteria. The putative mycobacterial boxA sequence 5 ’- 

UG(G/U)UGUUUGA(G/U)(U/A)-3’ is related to, but different from antitermination 

signals present in rrn opérons of other bacteria (Kempsell et a l, 1992). The location of

29



boxA and boxB sequences in rrn opérons of different mycobacteria is shown in figure 

1.7

1.4.- Aims and objectives of this study.

In M. tuberculosis the regulation of synthesis of rRNA seems to be much more 

important than in other bacteria, since this pathogenic mycobacterium has a single rrn 

operon (Kempsell et a l, 1992). Our laboratory has being trying to understand how this 

single rrn operon is organized, and how its transcription is regulated under different 

metabolic conditions. We hope that this information will help us to further our 

understanding of mycobacterial growth regulation. One of the questions that we have 

asked is “Are there antitermination mechanisms in M. tuberculosisT\ The overall 

objective of this project was to study the antitermination mechanisms in the rrn operon 

of M.tuberculosis. The presence of DNA sequence resembling boxA and boxB signals 

in the leader and spacer regions of the M  tuberculosis rrn operon, suggested that a 

mechanism similar to the transcription antitermination described in E. coli is used in 

mycobacteria. Based on the assumption that the transcription of rrn opérons will be 

controlled similarly in both bacteria, we focused our efforts in studying molecular 

interactions between the main factors involved in rrn antitermination in E. coli: 

ribosomal protein SIO, NusB and 6o%v4-RNA. In order to do this it was necessary to 

identify, synthesize and purify the mycobacterial homologues to ribosomal protein SIO, 

NusB and boxA. In the next chapters we will describe the identification, cloning 

expression and purification of each one of these elements. Finally we will describe the 

study of the molecular interactions between these factors, and the possible implications 

for the transcription of the M  tuberculosis rrn operon.
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2.- MATERIALS AND METHODS.

2.1.-Reagents.

2.1.1.- Chemicals.

Unless otherwise stated, the chemicals used were purchased from Sigma 

Chemical Co., BDH laboratories supplies, Aldrich Chemical Co. or ICN Biomedicals 

Co. The purified E. coli NusB was provided by Dr. Andrew Lane from the National 

Institute for Medical Research, London, UK. Purified M. smegmatis RNA polymerase 

was obtained from Dr. Issar Smith from the Public Health Research Institute, NY, USA.

2.1.2.- Radiochemicals.

All radioactively labelled aminoacids and nucleotides were purchased 

from Amersham International.

2.1.2.- Oligonucleotide primers.

Oligonucleotide primers were synthesized in the sequencing and 

synthesis service in the NIMR. Other primers were commercially prepared from Oswel 

DNA service. For a list of the oligonucleotide primers used, see table I.

2.1.3.- Plasmids.

pBluescript II KS M13(+) was purchased from Stratagene (Cat No. 

212207). pQE30 plasmids were obtained from QIAGEN.

2.1.4.- Commercial kits.

Wizard Miniprep and Maxiprep DNA Purification kits were obtained 

from Promega (Cat No. A7500 and A7270), as well as the AMV Reverse Transcriptase 

Primer Extension Kit (Cat. No. E3030). The Hybaid Ribolyser Kit Blue for RNA 

isolation was from Hybaid (Cat No. RY61100). The GeneClean II kit was bought from 

Bio 101, Inc. (Cat No. 1001-400). Sequenase Version 2.0 DNA sequencing kit was 

purchased from USB-Amersham (Cat No 70770). TA cloning kit was obtained from 

Invitrogen (Cat No. K2000-01). The RNA transcription kit was from Stratagene (Cat 

No. 200341). The set of four dNTPs (2’-deoxynucleoside 5’-triphosphate) was from 

Pharmacia (Cat No. 27-2035-01). The BCA protein assay reagent kit was from Pierce 

(Cat No. 23225). The QIAexpress kit type IV was from QIAGEN (Cat No. 32149). The 

ABI Prism dye terminator cycle sequencing reaction kit was from Perkin Elmer
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Table I. Primers used

Name Sequence Use

BA2 5 ’-AATTCTAATACGACTCACTATAGGGGGAAACAAGCAAGCGTGTTGTTTGAGAA-3’

BA3 5’-AATTCTAATACGACTCACTATAGGGGCAAGCGTGTTGTTTGAGAACTCA-3 ’

BA4 5 ’-AATTCTAATACGACTCACTATAGGGGCAAGCGTGCCTGTTTAACAACTCA-3’

BAC2 5 ’-AATTCTAATACGACTCACTATAGGGGGAAACAAGCAAGCGACAACAAACTCTA-3’

BAC3 5 ’-AATTCTAATACGACTCAGTATAGGGGCAAGCGACAACAAACTCTACTC A-3 ’

Blu-rev 5’-AACAGCTATGACCATG-3’

BoxA 5’-AGCTTCAAGTGTTGTTTGAGAACTCAG-3’

cBA2 5’-TTAAGATTATGCTGAGTGATATCCCCCTTTGTTCGTTCGCACAACAAACTCTT-3’

cB A3 5 ’ -TTAAG ATT ATGCTG AGTGATATCCCCGTTCGCAC AAC AAACTCTTGAGT-3 ’

cB A4 5 ’-TTAAGATTATGCTGAGTGATATCCCCGTTTCGCACGACAAATTGTTGAGT-3 ’

CBAC2 5 ’-TTAAGATTATGCTGAGTGATATCCCCCTTTGTTCGTTCGCTGTTGTTTGAGAT-3 ’

CBAC3 5’-TTAAGATTATGCTGAGTGATATCCCCGTTCGCTGTTGTTTGAGATGAGT-3’

cBoxA 5" -TCGACTGAGTTCTCAAACAAC ACTTGA-3 ’

CRAC103 5’-CGACTTGCATGTGTTAAGC-3’

JGIT1 5’-AATTCTAATACGACTCACTATAGGGGGGTTGCCCCGAAGCG -3’

JGIT2 5’- AATTCTAATACGACTCACTATAGGGGGGTTGCCCCAAAACG-3’

M 13-20 5’-GTAAAACGACGGCCAGT-3’

pemtu 5’ -GCTTCTCCTACTCCACTCCC-3’

pemtuA 5 ’-TTTGCTTCTCCTACCTCACTCCC-3 ’

pemtuB 5’-CTGTCGTAGGTCCACCGGCC-3’

pemtuC 5 ’-CGCCGCTGTTTACCTGTCGT-3 ’

pLZ 5’-CCTCTTCGCTATTACGCC-3’

pNusB 1 5 ’-GAGGGATCCTGTCTG ATCATGTCTAATCCGGTCAAG-3 ’

pNusB2 5 '-GT AAAGCTTTCCATCACCGGCAG ACAGC AGCG ACTT-3 '

pNusB3 5 ’ -GAGGG ATCCTCG ATGTCGG ACAG AA AGCCG-3 ’

pNusB4 5 ’ -GT AAAGCTTTTC ATC ACACGCCCCCCC ACGC A-3 ’

prEND 5 ' -C ACTGCCG ACTG AGAAGAATG-3 '

prINS 5 ’-CACCATCACCATCACGGATCCG-3 ’

prPRO 5 ’-GGCGTATCACGAGGCCCTTTCG-3 ’

prREV 5 ’-CATTACTGGATCTATCAAC AGG-3 ’

prREV2 5’-CCGCTTGTGGGTGCGCAT-3’

prREV3 5 ’-GCGAGCCGAGGCGTCAATCG-3 ’

prS 10T7 5 ’-AATTCTAATACGACTCACTATAGGGCACACAGAATTC ATTAAG AGG-3 ’

prT3Blu 5 ' -ATT AACCCT AC ACTAAAG-3 '

prT7Blu 5’-AATACGACTCACTATAG-3’

S 1OA 5 ’-CGCGGATCCGCTGCTGTGGCGGGACAGAAGATC-3 ’

S 1 OB 5 ’-CGGGGTACCCTACTGGATGTTGACATC-3 ’

S 10B3 ’ 5 ’-CGGGGTACCCG AATACCTGCGTCATGCCC-3 ’

sgr6 5’-GCGACGGTCACCTATGGA-3’

sgr7 5’-GAAGTCGCCGCGAGCG-3’

In vitro transcription 

In vitro transcription 

In vitro transcription 

In vitro transcription 

In vitro transcription 

Sequencing 

Sequencing 

and in vitro transcript 

In vitro transcription 

In vitro transcription 

In vitro transcription 

In vitro transcription 

In vitro transcription 

PCR and

in vitro transcription

In vitro transcription

In vitro transcription

In vitro transcription

Sequencing

Primer extension

Primer extension

Primer extension

Primer extension

PCR

PCR

PCR

PCR

PCR

Sequencing

Sequencing

Sequencing

Sequencing

Sequencing

Sequencing

Sequencing & PCR

Sequencing

Sequencing

PCR

PCR and sequencing 

PCR

In vitro transcription 

In vitro transcription
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Corporation (Cat No P/N 402078).

2.1.5.- Enzymes.

Restriction enzymes were purchased from Boehringer Mannheim, as 

was T4 DNA ligase (Cat No. 716 359) and DNase free RNase (Cat No. 1 119 915). 

AmpliTaq DNA polymerase was purchased from Perkin Elmer (Cat No. N808-0101). 

Rabbit reticulocyte lysate (Cat No. L4980) system and E. coli T7 S30 extract (Cat No. 

LI 13) were obtained from Promega, as was the RNAsin Ribonuclease inhibitor (Cat 

No. N2511) and RQl RNase free DNase (Cat No. M6101). T7 and T3 RNA polymerase 

were bought from Stratagene (Cat No. 600123 and 600112 respectively) and E. coli 

RNA polymerase from USB (Cat No. E78022Y/Z). Anti-rabbit IgG, produced in sheep, 

and conjugated to horseradish peroxidase was from Boehringer Mannheim Biochemica 

(Cat No. 1238 850)

2.1.6.- Molecular weight markers and ladders.

DNA ladders were from Gibco (Cat No. 15628-019 and 15612-013). 

RNA molecular weight marker III from Boehringer Mannhein (Cat No. 1062-638), and 

MultiMark coloured molecular weight markers from Novex through R&D systems (Cat 

No. L05725).

2.2.- Equipment.

2.2.1.- Centrifuges and rotors.

The following centrifuges and rotors were used: Centrifuges Sorvall RC- 

5B and Sorvall RC-5C with rotors GSA, SS34 and HS4; Table top microcentrifuge 

MicroCentaur from MSE; Ultracentrifuge Beckman L8-55, rotor SW40Ti.

2.2.2.- Water baths.

Constant temperature water baths from Grant instruments.

2.2.3.- Spectrophotometer.

Model UV2 (UV/VIS) from UNICAM.

2.2.4.- Mass spectrometer.

Mass spectrometry studies were performed using a modified 130A 

HPLC (Perkin Elmer, USA) coupled on-line to a Platform electrospray mass 

spectrometer (Micromass, UK).
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2.2.5.- ELISA reader.

EL312 Biokenetics Reader from BioTek Instruments.

2.2.6.- ELISA plates.

Maxisorp Nunc Immunoplates Cat No. 442404

2.2.7.- Automatic DNA sequencer.

ABI Prism 377 DNA sequencer from Perkin Elmer Corporation.

2.2.8.- Thermocycler.

Model Progene, from Techne. OmniGene from Hybaid.

2.2.9.- Transilluminator.

3UV transilluminator model 22009302 from Appligene.

2.2.10.- Phosphoimager.

Phosphoimager from Molecular Dynamics, and software analysis

ImageQuant.

2.2.11- BIA technology.

Plasmon surface resonance was measured with a Biacore 2000 system 

using a CM5 chip (BR-1000-12) from BlAcore AB.

2.2.12 - Sonicators and cell disrupters.

Cell disrupter Hybaid RiboLyser. Sonicator model Soniprobe type 

7532A from Dawe Instruments limited.

2.2.13.- Gel apparatus.

2050 Midget LKB tank (Hoeffer Scientific Instruments) for mini SDS-

PAGE gels.

2.2.14.- Gel dryer.

Gel dryer Savant SGD4050.

2.2.15.- Xray films and X ray developer.

X-ograph Blue X-ray film from X-ograph Imaging systems, and 

Hyperfilm-MP from Amersham were used for autoradiography and developed in a Fuji 

Automatic X-ray film developer.

2.2.16.- Liquid scintillation counters.

Model 1410 and Betaplate 1205, both from Wallac.

2.2.17.- Photographic equipment.
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For white light an instantaneous camera Polaroid CU-5 88-45 was used 

with Polaroid film type 667. For UV a Foto/Analist camera from Fotodyne was used, 

and copies were made on thermal paper K65HM with a Mitsubishi Video copy 

processor.

2.2.18.- Sequence databases.

GenBank DNA sequence database, as well as M. tuberculosis databases 

from Sanger Centre and from TIGR, and MycDB from the Institut Pasteur were 

consulted. Swiss-prot databases were used for protein sequences.

2.2.19.- Filters, concentrators and columns.

Microcon columns. Gel nebulizer and Micropure inserts were obtained 

from Amicon (Cat No. 42415, 42550 and 41872 respectively), as well as Centriplus 

concentrators (Cat No. 4421). Spectra/Por CE sterile DispoDialyzers were purchased 

from Cole Parker Co. ( Cat No. 135 516). For the filter binding assay, nitrocellulose 

filters Protran BA85 of 0.45 |nm from Schleicher & Schuell were used in a filtration 

manifold unit SRC 072/0 Minifold II, also from Schleicher & Schuell Nylon 

membranes Hybond-N from Amersham (Cat No. RPN 1520N) were used for nucleic 

acid blotting and Immobilon-P membranes from Millipore (Cat No. IPVH 202 00) for 

protein blotting aplications. Bio-spin chromatography columns were purchased from 

Bio-Rad.

2.3.- Bacterial strains.

Bacterial strains used in this work included M. tuberculosis strain H37Rv 

(NCTC7416), M. smegmatis NCTC8159, and M. microti NCTC245. Epicurian Coli 

XL 1-Blue (Genotype recAl endAl gyrA96 thi-1 hsdRl? supE44 lac [F’ proAB lacEZ_ 

M l5 TnlO (Tet^)]) competent cells were obtained from Stratagene (Cat No. 200236). E. 

coli strains M15[pREP4] and SG13009[pREP4] were used to express recombinant 

proteins; both strains are Nal^ Str^ rif^ lac' ara" gaf m tf F' recA^ uvr .TGI strain was 

used to store and propagate the pQE plasmids.

2.3.1.- Culture of mycobacteria.
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Mycobacteria cells were maintained on Lowenstein-Jensen (Mackie and 

McCartney, 1949) slopes and grown for use in liquid culture at 37°C in Dubos broth, 

enriched with Middlebrook ADC enrichment (Difco, Cat No. 0714-64-0).

2.3.2.- Culture of E. colL

E. coli was grown in Luria-Bertani (LB) broth containing the appropriate 

antibiotic concentration when needed. Unless otherwise stated, cultures were incubated 

in a rotary shaking incubator at 37°C and 200-300 rpm for 8-24 h.

2.4.- Isolation of DNA.

2.4.1.- Isolation of genomic DNA.

Genomic DNA was isolated from M. tuberculosis cells in a late phase of 

growth. The bacteria were harvested by centrifugation at 12000 rpm for 5 min, 

resuspended in 6M guanidinium chloride, 0.1% tween-80, lOmM EDTA, ImM 2- 

mercaptoethanol, at a density of 300 pi per 30 g of wet weight cells. The cells were then 

frozen at -70°C in dry ice-acetone and thawed at 65°C for 30 min (this step was 

repeated twice). The lysed cells were cooled down on ice for 5 min and the DNA was 

extracted twice with chloroform-isoamyl alcohol. Finally the DNA was precipitated 

with ethanol , dried, resuspended in TE buffer (lOmM Tris/HCl pH7.4, ImM EDTA) 

and stored at 4°C.

2.4.2.- Isolation of plasmid DNA.

Individual bacterial colonies were picked from agar plates and grown 

overnight at 37°C in 5 ml of LB medium containing the relevant selecting antibiotic. 

The cells were pelleted by centrifugation for 5 min at 12000 rpm and resuspended in 

200 pi of 50mM Tris/HCl pH 7.5, lOmM EDTA, lOOpg/ml RNase A. 200 pi of lysis 

buffer (0.2M NaOH, 1% SDS) were added, followed by neutralization with 1.32M 

potassium acetate pH 4.8. The supernatant was collected after centrifugation at 12000 

rpm for 5 min. 1 ml of Wizard Miniprep DNA Purification Resin (see section 2.1.5.) 

was added, and the solution was loaded onto the columns provided in the kit. The resin 

was washed three times with lOOmM NaCl, lOmM Tris/HCl pH 7.5, 2.5mM EDTA, 

50% ethanol. After drying the resin carefully, the DNA was eluted with 50 pi of TE 

buffer and preheated at 65°C. The resulting plasmid DNA was extracted with phenol-
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chloroform and precipitated with ethanol. The concentration of DNA was determined 

by measuring the optical density (OD) at 280 nm.

2.5.- Isolation of the RNA fraction.

Total RNA from M tuberculosis was isolated using the Ribolyser Kit 

Blue (see section 2.1.5). Tubes with RiboLyser matrix were prepared by adding 500 pi 

of reagent B and 100 pi of reagent C. M.tuberculosis cells in a late phase of growth 

were harvested by centrifugation at 10000 rpm for 15 min, and resuspended in 500 pi of 

reagent A. The resuspended cells were added to the tubes containing the matrix, and the 

tubes processed in the RiboLyser instrument for 20 sec at a speed rating of 6. After cell 

lysis the tubes were kept on ice for 1 -2 min, spun down for 15 min, and the top phase 

removed. 300 pi of reagent C were added, and the mixture vortexed for ten seconds, and 

centrifuged at high speed for 2 min to separate phases. The top phase was again 

removed to a microcentrifuge tube and 500 pi of reagent D added. After 1-2 min 

incubation the RNA was pelleted by centrifugation for 5 min. The pellet was washed 

twice with 250 pi of reagent E, and resuspended in 50 pi of DEPC water. The purified 

RNA solution was stored at -70°C.

2.6.- Gel electrophoresis.

2.6.1.- Non denaturing gels.

-Agarose gels.

Electrophoresis in agarose gels was used to separate, identify, measure 

and purify DNA fragments. Various concentrations of agarose were used for the gel 

matrix, depending on the size of the DNA fragments to be resolved. Ethidium bromide 

was included in the gel itself at a final concentration of Ipg/ml in order to visualize the 

DNA in UV light. Prior to electrophoresis 1/5 volume of loading buffer (0.2M EDTA 

pH 8.3, 50% v/v glycerol, 0.05% w/v bromophenol blue) was added to each sample. 

Electrophoresis was carried out in one of two buffer systems. When DNA fragments 

were to be recovered from the gel, a TAE buffer was used (40mM Tris/acetate pH 7.7, 

ImM EDTA). For all other purposes a TBE buffer was used (89mM Tris/borate pH 8.0, 

ImM EDTA). The samples were electrophoresed at 1 to 10 V/cm of gel. After
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electrophoresis the gel was placed on an ultraviolet transilluminator and the DNA 

bands were visualized and photographed.

- Acrylamide gels.

Non denaturing acrylamide gels were used to separate products of 

different mobility in the band shift assay. Glass plates (25 x 20 cm) were thoroughly 

cleaned with a dilute solution of detergent, rinsed several times with distilled water 

followed by ethanol and left to dry. One of the plates was siliconised by spreading about 

10 ml of dimethyldichlorosilane solution using a Kleenex paper towel, rinsed twice with 

distilled water and then with ethanol. The gel was then assembled with 1.5 mm spacers 

and held in place with clips. The gel mix was prepared with 8% 

acrylamide/bisacrylamide (7.73% acrylamide, 0.26% bisacrylamide) in 0.5X TBE. The 

gel was polymerised with 0.1% (w/v) ammonium persulfate and 0.01% (v/v) TEMED. 

The gels were run in IXTBE buffer at 4°C. A pre run of 1 hr at 200V was done before 

loading the samples. The samples were electrophoresed for 2-4 hrs at 200V in a cold 

room. After electrophoresis the glass plates were cooled down and separated, with the 

gel remaining attached to the unsiliconised plate. It was then removed from the plate by 

overlaying it with a sheet of 3MM paper and carefully lifting. The gel was overlaid 

with “cling film” and dried under vacuum on a gel dryer at 80°C for 30 min. The dried 

gel was exposed in direct contact with film for 8-24 hrs before the autoradiograph was 

developed.

2.6.2.- Denaturing gels.

-Sequencing gels.

Glass plates were thoroughly cleaned and rinsed several times with 

distilled water followed by ethanol and left to dry. The notched plate was siliconised 

and the gel sandwich assembled, using 0.1mm spacers and clamps. The gel mix (6% 

acrylamide 8M urea, 0.5X TBE buffer) was primed with 0.1% (w/v) ammonium 

persulfate and 0.015% (v/v) of TEMED. The solution was then poured to fill the gel 

mold and a comb fitted in place. Gels were allowed to polymerize for at least 1 hr 

before the gel tank was assembled. Once the gel was set, the lower tank was filled with 

IX TBE and the upper one with 0.5X TBE. The gel was then pre-run at constant power 

for 15 min (60 W). Sequencing reaction mixtures were carefully loaded, using a Gilson 

P20 micro-pipette and “duckbill” tips (Gilson, Anachem), in the order A, G, C and T
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from left to right. The running conditions were the same as for pre-run. The gel was run 

until the bottom dye reached the base of the plate, and a second load of the same 

samples was done. The gel was then run until the bottom dye of the second loaded 

samples reached the bottom of the glass plate. After electrophoresis the glass plates 

were cooled down and separated, with the gel remaining attached to the unsiliconised 

plate. The acrylamide gel was fixed for 15 min with a solution containing 10% 

methanol and 10% acetic acid. The gel was then removed from the backing plate by 

overlaying it with a sheet of 3MM paper and carefully lifting. The gel was overlaid 

with “cling film” and dried under vacuum on a gel dryer at 80°C for 2 hrs. The dried gel 

was exposed in direct contact with film for 8-24 hrs before the autoradiograph was 

developed.

-Formaldehyde gels.

Electrophoresis in agarose gels containing formaldehyde was used to 

separate, identify, measure and purify RNA fragments. As in non-denaturing agarose 

gels, the concentrations of agarose used for the gel matrix, depend on the size of the 

RNA fragments to be resolved. The appropriate amount of agarose was melted in water 

and, once the temperature dropped below 60°C, 5X MOPS running buffer (O.IM 

MOPS, 40mM sodium acetate, 5mM EDTA) and 37% formaldehyde were added to 

give final concentrations of IX MOPS buffer and 2.2M formaldehyde. The gels were 

cast in a chemical hood, and allowed to set for 30 min at room temperature. The 

samples were prepared by mixing up to 4.5 pi of the RNA sample with 2 pi of 5X 

MOPS running buffer, 1 pi of ethidium bromide (1 mg/ml), 3.5 pi of formaldehyde 

(37%) and 10 pi of formamide. After incubation for 15 min at 65°C, 2 pi of 

formaldehyde gel-loading buffer (50% glycerol, ImM EDTA, 0.25% bromophenol 

blue, 0.25% xylene cyanol) were added to each sample. Immediately before loading the 

samples, the gel was pre-run for 5 min at 5V/cm in IX MOPS running buffer. The 

samples were electrophoresed at 3-4 V/cm of gel. After electrophoresis the gel was 

placed on an ultraviolet transilluminator and the RNA bands visualized and 

photographed.

-SDS-PAGE gels.
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One dimensional gel electrophoresis under denaturing conditions (i.e. in 

the presence of 0.1% SDS) was used to separate proteins based on molecular size. The 

gels were assembled in a mini-gel format with 0.75 mm wide Teflon spacers. The 

separating gel solution (for 15% acrylamide gels) was prepared using 5.63 ml of 

acrylamide-bis stock solution (37.5% acrylamide, 1% bis-acrylamide), 3.75 ml of 4X 

separation gel buffer (1.5M Tris/HCl pH 8.8, 0.4% SDS). 5.62 ml of water, 100 pi of 

10% ammonium persulfate, and 20 pi of TEMED. The solution was poured between the 

glass plates and overlaid with water. Once the separating gel was polymerized, the 

stacking gel solution was prepared: 0.5 ml of polyacrylamide-bis stock solution, 1.25 ml 

of 4X stacking gel buffer (0.5M Tris/HCl pH 6.8, 0.4% SDS) 25 pi of 10% ammonium 

persulfate and 5 pi of TEMED, in a final volume of 4.5 ml. The stacking gel solution 

was poured on the top of the separating gel, and an appropriate comb was inserted. 

When the gel was ready, it was assembled in the gel apparatus and the tank filled with 

running buffer (5X stock solution: 15.1 g Tris/base, 72 g glycine 5 g SDS, final volume 

500 ml). Samples were treated with loading buffer (2X stock: 1.52 g Tris/base, 20 ml 

glycerol, 2 g SDS, 2 ml 2-mercaptoethanol, 1 mg bromophenol blue, pH 6.8, final 

volume of 100 ml), and boiled for 5 min, just before loading in the gel. The gels were 

run at 20 mA (constant current) until the sample reached the separation gel, and at 30 

mA during the separation. After electrophoresis, the gel sandwich was disassembled and 

the gel transferred to a tray containing fixing solution (10% acetic acid, 20% methanol) 

for 1 hr. Then the gel was stained with Coomasie blue, and destained with 5% 

methanol/ 7% acetic acid. Before drying the gel, it was rehydrated with distilled water 

for 30 min. The gel was then dried at 80°C with vacuum for 1 hr.

2.7.- Transfer procedures.

2.7.1.- Southern (DNA) transfer.

Agarose gels, after being photographed were rinsed for 10 min in fresh 

O.IM HCl, incubated for 40 min in alkali transfer buffer (0.5M NaOH, 1.5M NaCl) and 

then another 40 min in neutral blotting buffer (l.OM Tris/ HCl pH 7.5, 3.0M NaCl). A 

piece of 3MM filter paper was placed on a piece of glass and inside a plastic tray. The 

tray was filled with 2OX SSC (3M NaCl, 0.3M sodium citrate pH 7.0) until the level of
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the liquid almost covered the filter paper. Bubbles were carefully removed and the gel 

placed in an inverted position on top of this support. The gel was surrounded with 

plastic “cling” film, and the nylon membrane, previously rinsed in 20X SSC, layered 

carefully over the gel. On top of that were placed 2 pieces of filter paper immersed in 

2X SSC, and a stack of dry paper towels (5-8 cm high) just smaller than the filter 

papers. Finally a glass plate and a weight of 500 g were placed on top of the stack. The 

transference of DNA was allowed to proceed over night. After transfer was completed 

the filter was rinsed with 6 X SSC, and baked for 2 hr at 80°C.

2.7.2.- Northern (RNA) transfer.

After electrophoresis, formaldehyde gels were rinsed several times with 

DEPC-water (0.1% DEPC) to eliminate formaldehyde, and soaked in 0.05 NaOH. Then 

the gel was rinsed in DEPC-water and soaked for 45 min in 20X SSC. The RNA was 

then transferred to the nylon membranes, using the same assembly described for the 

Southern transfer (see section 2.7.1.).

2.7.3.- Western (protein) transfer.

After resolving the protein mixture on SDS-PAGE gels, the gels were 

equilibrated with transfer buffer (25mM Tris base, 192mM glycine, 10% methanol) for 

15 min. Immobilon membranes were rinsed first in methanol for 15 sec, then in water 

for 2 min, and finally for 5 min in the transfer buffer. Four sheets of filter paper, and the 

foam pads, were also soaked in the buffer. The transfer “sandwich” was then assembled 

in the following way: a foam pad was placed on one side of the cassette holder, then 

two pieces of wet filter paper, and the gel. The treated membrane was then layered on 

top of the gel. Air bubbles were removed with a glass rod, and the stack finished with 

two sheets of filter paper and the foam pad. The cassette holder was then placed inside 

the tank blotting apparatus so that the side of the cassette holder with the gel was facing 

the cathode. Enough buffer was added to the tank to cover the cassette holder, and 

proteins were transfer for 2-3 hrs at 6 -8 V/cm^.

2.8.- Digestion of DNA by restriction endonucleases.

One to five units of the selected restriction endonuclease were used for 

digestion of 1 pg of DNA. Typically 0.1-4 pg of DNA were diluted in the required
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restriction buffer, in a final volume of 2 0  \û and the appropriate amount of enzyme was 

added. The reaction was incubated at 37°C for 2-8 hours.

2.9.- Recovery of DNA fragments after agarose gel electrophoresis.

2.9.1.-Recovery of DNA using Glassmilk (Geneclean).

After electrophoresis in the TAE buffer system, the DNA band of 

interest was sliced out from the agarose gel. 3 volumes of Nal solution were added and 

the mix incubated at 50°C until the agarose was completely melted. Glassmilk solution 

(provided in the kit) was then added (5 pi per 5 pg or less of DNA, plus 1 pi for each 0.5 

pg of DNA above 5 pg) and the contents mixed by inverting the tube several times. The 

mixture was incubated on ice for 5 min. The Glassmilk was recovered by spinning at 

1 2 0 0 0  rpm for 1 min, and washed three times with the washing solution provided in the 

kit. Finally, the Glassmilk was resuspended in an equal volume of TE buffer or sterile 

distilled water, and incubated at 50°C for 10 min to elute the DNA. The solution was 

spun and the supernatant containing the DNA was recovered.

2.9.2 -Recovery of DNA by tiltration.

After electrophoretic separation, the DNA band was sliced out from the 

gel. The gel slice was inserted in the gel Nebulizer, assembled together with the 

Micropure-0.22 separator and Microcon microconcentrator with a 50000 molecular 

weight cut-off (see section 2.2.13.). The whole assembly was centrifuged for 6  min at 

12000 rpm to separate the DNA from the agarose. The gel Nebulizer was then 

discarded, as well as the Micropure separator, and the DNA trapped in the Microcon 

column was washed 2 or 3 times with water. Finally 5-10 pi of sterile distilled water 

was added to the column, and this was inverted in a fresh microcentrifuge tube. The 

DNA was recovered from the column by a brief centrifugation at maximum speed.

2.10.-Ligation of DNA fragments.

Ligation reactions were set up in a total volume of 10 pi containing 

approximately 0.1 pg of plasmid DNA, previously digested with the appropriate 

restriction enzymes, 50-200 ng of insert and 1 unit of T4 DNA ligase in the presence of
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ligase buffer ( 6 6  mM Tris/HCl pH 7.5, 50 mM MgC12, 10 mM dithioerythritol and 10 

mM ATP). The reaction was incubated at 15°C overnight.

2.11.- Transformation of competent cells.

Two different protocols of transformation were used: the first one involved the 

preparation of competent cells of E. coli strain M15[pREP4] and the second one was 

used with commercially available competent cells {E. coli strain XL 1-Blue).

-Transformation of E. coli M15IpREP4]. The cells, provided in the QIAexpress 

kit (see section 2.1.4.), were grown at 37°C in LB agar plates, containing 25|ig/ml 

kanamycin. A single colony from this plate was used to inoculate 100 ml of the LB 

broth containing kanamycin. The cells were then grown at 37°C with aeration until an 

ODôoo of 0.5 was achieved. The cells were harvested by centrifugation at 12000 rpm for 

5 min and resuspended gently in cold transformation buffer (lOOmM RbCl, 50mM 

MnCl2 , 30mM KAc, lOmM CaCl2 , 15% glycerol, pH 5.8, sterile). The cells were kept 

on ice for 90 min. The bacteria were then harvested at 12000 rpm for 5 min at 4°C and 

resuspended in 4 ml of cold transformation buffer 2 (lOmM MOPS, lOmM RbCl, 

75mM CaCl2 , 15% glycerol, pH 8.0 sterile). The competent cells were either 

transformed immediately or stored at -70°C in 500 |nl aliquots. For the transformation, 

the ligation mix was transferred to an ice cold microcentrifuge tube and 125 |il of 

competent cells added. After mixing carefully the tube was kept on ice for 20 min. The 

cells were heat-shocked at 42°C for exactly 90 sec, and placed back on ice for 2 min. 

500 pi of LB media was added to each tube and the cells were incubated at 37°C with 

shaking for 60-90 min. The cells were then plated on LB plates containing 25 pg/ml of 

kanamycin in addition to the appropriate antibiotic for the selection of the plasmid.

-Transformation of XL 1-Blue commercial competent E. coli cells. 100 pi of 

commercially prepared competent cells were aliquoted into a pre-chilled 15 ml 

polypropylene tube, and p-mercaptoethanol was added to a final concentration of 

25mM. The cells were incubated on ice for 10 min and the DNA added. After 

incubating for 30 min on ice, the cells were heat shocked at 42°C for 45 seconds 

exactly, transferred to ice for 2 min and 0.9 ml of LB broth added. After growing the
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transformed cells in LB broth for 1 hr at 37°C with shaking (250 rpm), the cells were 

plated on the appropriate antibiotic plate for the selection of the plasmid.

2.12.- Amplification of DNA fragments by Polymerase Chain Reaction 

(PCR).

1-lOOng of total genomic DNA was subjected to PCR in a total volume of 20 pi, 

with 0.5 units of AmpliTaq polymerase, 10 pmol of each primer, 1.5mM of each dNTP 

(dATP, dCTP, dGTP and dTTP), 1.5mM MgClz, 50mM KCl and lOmM Tris/HCl pH

8.3. The 20 pi reaction mixture was covered with 50pl of mineral oil. Amplification 

was achieved using 36 cycles. The reaction mixture was heated to 94°C for 1 min, kept 

at 58°C for 1 min then heated to 72°C for 2.5 min. This cycle was repeated 35 more 

times. Finally the solution was heated to 94°C for 15 sec, then kept at 58°C for 1 min 

and at 72°C for five minutes. The resulting PCR product was electrophoresed in agarose 

gels, and purified when necessary. The S10-L3 genes of M.tuberculosis were amplified 

with primers prSlOA and prS10B3’. The same set of primers were used to screen the 

resulting clones. The NusB gene of M.leprae was amplified with the primers pNusBl 

and pNusB2. Primers pNusB3 and pNusB4 were used to amplify the NusB gene of 

M.tuberculosis. All of these primers were designed to contain sequences to be 

recognized by restriction enzymes, in order to facilitate the cloning of the fragments. 

For the screening of pBbA clones primers prLZ and cBoxA were used.

2.13.- DNA sequencing.

2.13.1.- Manual DNA sequencing.

Double stranded DNA was denatured in the presence of 0.2M NaOH and 

0.2M EDTA for 30 min at 37°C. After adding 0.1 volumes of 3M sodium acetate pH

5.2, the DNA was precipitated with 2-4 volumes of ethanol. Sequencing reactions were 

carried out using the Sequenase 2.0 kit, following the dideoxy or chain termination 

method (Sanger et a l, 1977). Primers used for the sequencing of SIO were: prPRO, 

prINS, prEND, prREV3, prREV2, and prREV. The boxA insert in the plasmid pBbA 

was sequenced using the primers prT3Blu and prT7Blu.
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The primers were annealed to denatured plasmid DNA as follows: 7 pi 

of DNA, 2 pi of 5X reaction mix and 1 pi of the appropriate primer were incubated at 

65°C for 2 min and cooled down at room temperature. Meanwhile the labelling mix was 

diluted 5 times with sterile water and the Sequenase 2.0 enzyme was diluted 1:8 in 

enzyme dilution buffer. Once the template-primer had reached a temperature below 

35°C, the reaction was transferred onto ice. The following reagents were then added to 

the template-primer tube: 1 pi of DTT, 2 pi of dilute labelling mix, 0.5 pi of p^SJdATP, 

and 2 pi of dilute Sequenase 2.0 enzyme. The mixture was incubated for labelling at 

room temperature for 5 min. Meanwhile, for each reaction four tubes were labelled A, 

G, C, and T. To each tube 2.5 pi of the appropriate dideoxy NTP termination mix were 

added, and the tubes pre-warmed at 37°C. When the labelling reaction was completed, 

3.5 pi of the labelling mix was transferred to each tube and incubation was continued at 

37°C for a further 5 min. Then, 4 pi of stop solution was added to each tube and the 

samples were stored on ice ready for loading onto a sequencing gel. When the gel was 

ready for loading, the samples were heated to 80°C for 2 min and loaded immediately 

using 3 pi per lane. Products of the sequencing reactions were separated in a denaturing 

acrylamide gel (see section 2 .6 .2 .).

2.13.2.- Automatic DNA sequencing.

Automatic DNA sequencing was performed using the ABI prism dye 

terminator cycle sequencing ready reaction kit. Typically 300-400 ng of DNA and 4 

pmol of the sequencing primer were used. A final reaction volume of 20 pi was 

prepared containing 8  pi of the terminator ready reaction mix provided in the kit, the 

DNA template and the primer. The sequence was performed by PCR, using 25 cycles of 

the following program: 96°C for 30 seconds, 50°C for 25 sec and 60°C for 4 minutes. 

After the cycle sequencing was completed, the extension product was ethanol 

precipitated to remove the dye terminators. Finally the samples were resuspended in 

loading buffer, denatured and loaded in the sequencing gel (ABI Prism 377).

2,14,-In vitro transcription of DNA.
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Linear DNA fragments, containing the T7 or T3 promoters were transcribed in 

vitro by the T7 or T3 RNAP, to produce RNA fragments. The relevant DNA template 

(1 pg) was incubated at 37°C for 30 min with 0.2|iM [a^^PJATP (-0.2 MBq), 50pM 

cold ATP, 200pM each UTP, CTP and GTP, 15mM DTT, 20U RNasin, 25U T7 or T3 

RNAP in the presence of 40mM Tris/HCl pH 8.0, 5 mM MgCl2 , 2mM spermidine, and 

50mM NaC12.

DNA fragments containing the mycobacterial promoter PCLl were transcribed 

in vitro by E.coli RNA polymerase. We have used the same buffers and protocol as for 

the T7 RNA polymerase.

2.15.-In vitro translation of RNA.

mRNA was translated into proteins, in the presence of [^^S]-methionine using 

the rabbit reticulocyte lysate system. 10 pg of the appropriate mRNA was heated at 

67°C for 10 min and immediately stored on ice. Denatured template was added to a 50 

pi reaction mixture containing the following reagents: 35 pi of rabbit reticulocyte 

lysate, 0.02mM aminoacid mixture (minus methionine), 0.05 mCi of [^^S]-methionine 

and 40U of RNasin ribonuclease inhibitor. The reaction was incubated for 100 min at 

30°C. The resulting product was electrophoresed in SDS-PAGE (see section 2.6.2.).

2.16.- In vivo expression of recombinant proteins.

In vivo expression of recombinant proteins SIO and NusB was achieved by using 

the QIAexpress kit. The relevant genes were cloned in plasmid pQE30 and the plasmids 

transformed into E. coli cells M151pREP4]. The bacteria were grown overnight in the 

presence of kanamycin and ampicillin, and this culture used to inoculate fresh media. 

The new culture was grown until the cells reached log phase (OD^oo of 0.6-0.7). At this 

point the expression of the protein was induced for 4 hour with ImM IPTG at 37°C 

with agitation (or overnight at room temperature without agitation, and using O.lmM 

IPTG). After the induction, the cells were pelleted at 12000 rpm and stored at -70°C , or 

processed for purification.

2.16.1.- Pilot plant scale.
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A pilot plant scale expression of mycobacterial SIO was done. Bacteria 

containing plasmid pQESlO, and in which expression were previously tested in the 

laboratory, were used. An inoculum of 1 1 of an overnight culture of uninduced bacteria 

was used. 20 1 of LB medium containing 100 pg/ml of ampicillin and 100 pg/ml of 

kanamycin were inoculated with 1 1 of overnight culture, and growth at 37°C until a 

ODôoo of 0.7 was reached. The expression of the recombinant protein was then induced 

by adding O.lmM IPTG to the culture and incubating at 20°C overnight. The cells were 

them pelleted and kept at -20°C until needed.

2.17 .- P urification  o f recom binant proteins by a ffin ity  

chromatography.

The proteins expressed from pQE plasmids contain a tag of 6 histidine residues 

at the amino terminus. We used Ni-NTA columns (from the QIAexpress kit), that have 

high affinity for this tag, to purify the recombinant proteins. Since SIO and NusB 

proteins expressed in vivo were shown to be highly insoluble, we followed a protocol 

(Holzinger et al, 1996) to purify them under denaturing conditions, and then refold 

them in the column. The pellet of cells obtained after induction (see section 2.16.) was 

resuspended in 5 ml of solution 1 (6M guanidine, 20mM Tris/HCl pH 7.9, 500mM 

NaCl), and incubated for 1 hr at room temperature with 3 ml of Ni-NTA resin. The resin 

was then extensively washed with solution 2 (6M urea, 20mM Tris/HCl pH 7.9, 500mM 

NaCl), until the fractions reached an OD2 8 0  lower than 0.1, and the protein re-folded 

with successive washes of solution 3 (20mM Tris/HCl pH 7.9, 150mM NaCl). Finally, 

the protein was eluted from the column with either 250mM imidazole or 50mM EDTA 

in solution 3. The resulting fractions were analyzed by SDS-PAGE.

2.18.- Determination of molecular weight by mass spectrometry.

The molecular weight of the recombinant protein was determined using a 

modified 130A HPLC (Perkin Elmer, USA) coupled on-line to a Platform electrospray 

mass spectrometer (Micromass, UK). Reverse phase chromatography was performed 

using a Poros RII (Perseptive Biosystems, USA) 0.25 mm x 100 mm PEEK column, 

slurry packed in-house, at a flow rate of 10 |il /min over a 0-100% B linear gradient in
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10 min (buffer A=-.12% formic acid, 90% water, 10% acetonitrile; buffer B= 0.10% 

formic acid, 15% water, 85% acetonitrile) with UV monitoring at 214 nm. The low flow 

rate was achieved by incorporating a valco tee, coupled to a microbore dummy column, 

just prior to the rhedyne injection valve. The mass spectrometer was calibrated using 

myoglobin.

2.19.- Preparation of antibodies against the M.tuberculosis ribosomal 

protein SIO.

Antibodies against the purified recombinant SIO protein were produced in 

rabbits. Two male rabbits of about 2.5-3.0 Kg, previously bled for pre-immune serum, 

were inoculated with 0.1 mg each of purified ribosomal protein SIO, prepared with 

incomplete Freunds adjuvant (1:1). Each time 1.2 ml of anti gen: adjuvant mix was 

distributed in 6  subcutaneous injections of 0.2 ml. Two boosts were made 14 and 28 

days after the first immunisation. Test bleedings were performed 7 days after each 

injection.

2.20.- Enzyme-Linked ImmunoSorbent Assay (ELISA).

The anti-SlO antibody was titrated by Enzyme-Linked ImmunoSorbent Assay 

(ELISA). Microplates (Maxisorp Nunc Immunoplates Cat No. 442404) were sensitized 

with 100 pi of a solution of purified ribosomal protein SIO (5 pg per well) in buffer 

carbonate/bicarbonate (1.59 g Na2 C0 3  and 2.93g NaHCOg in 1000 ml of water, pH 9.6). 

Plates were incubated overnight at room temperature, rinsed with PB ST (20mM 

NaH2 P 0 4 , 150mM NaCl, pH 7.2 containing 0.05%(v/v) Tween-20) five times, and 

blocked with 200 pi per well of freshly prepared blocking solution (5% (w/v) powdered 

milk in PBST), for 2 hr at room temperature (or overnight at 4°C). The plates were then 

incubated with 100 pi of different dilutions of the sera, in blocking solution. The 

incubation was carried out at 37°C for 2 hr. The plates were extensively washed with 

PBST (5 or 6  times) and incubated for 2 hr at 37°C with 100 pi of secondary antibody 

(anti-rabbit IgG conjugated to horseradish peroxidase) diluted 1:5000 in blocking 

solution. After this incubation the plates were repeatedly washed with PBST, and 

incubated with the substrate ( 1 0 0  pl/well). o-phenylendiamine was used as substrate ( 1
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tablet of 20 mg in 20 ml of buffer citrate/phosphate (lOOmM Citric Acid, 200mM 

Na2 HP 0 4 , pH 5)), with 30 pi of 30% H2 O2 . The plates are kept in the dark, at room 

temperature, until the color developed (approximately 1 hr) and the reaction was 

stopped with 20 pi of 4M sulphuric acid. Absorbance was measured at 490nm in an 

ELISA reader.

The ELISA was used to determine the titer of antibodies against ribosomal 

protein SIO in the anti-sera obtained from inoculated rabbits, that is, the minimal 

dilution of sera that gives a colorimetric signal, significantly higher than the non 

immune sera. Pre-immunization sera do not recognize the antigen, even when tested in a 

dilution of 1/200. Animals started to produce antibodies following the second 

inoculation with the antigen. Anti-sera obtained at this point contained a high titer of 

antibodies: a significant difference in the OD measures was found at this time point 

with dilutions of 1:20000. As expected, a third boost with antigen produce a slight 

increase in the titer of antibodies.

2.21.- Western blot staining.

The interaction of proteins in cell free extracts with anti-SlO antibodies was 

measure by immunoblot. Western blots containing proteins from total cell lysates were 

prepared as described in section 2.7.3. After transference the membranes were blocked 

with blocking solution (5% (w/v) powdered milk in PBST), overnight at room 

temperature with agitation. After removing the excess of blocking solution with PBST 

(20mM NaH2 P 0 4 , 150mM NaCl, pH 7.2 containing 0.05%(v/v) Tween-20), the 

membranes were incubated with a dilution of 1:5000 of the rabbit immune serum (anti- 

SIO) for 2 hours at room temperature with continuous agitation. The membranes were 

then washed extensively to eliminate non specific interactions. The washing steps were 

done at room temperature with PBST. Five washing steps, each one of 10 min, were 

performed. The secondary antibody (anti-rabbit IgG conjugated to horseradish 

peroxidase) was then added to the membranes in a dilution of 1 : 2 0 0 0  in blocking 

solution. The membranes were incubated with the secondary antibody for 2 hours at 

room temperature with continuous agitation. After a second set of washings, the 

membranes were developed using diaminobenzidine substrate (1.3mM of
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diaminobenzidine, 0.01% (v/v) H2 O2 , in 50 mM Tris/HCl pH 7.3). After a good signal 

was observed the reactions was stopped by intensive washing of the filter with distilled 

water.

2.22.- Far western blot staining.

To determine which proteins of the mycobacterial cell free extracts interact with 

RNA, we used a far-western blot staining. This technique, a modification of the western 

and northern blot techniques, uses proteins immobilized in nitrocellulose membranes 

and soluble RNA. Once more, the transference of proteins to membranes was done as 

described in section 2.7.3. The membranes were then rinsed with far-western buffer 

(FW-buffer: lOmM tris/HCl. pH 7.5, ImM EDTA. 50mM NaCl, 0.02% Denhardts, 

0.1% Tritron X-100) and blocked with FW blocking buffer (FW buffer containing 75 

pg/ml of yeast tRNA) overnight at room temperature. A solution containing 10000 cpm 

of [^^P] labelled RNA transcripts containing either the boxA sequence or the control 

sequence cboxA, was then added to the blocking solution, and the membranes incubated 

at room temperature for 4-5 hours with gentle continuous agitation. After that the 

membranes were rinsed 6  times (15 minutes each time) with FW buffer, allowed to dry, 

and exposed to a X-ray film overnight.

2.23.- Production of cell free extracts.

Cell free extracts were obtained from E. c o li , M  smegmatis , M  microti, and 

M.tuberculosis. Cells of these bacteria were grown in the appropriate media, pelleted 

and washed three times with sonication buffer (0.3M potassium acetate, 5mM 

magnesium chloride, lOmM Tris/HCl pH 8.1) containing protease inhibitors (0.5M 

EDTA and IM Pefabloc). The pellet was then resuspended in the same buffer at a 

density of 2.5 g of wet weight cells in 5 ml of buffer. The suspension was sonicated 

seven times, each time for 1 min (with pauses of 1 min) at 70W in a water-ice bath. The 

cellular detritus was removed by centrifugation at 1 2 0 0 0  rpm for 15 min, and the 

supernatant aliquoted in microcentrifuge tubes, to be stored at -70°C.

2.24.- Determination of protein concentration.
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Protein concentration was determined by a colorimetric method using the BCA 

protein assay reagent, in the microtiter plate (see 2.2.5) format. 10 pi of the appropiate 

dilution of standards (BSA), blanks or unknown samples were incubated with 200 pi of 

the BCA working reagent (50 parts of reagent A and 1 part of reagent B) at 37°C for 30 

min. OD5 6 2  was measured in a ELISA reader. A standard calibration curve, as well as 

the appropriate blanks were included in each plate. The net (blank corrected) 

absorbance at 562 nm was plotted against protein concentration to generate a standard 

curve. This curve was used to determine the concentration for each unknown protein 

sample.

2.25.- Band-shift assays.

The band shift or gel mobility shift assay was used to assess the interaction of 

the purified proteins with labelled RNA. 1000 cpm of p P ]  labelled RNA, containing a 

particular boxA configuration was incubated with different concentrations of purified 

proteins in the presence of 40mM HEPES pH 7.3, 20mM potassium acetate, 15mM 

ammonium acetate, 7% (v/v) glycerol and 75 pg/ml yeast tRNA for 30 min at 4°C. The 

reaction mix was then loaded onto a non-denaturing acrylamide gel (see section 2.6.1.), 

alongside marker lanes containing loading buffer. Electrophoresis was carried out at 

20mA at 4°C , until the bromophenol blue dye reached the bottom of the gel. The gel 

was then dried and exposed in direct contact with film for 8-24 hr before the auto

radiograph was developed.

2.26.- BIA technology.

Surface plasmon resonance measurements were performed with the BIA 

technology, using a BIAcore 2000 system. All measurements were made at room 

temperature in HBS buffer (lOmM HEPES, pH 7.4, 0.15M NaCl, 3.4mM EDTA, 

0.005% surfactant P20) with a flow rate of 15 pl/min. Proteins were immobilized on a 

CM5 sensor chip with the use of an amine coupling kit (BIAcore BR-1000-50). Purified 

proteins were dialyzed against HBS buffer before being immobilized.

2.27.- Filter Binding Assays.
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Filter assays were carried out on 50 |il reactions of protein-[^^S] RNA complex. 

The binding reactions were performed in buffer TMK (350mM KCl, 8mM MgS0 4 , 

30mM Tris/HCl pH 7.6), for 10 min at room temperature. Complexes were separated 

using 0.45 pm nitrocellulose filters, in a filtration manifold. The filters were allowed to 

dry at 80°C for 10 min, before being exposed to the phosphoimager cassette. The 

amount of cpm retained by the filter was measured using the phosphoimager, and 

plotted against protein concentration.
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3.- THE RIBOSOMAL PROTEIN SIO OF M, tuberculosis.

The importance of ribosomal protein SIO in transcription antitermination was first 

described in 1981 by Friedman et al. (1981): They found that a mutation in E. coli 

(nusE71) that alters ribosomal protein SIO, results in an interference with the activity of 

the X N gene product, and hence with antitermination. Successive experiments have 

shown that ribosomal protein SIO is essential for antitermination, not only in the phage 

X, but also in rrn opérons. In 1993 Nodwell and Greenblatt showed that NusB and 

ribosomal protein SIO interact specifically as a heterodimer with rrn boxA RNA, and 

that this interaction is of central importance for antitermination in the rrn opérons of E. 

coli (Nodwell and Greenblatt, 1993). The involvement of ribosomal protein SIO in the 

control of the rrn transcription is significant because it links rRNA biosynthesis with 

ribosomal protein synthesis: if the cell has a deficit of rRNA, excess ribosomal proteins, 

including SIO, would not be incorporated into ribosomes; NusB could “sense” the 

cellular deficit of ribosomal RNA by binding to free ribosomal protein SIO, and to 

boxA, causing transcription antitermination leading to increased synthesis of rRNA 

species.

As mentioned in the introduction (see section 1.4.) the presence of DNA sequences 

resembling E. coli boxA and boxB signals in the leader and spacer regions of the 

M.tuberculosis rrn operon, suggests that transcription antitermination occurs during 

the synthesis of rRNA in mycobacteria. We were interested in studying the interaction 

between ribosomal protein SIO, NusB and 6oxv4-RNA, assuming that the transcription 

of rrn opérons in mycobacteria will be controlled in a way similar to that in E. coli. 

However, in order to study the interaction between these proteins it was necessary to 

identify, synthesize and purify the mycobacterial homologues of ribosomal protein S10, 

NusB and boxA. In the next chapters (Chapter 3, 4 and 5) we will describe the 

identification, cloning expression and purification of each one of these elements. Finally 

we will describe the molecular interactions between these factors (Chapter 6), and the 

possible implications in the transcription of M tuberculosis rrn operon.
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In this chapter we will focus on the production and purification of M.tuberculosis 

ribosomal protein SIO. Isolation and purification of ribosomal proteins from intact cells 

involves a lot of tedious work, and the difficulties are even greater when the intact cell 

is a highly pathogenic, slow growing mycobacterium. To overcome this an alternative 

approach was used: the gene encoding M. tuberculosis ribosomal protein SIO was used 

to synthesize the protein. The problem of the isolation/purification of the recombinant 

protein was solved by coupling to the carboxy terminal of the protein a tag of six

consecutive histidine residues (6xHis). Proteins tagged in this way are readily separated
2+by affinity chromatography using a resin charged with Ni : the affinity of this resin for 

the 6xHis tag is so strong (Kd= 10 pH 8.0) that contaminating proteins can be 

washed away, allowing an elegant yet simple one-step method for rapid protein 

purification (Hochuli et al., 1987).

3.1.- The ribosomal protein SIO gene of M, tuberculosis,

3.1.1.- Cloning of the M. tuberculosis gene encoding ribosomal protein

SIO.

The M. tuberculosis gene encoding ribosomal protein S10 was amplified

by PCR: Oligonucleotide primers were designed based on the M. leprae SIO gene

sequence, as published in the GenBank database (accession number Z14314; Honore et

al, 1993). Oligonucleotide primers SlOA and SI OB were used to amplify the total SIO

gene, and SlOA and SI0B3’ (for primer sequences see table I, section 2.1.2.) were used

to amplify a bigger fragment containing the 5’ end of the gene downstream from SIO

(L3). Attempts were also made to amplify the region upstream of the start codon of the

ribosomal protein SIO, but no product was obtained by using 4 different primers. The

primers were designed to contain restriction sites for BarnUl (SI OA) and Kpn\ (SI OB

and S10B3’). A single DNA fragment of ~400bp was found when M. tuberculosis

genomic DNA was used as a template for PCR amplification with primers SlOA and

S10B3’. The PCR product was gel-purified, digested with BamWl and Kpnl, and ligated

into vector pQE30. This vector, specifically designed for the expression of recombinant

proteins containing a 6xHis tag, contains a regulatable promoter/operator element,

consisting of the phage T5 promoter and two lac operators. The insert was cloned
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between BarriRl and Kpn\, in the multiple cloning site, in frame with the 6xHis coding 

region. Positive clones were identified by restriction analysis and by PCR (with primers 

SlOA and SI OB). The resulting construct, named pQES10-L3 is shown in figure 3.1. A 

similar plasmid, containing the SIO gene but not the L3 gene, was produced by the same 

procedure, but using the PCR product of primers SlOA and SI OB (-330 bp). This 

second construct was named pQESlO.

3.1.2.- Sequencing of the M. tuberculosis ribosomal protein SIO gene.

In order to verify the construct pQES10-L3 and to obtain the correct 

sequence of the M  tuberculosis gene for SIO, the region between the promoter and the 

end of the multiple cloning site of the pQES10-L3 was sequenced. The localization of 

the primers used for sequencing is shown in figure 3.2. Both strands were sequenced, 

each one with three overlapping primers. The sequence of a 600 bp region, between 

positions -50 and 550 of the vector, was obtained. Part of this sequence is shown in 

figure 3.3. The S10-L3 insert is in the right orientation, and the M  tuberculosis 

ribosomal protein SIO gene is in frame with the initiation codon provided by the vector. 

Four additional codons separate the 6xHis coding region from the GTG start codon of 

the M. tuberculosis SIO gene. The TAG stop codon of the SIO gene is also shown, as 

well as the 5’ end of the M  tuberculosis L3 gene.

Comparison of the sequence of the M  tuberculosis ribosomal protein 

SIO gene with the published sequence of the SIO gene of M. leprae is shown in figure

3.3. Only 10.46% of the M. tuberculosis SIO gene is different from that of M  leprae. 

Most of these differences occur in the third nucleotide of the codons, and therefore the 

homology at the protein level is even higher than in the gene sequence: only 5 codons 

out of 102 code for a different aminoacid in the M. tuberculosis ribosomal protein SIO. 

The codon AGC, located 100 nucleotides downstream from the GTG start codon of the 

M tuberculosis SIO gene codes for a serine, instead of asparagine inM  leprae . The 

codon CTC in position 154 codes for leucine, a neutral aminoacid, instead of arginine, a 

basic one. In the position 190 the codon AAG was found in the M  tuberculosis SIO 

gene; it codes for lysine a basic aminoacid. The corresponding position in the M. leprae
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Figure 3.1.- Construction of the plasmid pQESlO. (a) primers prSlOA and prSlOBS’, 

containing restriction sites for BamHl and Kpn\ respectively, were used to amplify the 

SIO and 5’end of the L3 genes, from M tuberculosis genomic DNA (b). The PCR 

product (c) was digested with Bam\\\ and Kpn\ and cloned into the vector pQE30, in the 

multiple cloning site downstream from the 6xHis coding region (d).
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Figure 3.2.-Strategy followed for the sequencing of the M tuberculosis S10-L3 genes. 

The figure shows the region of the pQES10-L3 construct containing the insert. Both 

strands of DNA were sequenced, and the primers used for each strand are identified by 

the orientation of the arrowheads. The arrows indicate the sequence obtained with each 

particular primer. The sequences of the oligonucleotide primers are shown in table I, 

section 1.2.1.
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M A G S H H H H H H G S A A V A G
M .t-u. ATG HGA GG3k TCG CAT CSC CAT CSC CAT CSC GGA TCC GCT GCT G ^ GCG GGA
M .le .

Q K I A I A L K A Y D H E A I D A
M .t ii . CmC AAG KTC CGC ATC AGG CTG AAG GCC TAC GSC CAT QIG GCC ATT GAC GCT
M .le . * * * **■*■ * - f t* * * * * f t * * * c f t * * * * * f t * * * * * * f t *

S A A K I V E T V V A T G A s V V
M .tu . GCC TCG CGC AAG A rc GTC GAA ACC GTC GTC GCG ACC GGT GCC AGC GTC GTA
M .le . ■ ft* * ■*** *^ft* * * Q * * * **A * f t * ***■ * f t * *A* *■** * * *

G P V P L P T E K N V Y C V I L S

M .tu . GGG CCG GTG CCG CTA CCG ACT QIG AAG AAC GTG TAT TGC GTC ATC CTC TCC
M .le . * * * ■*ft* * * j^ * - f t* * * * * * c ■*■** * Q *

P H K Y K D S A E H F K M R T H K
M .tu . CCG CAT AAG TAC AAG GAC TCG CGG GAG CAC TTC AAG ATG CGC SCA CAC AAC
M .le . * * Q * -* f t ■ft** *■*/£ **A * f t * * * * * * * G*A f t * * * * c * f t * * * *

A L I D I I D P K D K T V D A L M
M .tu CGG TTG A rc GAC A rc ATC GAT CCC AAG CCG AAG ACG GTT GAC GCG CTC ATG
M .le . ***• c * * **A * ■ * * * * * C ^ * * * **A ■ * * * * * * * * * * * * *•** **C * f t * **■*•

A I D L p A S V D V N I Q 1STOP
M .tu . CGC ATC QIC CTT CCG GCC AGC GTC GAC GTC AAC ATC CAG TAG GAG ATT GGA
M .le . * * * * ■ * * **<!> * * f * ■ * * * * * •*** _T * *GG TTG

M A A K G I L G T
M .tu . CSG AGC A ATG GCG C Q l AAG GGC ATT CTC GOT ACC CCC G c r CGA CCT CCA
M .le . * * * * - * j G * * *

* * *
* f * r

M .tu . GCC AAG CTT AAT TAG

Figure 3.3.- Nucleotide sequence of the region of pQES10-L3 containing the M. 

tuberculosis genes coding for ribosomai proteins SIO and L3: comparison with the M. 

leprae genes. The SIO gene sequence is boxed. The ATG and GTG start codons (in 

green), the six histidine codons (in pink) and the TAG stop codons (in red) are 

underlined. The deduced aminoacid sequence encoded by the M tuberculosis genes is 

given using the one letter code. The sequence of the M tuberculosis S10-L3 insert 

(M.tu.) is compared in the figure with the corresponding sequence of the M. leprae 

S10-L3 genes (M.le.). Nucleotides identical in the genes of both species are shown with 

an asterisk (*).
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gene is occupied with a codon for glutamic acid. The ATC codon located in position 

223 of the M. tuberculosis gene codes for isoleucine instead of a leucine codon in the 

same location of the M. leprae gene. Finally, the codon in position 232 of the M. 

leprae gene, that codes for a threonine, a neutral aminoacid, has been replaced by 

AAG, coding for lysine, a basic one in M. tuberculosis .

The start codon of the M  tuberculosis L3 gene is an ATG, and it is separated 

from the termination codon of the SIO gene by 16 nucleotides. In the M  leprae gene, 

the ATG codon is preceded by a GTG start codon, located 12 nucleotides downstream 

of the stop codon of the SIO gene. The start codon of the M. tuberculosis L3 gene is 

not in frame with the SIO gene. This arrangement of SIO and L3 genes in M. 

tuberculosis suggests that both genes are part of an operon, as described in other 

bacteria. Data from the M  tuberculosis sequence published more recently (cosmid 

MTCY210) confirm that the SIO gene forms part of an operon, of very similar structure 

to the one found in E. coli.

3.2.- Biosynthesis of M, tuberculosis ribosomai protein SIO.

3.2.1.- In vitro transcription-translation of the M. tuberculosis gene 

encoding the ribosomai protein SIO.

In order to demonstrate the integrity of the plasmid pQES10-L3, and to 

show that the insert could be transcribed and translated to produce a recombinant 

protein, our construct was tested for in vitro transcription and translation. The first 

problem that we encountered was the promoter present in the pQE30 vector, which is 

derived from the phage T5. RNA polymerase specific for this promoter is not 

commercially available. Therefore, to transcribe in vitro the M  tuberculosis SIO gene, 

it was necessary to adapt a T7 promoter to the construct. This was done by PCR 

amplification of the 6xHis-S10 gene, using a primer containing the T7 promoter 

sequence (prS10-T7) and SlOB (see figure 3.4. For sequences see table I, section 2.1.2). 

The linear PCR product (-420 bp), carrying the T7 promoter and the 6xHis-S10 gene, 

was transcribed in vitro by the T7 RNA polymerase. The resulting RNA product was 

purified and run in a denaturing acrylamide gel to check the size and quality of the

product. A clean single band was observed in the gel (results not shown).
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Figure 3.4.- Strategy used to produce a linear DNA to be used as template for the T7 

RNA polymerase in the in vitro transcription reaction, (a) Primers used. The boxes 

indicate the region of the primers that hybridize with the template DNA. The primer 

prS 10T7 was designed to contain the T7 promoter sequence, and a sequence located 23 

nucleotides upstream of the first nucleotide of the 6xHis coding sequence. The primer 

SlOB carries a sequence present at the 3’ end of the SIO gene. Priming sites for both 

primers in the pQESlO construct are indicated in the figure. RBS: ribosomai binding 

site, (b) Structure of the linear PCR product, including the T7 promoter and the 6xHis 

tagged M. tuberculosis SIO gene.
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The estimated amount of RNA obtained was 3.64 mg (the OD2 6 0 /OD2 8 0  ratio was 2.02, 

as expected for pure RNA) from a reaction containing 100 micrograms of template 

DNA.

In vitro translation was done using rabbit reticulocyte lysate. The 

commercially prepared rabbit reticulocyte lysate (see section 2.1.5) contains the

elements necessary for the in vitro translation of RNA. The reaction was done in the 

presence of [^^S]-methionine, and the newly synthesized proteins were analyzed by 

SDS-PAGE and autoradiography.

Figure 3.5. shows the electrophoretic separation of the [^^S]-labelled 

products of the in vitro translation reaction. Luciferase RNA, provided by the rabbit 

reticulocyte lysate kit, was used as positive control for the reaction (lane 1). The main 

product of the in vitro translation of the luciferase RNA is a protein of around 60 KDa, 

in agreement with the molecular weight of the enzyme luciferase. Some proteins are 

synthesized by the rabbit reticulocyte lysate, even when no RNA is added (lane 2), 

suggesting the presence of endogenous RNA in the system. Most of these proteins have 

an apparent molecular weight of between 25 and 30 KDa. The main product of the 

translation of the M tuberculosis SIO gene is a protein of apparent molecular weight of 

-16 KDa, which is synthesized only in the reaction containing the in vitro transcribed 

SIO mRNA. Initial conditions of the in vitro translation reaction were modified in order 

to increase the efficiency of translation for the SIO transcript. RNA concentrations of 

the order of 200 |ig/ml were found to produce a higher yield of product and lower 

background signal. The incubation time was also extended from 60 min. to 100 min. 

Further incubation reduces the protein yield, probably because the protein is degraded 

by proteases. Modification of the concentration of potassium acetate and magnesium 

acetate did not affect the efficiency of protein synthesis.

In conclusion, we have demonstrated that the construct 6xHis-S10 can be 

transcribed/translated in vitro to produce a recombinant protein of -16 KDa, showing 

the integrity of the insert. Using this protocol it is also easy to obtain radioactively 

labelled protein.

3.2.2.- In vivo expression of M. tuberculosis ribosomai protein SIO.
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Figure 3.5.- [^^S]-labelled products from in vitro translation of the SIO RNA . Products 

of the rabbit reticulocyte lysate reaction were run in 15% SDS-PAGE gels as described 

in Chapter 2. In this figure, and in others in the thesis depicting gel separation, 

molecular weight and mobilities of markers (KDa) are indicated by numbers to the left 

of the diagram. Lane 1: Products of the translation of the positive control RNA 

(luciferase RNA). Lane 2: Background protein synthesis in the absence of added RNA. 

Lane 3: Product of the translation of M. tuberculosis SIO RNA. The main translation 

products are shown by an arrow.
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Having verified that the pQES 10 plasmid can be transcribed/translated in 

vitro to produce the recombinant protein SIO, we decided to express the ribosomai 

protein SIO gene in vivo to obtain larger amounts of recombinant protein. This was done 

by transforming E. coli strains M15[pREP4] or SG13009[pREP4] with the plasmid 

pQESlO. The plasmid pREP4 carries the la d  gene and, since it is present in multiple 

copies, ensures high levels of lac repressor and tight regulation of protein expression 

from the promoter/operator region of pQE vectors. Expression of the recombinant 

protein is induced by 2mM IPTG, which inactivates the repressor and clears the 

promoter. After 2-4 hours of induction the cells were pelleted, resuspended in PBS, 

boiled in SDS-PAGE loading buffer, and the total protein content analyzed by 

electrophoresis. The addition of IPTG to the cells does not seem to affect their ability to 

grow, as judged by the OD5 5 0  of parallel cultures. Figure 3.6. shows the total protein 

obtained from identical cultures of E. coli M15[pREP4] and SG13009[pREP4], in the 

presence or absence of IPTG: lane A is the protein profile of M15[pREP4] cells 

transformed with pQESlO, and grown for 4 hours without IPTG, and lane B is the same 

cells grown in the presence of IPTG. Note the over-expression of a protein of apparent 

molecular weight -17 KDa, in the presence of IPTG: this is the recombinant 6xHis-S10 

protein. As control, competent cells of the same strain were transformed with control 

plasmid pQE16: lane C shows proteins synthesized by the uninduced cells, and in lane 

D the same cells in presence of IPTG, showing the expression of the 6 xHis-DHFR (-26 

KDa), but no evidence of induction of synthesis of any other protein, demonstrating 

that the protein of 17 KDa is encoded by the plasmid pQESlO, in other words, it is the 

recombinant 6xHis-S10 protein. It is important to note the high levels of expression of 

recombinant M  tuberculosis ribosomai protein SIO, in comparison with the positive 

control. We conclude that the system allows the in vivo synthesis of large amounts of 

M. tuberculosis ribosomai protein SIO.

3.2.2.1.- Large scale synthesis.

In order to obtain large amounts of the recombinant

protein, a plant scale preparation of in vivo synthesized M. tuberculosis ribosomai

protein SIO, was carried out. 20 1 of LB media were inoculated in with 1 1 of

M15[pREP4-pQES10] cells, and the culture grown in the presence of 100 |ig/ml

63



1 2 3 4 5

mm—

Figure 3.6.- In vivo expression of the recombinant M tuberculosis ribosomai protein 

SIO. Total protein from M l5 cells containing the pertinent plasmid was separated by 

SDS-PAGE (15%). Lanes 1 and 2 shown proteins from cells carrying the plasmid 

pQESlO: (1) uninduced cells; (2) cells induced with 2mM IPTG for 3 hours. Lanes 3 

and 4 show protein profiles of cells transformed with control plasmid pQE16, encoding 

a recombinant 6xHis-DHFR protein: (3) uninduced cells; (4) induced cells. The arrows 

show the main product of induction in each case.
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ampicillin and 100 |ig/ml kanamycin, until an OD5 5 0  of 0.7 was reached. Induction was 

done with 0.1 mM IPTG overnight at 20°C. The resulting cells were pelleted and frozen. 

A total of 62 g of wet weight cells was obtained. These cells were shown to express 

6xHis-S10 protein at levels comparable to the small scale preparations.

3.3 - Purification of recombinant M, tuberculosis ribosomai protein 

SIO by affinity chromatography.

3.3.1.-/«  vitro synthesized protein.

Figure 3.7. shows the steps involved in the purification of the 6xHis-S10 

in vitro translation product. Firstly, the reaction mix was centrifuged at 25000 rpm for 

2 0  min to precipitate the ribosomes and reduce the risk of contamination with ribosomai 

proteins derived from the rabbit reticulocyte lysate. The supernatant was passed through 

a gel filtration column to exchange the rabbit reticulocyte lysate buffer (that contains 

EDTA, which could chelate the Ni^^ from the affinity column) with a buffer 

compatible with the Ni-NTA resin (8 M Urea, O.IM NaH2 ? 0 4 , 0.0IM Tris, pH 8.0). 

This buffer allows the dénaturation of the protein, increasing the exposure of the 6 xHis 

tag. The protein was then incubated with the resin. The time of incubation was shown to 

be important for the efficiency of the protein binding: incubation of the protein with the 

resin for one hour increases the protein recovery in subsequent step. The resin was then 

washed, binding protein was eluted and the resulting fractions separated by SDS-PAGE.

The conditions of the washing and elution steps, were determined

empirically, following the recommendations of the manufacturer. The efficiency with

which a particular protein binds to the resin can be modified by changing the pH or

adding Imidazole to the buffer. For example, the use of 20mM Imidazole in the washing

buffer is suggested to decrease the non specific interaction of proteins containing

consecutive histidine residues. However, we found than even this low concentration of

Imidazole causes the 6 xHis tagged SIO protein to leak from the column. The pH change

seems to have a milder effect on the protein-resin interaction. The use of washing buffer

pH 6.3 allows effective elimination of most of the contaminating proteins, without

affecting the binding of the 6 xHis tagged SIO protein to the resin (see for example lane

3 on figure 3.8.). Then the SIO protein was eluted with a pH gradient between 6.0 and
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Figure 3.7.- Diagram showing the steps involved in the purification of the in vitro 

synthesized M tuberculosis ribosomai protein SIO. A more detailed protocol is 

provided in section 3.3.1.
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Figure 3.8.- Purification by affinity chromatography of the in vitro synthesized 

ribosomai protein SIO of M tuberculosis . The figure shows the separation in SDS- 

PAGE of the fractions obtained in a representative purification experiment. Lane 1 ; 

Proteins recovered after incubation with the resin; Lanes 2 and 3: proteins obtained in 

the last washing steps: lane 2 corresponds to the last wash with buffer pH 8.0 and lane 3 

with buffer pH 6.3; Lanes 4 to 9 are the proteins eluted from the column with a 6 to 5 

pH gradient. The arrow shows the ribosomai protein SIO position.
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5.0. Electrophoretic separation of the protein obtained from each of the fractions 

collected from the column is shown in figure 3.8. The first observation is that most of 

the recombinant protein binds to the Ni-NTA resin, as evidenced by the absence of the 

recombinant protein from the flow-through fraction. This demonstrates the high affinity 

of the Ni^^ columns for the tagged protein. As mention before, the protein stays 

attached to the resin during the washing steps, but is eluted when the pH drops below 

5.8. Note that some proteins of high molecular weight co-eluted with SIO in the pH 

gradient.

3.3.2.- In vivo synthesized protein.

Before deciding on a purification strategy, it was important to determine 

the location and conditions in which the recombinant protein is present in the cell: many 

proteins form inclusion bodies when they are expressed at high levels in bacteria, while 

others are well tolerated by the cell and remain in the cytoplasm in their native 

configuration. To determine the characteristics of expression of our recombinant 

protein, we did a gross fractionation of the induced cells (see figure 3.9a). It was found 

that the recombinant ribosomai protein SIO was in the cytoplasmic fraction, but in 

insoluble form. That means that the protein has to be purified under denaturing 

conditions, and then refolded to its original conformation. We decided to use a protocol 

for single-step purification/refolding, in which the protein is refolded on the Ni-NTA 

resin (Holzinger et al, 1996). The general description of this protocol is shown in figure 

3.9b. By removing the denaturing agent through sequential washing steps, the protein 

was allowed to refold. By using this protocol we obtained ribosomai protein SIO in 

solution.

The results of the affinity chromatography purification are shown in 

figure 3.10.: lanes 4-6 show the protein present in the eluted fractions. Note that the 

eluted fractions are highly enriched in 6xHis-S10, and that most of the protein is eluted 

in the first step. As observed with the in vitro synthesized protein, there are high 

molecular weight proteins co-eluting with the 6xHis-S10 protein. Approximately 3 mg 

of pure soluble protein was obtained, when starting from 50 ml of induced bacteria.

3.3.3.- Confirmation of the molecular size of the purified protein by mass 

spectrometry.
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Figure 3.9.- Design of a strategy to purify the in vivo expressed M tuberculosis 

ribosomai protein SIO. Panel A.- Localization of the recombinant 810 protein in 

induced cells. Lane 1 : total protein from uninduced cells; lane 2: total protein in induced 

cells; lane 3: cytosolic soluble proteins in induced cells; lane 4: cytosolic insoluble 

prpteins in induced cells; lane 5: proteins secreted in the periplasmic space in induced 

cells. The location of the recombinant protein is indicated with an arrow. Panel B.- 

Diagram showing the strategy used for the purification and refolding of the insoluble 

ribosomai protein 810 (as taken from BioTechniques, 20:804-808, 1996). For a detailed 

description of the protocol see section 3.3.2.
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Figure 3.10.- Purification of the in vivo expressed M tuberculosis ribosomai protein 

SIO. The figure shows the separation in SDS-PAGE of the fractions obtained in a 

representative purification/refolding experiment. Lane 1 : molecular weight markers; 

lane 2: total protein from uninduced cells; lane 3: total protein from cells induced for 2 

hours with 2mM IPTG; lanes 4 and 5: proteins liberated from the resin in the first (lane 

4) and last (lane 5) wash steps; lanes 6 and 7: proteins released from the column with 

the refolding steps; lanes 8 to 10: proteins eluted from the column in the presence of 

250mM Imidazole. The arrow shows the position of the recombinant ribosomai protein 

SIO in the elution fractions.

70



The molecular weight of the recombinant protein was determined using 

mass spectrometry. A modified HPLC was coupled on-line to a Platform electrospray 

mass spectrometer. Reverse phase chromatography was performed using a Poros RII 

column over a 0-100% B linear gradient (buffer A = 0.12% formic acid, 90% water, 

10% acetonitrile; buffer B = 0.10% formic acid, 15% water, 85% acetonitrile) with UV 

monitoring at 214 nm. The mass spectrometer was calibrated using myoglobin. A single 

peak was observed with a molecular weight of 12939 ± 0.44 (calculated 12940.99) 

confirming that the primary sequence of the recombinant protein was correct.

3.4 - Production of polyclonal antibodies against M, tuberculosis 

ribosomai protein SIO.

Specific antibodies are a powerful tool to detect, purify and quantify proteins. 

They can also be use to characterize molecular interactions. For this reason we decided 

to raise polyclonal antibodies against M.tuberculosis ribosomai protein SIO, by 

immunizing rabbits with the purified recombinant SIO protein. The immunization 

protocol that we used is described in detail in section 2.18. The titer of antibodies 

against ribosomai protein SIO in the immune serum was determined by ELISA (see 

section 2.19.).

3.5.- Identification of ribosomai protein SIO in cellular extracts of 

different bacteria by western blot.

The anti-SlO immune serum was used to identified ribosomai protein SIO in cell

free extracts from different bacteria by western blot. The results are shown in figure

3.11. The immune serum strongly recognizes proteins present in the purified

RIBOSOMAL PROTEIN SIO preparation. In addition to the recombinant SIO, two

bands of higher molecular weight (~30 KDa) are detected. These unidentified proteins

must be highly immunogenic since they react very strongly although they are less

abundant than SIO. However, the anti serum does not recognize these or other proteins

in crude cell free extracts from mycobacteria: the only signal in this complex mixture of

proteins is given by a protein of apparent molecular weight slightly smaller than the

recombinant 6xHis-S10, as expected from the non- extracts, which indicates that
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ribosomai protein SIO from mycobacteria has different tagged ribosomai protein SIO. 

The same protein was not recognized in E. coli cell free features from the E. coli 

protein. The implications of this differences for the function(s) of the protein are not 

known.

In conclusion we have obtained a polyclonal antisera with high titer of 

antibodies against the purified recombinant 6xHis-S10. This antisera is able to react 

specifically with ribosomai protein SIO present in cell free extracts of different species 

of mycobacteria, but not in E. co li.

3.6.- Discussion and conclusions.

The ribosomai protein SIO plays an important role in ribosome synthesis in E. 

coli: In addition to its function as a ribosome component, it has been shown to be 

essential for antitermination of transcription of rrn opérons. It has been postulated 

(Nodwell and Greenblatt, 1993) that free ribosomai protein SIO acts as a signal to 

switch on the transcription of rRNA opérons, by binding to NusB and preventing 

premature transcription termination. The newly synthesized rRNA would then bind to 

the ribosomai protein S 1 0  (and other ribosomai proteins) to form a ribosome, reducing 

the concentration of free ribosomai protein SIO, and causing termination of 

transcription of the rRNA operon. The role of ribosomai protein SIO as a regulatory 

protein could explain why the E. coli SIO operon (coding for ribosomai protein SIO 

and another 1 0  ribosomai proteins) is subjected to strong feedback control, both at the 

transcriptional and translational level.

Since M.tuberculosis has a single rrn operon (Kempsell et a l, 1992), the 

regulation of rRNA synthesis from that operon is clearly of major importance to the 

organism. One of the questions that we wished to address is “Are antitermination 

mechanisms responsible for efficient transcription of rrnA in M  tuberculosisT\ To 

answer that question, our approach was to use the information available for E. coli as a 

basis for our studies of mycobacteria: since E. coli ribosomai protein SIO is essential 

for efficient rRNA synthesis in this bacteria, we decided to start by studying this protein 

in M. tuberculosis.
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Figure 3.11.- Proteins recognized in cell free extracts from different bacteria by the 

polyclonal antibodies raised against SIO. The cell free extracts were run in an SDS- 

PAGE gel, blotted onto a membrane, and incubated with a dilution 1:5000 of the 

immune serum. After careful washing the filter was incubated with lU/ml o f anti rabbit 

IgG-POD. Lane 1: positive control (purified recombinant 6xHis-S10 protein, 10 ng); 

lane 2: cell free extract from M. smegmatis (200 ng); lane 3: cell free extract from M. 

microti (200 ng); lane 4: cell free extract from M tuberculosis (200 ng); lane 5: cell 

free extract from E. coli (200 ng). The arrows indicate the positions o f the recombinant 

6xHis-S10 and the protein recognized in the cell free extracts.
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In this chapter we have shown the amplification, cloning and sequencing of the 

gene coding ribosomai protein SIO in M  tuberculosis. The gene consists of 303 

nucleotides and is followed by what seems to be an L3 coding region. This arrangement 

of SIO and L3 genes in M. tuberculosis suggests that both genes are part of an operon, 

as described in other bacteria. Recently published M tuberculosis sequence confirms 

that SIO is the first gene of an operon coding for 11 ribosomai proteins (SIO, L3, L4, 

L23, L2, S19, L22, S3, L16, L29 and S17), with very similar organization to that of E. 

coli. The M. tuberculosis SIO gene itself is -62% identical to the E. coli gene. The 

high degree of identity between the genes in these two species suggests that the 

function of the gene product is similar.

We have also shown the in vivo and in vitro expression of a recombinant 

ribosomai protein SIO, tagged with six consecutive histidine residues. This tag has 

allowed us to purify by affinity chromatography the recombinant protein, using a Ni^^ 

charged resin. The purified protein was shown to be M. tuberculosis ribosomai protein 

SIO by mass spectrometry and sequencing of the amino terminus. Polyclonal antibodies 

were raised against the recombinant M. tuberculosis 6 xHis-S 10 protein. Although the 

M tuberculosis SIO protein is -58%  identical in aminoacid sequence to its E. coli 

counterpart, we have shown that antibodies raised against M. tuberculosis ribosomai 

protein SIO are unable to recognize the E. coli ribosomai protein SIO, but detect the 

protein in cell free extracts from different species of mycobacteria. It seems that the 

mycobacterial S 1 0  has particular features, recognized by the antibodies, that are absent 

in E. coli. The implications of these differences for the function of ribosomai protein 

SIO are not clear.
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4.- THE PUTATIVE NusB PROTEIN OF M  lepraei A 

MYCOBACTERIAL PROTEIN RESEMBLING THE 

ANTITERMINATION FACTOR NusB FROM E. coli.

The gene encoding NusB protein was first identified by genetic analysis of E. coli 

mutants that fail to support the growth of X phage (Keppel et al, 1974 and Friedman et 

al., 1976); these host mutations were shown to block transcriptional antitermination by 

the N protein of the bacteriophage X. In 1985 Sharrock et al. (Sharrock et al, 1985) 

showed that premature termination of transcription takes place within rRNA opérons in 

the E. coli nusB mutant. Although bacteria carrying the nusB mutation are characterised 

by very slow growth at 25-30°C (Swindle et al., 1988), they were able to grow at 42°C 

suggesting that antitermination is quantitatively important, but not essential for the 

synthesis of rRNA. The E. coli nusB gene lies at 11 min on the E. coli chromosome, and 

it codes for a protein of apparent MW 14 KDa. Transcription complexes synthesizing 

rRNA in in vitro transcription reactions containing E. coli SI00 extract, were shown to 

contain the NusB protein (Li et al., 1992). In fact, the purified protein was shown to 

form an heterodimer with SIO, and this complex interacts specifically with boxA RNA 

(Nodwell and Greenblatt, 1993). As mentioned previously, formation of this complex is 

likely to play an important role in transcription antitermination in rrn opérons of E. 

coli.

In summary, NusB protein is likely to play a major role in regulating transcription and 

translation in E. coli, since it is necessary for efficient chain elongation during the 

synthesis of rRNA. However, little is known about the molecular characteristics of the 

NusB protein. Recent work has shown that the protein consists of 7 a-helixes and is 

devoid of p-sheet elements (Berglechner et a l, 1997). Similarly to other RNA binding 

proteins, E. coli NusB has been shown to have a motif rich in arginine residues, but in 

contrast, it adopts a stable folded structure in solution in the absence of RNA (Atieri et 

a l, 1997). NusB factors have not been identified in any other bacteria. We have found in 

the most currently used databases, genes similar to the E. coli nusB in Haemophilus
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influenza. Bacillus subtilis, Synechococcus sp., M. leprae and, more recently, in M. 

tuberculosis.

Our main interest is to study the regulation of rRNA synthesis in mycobacteria. The 

single rrn operon of M.tuberculosis contains sequences resembling E. coli boxA and 

boxB signals in the leader and spacer regions, suggesting that transcription 

antitermination occurs during the synthesis of rRNA in mycobacteria. If the 

transcription of rrn opérons in mycobacteria is controlled in a similar way as that in E. 

coli, ribosomai protein SIO, NusB and èox^-RNA are likely to be involved in the 

process. The main objective of this project was to study the interaction between 

ribosomai protein SIO, NusB and 6o%.r4-RNA. In order to do so it was necessary to 

identify, synthesize and purify the mycobacterial homologues to ribosomai protein SlO, 

NusB and boxA. In the previous chapter (Chapter 3) we have described the 

identification, cloning, expression and purification of ribosomai protein SIO. Here we 

focus on the mycobacterial NusB homologue. Initially we attempted to isolate NusB 

from cytosolic extracts of mycobacteria, but when an M. leprae sequence with 

homology to E. coli nusB became available we decided to use a strategy similar to the 

one used for the expression of ribosomai protein SIO: to clone the putative M. leprae 

nusB gene into a pQE vector, downstream from the region coding 6  consecutive histidine 

residues, express the gene in vivo, and purify the recombinant protein 6 xHis-NusB by 

affinity chromatography using the Ni-NTA resin.

4 .1 - Attempts to isolate NusB from cytosol.

One of the aims of this part of the project was to identify protein factor(s), 

other than ribosomai protein SIO, involved in transcription regulation in the rrn operon. 

As part of our efforts to do so, we attempted to isolate a NusB homologue from a pool 

of cytoplasmic mycobacterial proteins. The experimental set up that we have used is 

based on the findings of Nodwell and Greenblatt (1993) that in E. coli ribosomai protein 

SIO forms an heterodimer with NusB, and that this complex specifically binds to RNA 

containing the boxA sequence. If a similar interaction occurs in the rrn opérons of M. 

tuberculosis, it would be possible to use the purified ribosomai protein SIO and boxA 

RNA to isolate by affinity chromatography, proteins in a total cell free extract that
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interact with these two elements (details of the methods used to identify and produce 

boxA sequences are described in chapter 5).

A schematic description of the experimental design is shown in figure 4.1. 

Recombinant ribosomai protein SIO is incubated with a mycobacterial cell free extract, in 

the presence of RNA containing the boxA sequence. The mixture is then incubated with 

a Ni-NTA resin: the recombinant ribosomai protein SIO involved in the complex 

formation would be trapped by the resin, and so would be the RNA and the putative 

NusB protein of M. leprae. After washing the column carefully, the “complexes” are 

eluted from the resin using Imidazole, and the composition of the eluate is examined. 

Any proteins eluted together with ribosomai protein SIO are assumed to be part of the 

complex. The success of such experimental approach depends on a series of conditions 

that need to be verified before applying it as a tool to isolate transcription elongation 

factors: (1) there must be an interaction between the three factors (S10-NusB-6o%v4), 

with a relatively high constant affinity; (2 ) the interaction must not be affected by 

immobilizing the ribosomai protein SIO in the resin; (3) ribosomai protein SIO should 

not bind boxA RNA by itself; (4) boxA RNA should not bind to the Ni-NTA resin; (5) 

proteins from the cell free extract should not be captured by the Ni-NTA resin; (6 ) the 

interaction must be specific for boxA RNA. In order to answer some of these questions 

it is necessary to have a way of monitoring the binding of the elements. We have done 

preliminary experiments using a double labelling combination: on one hand, ribosomai

protein SlO was in vitro transcribed/translated in the presence of [^^S]-labelled

methionine; on the other hand, the RNA containing the boxA sequence was labelled with

32[ P]. By measuring the cpm of the fractions in a scintillation counter, it is possible to 

follow the elution of both the ribosomai protein SIO and the RNA from the Ni-NTA 

column.

Figure 4.2. shows the results obtained with the double labelling system: the 

35 32amount of [ S] and [ P] derived cpm was measured in each one of the fractions. Panel 

A shows the results of incubating the ribosomai protein SIO and èox^-RNA in the 

absence of mycobacterial cell free extract: although there is protein eluted from the

column, as judged by the increase in [^^S] counts in the elution fractions, there is not a

32 32correspondent increase in the number of [ P] counts. The results indicate that [ P]
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Figure 4.1.- Schematic representation o f the experimental plan designed to isolate 

mycobacterial protein factors that interact with ribosomai protein SIO and hoxA RNA. 

A mycobacterial cell free extract is incubated with the hoxA RNA and the recombinant 

ribosomai protein SIO and the complexes purified by means of the 6xHis tag of the SIO. 

Proteins involved in the complex are then separated by SDS-PAGE.
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(B) Klution pattern o f 35S SIO from the Ni-NTA columns: Added cell free extract. 
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Figure 4.2. Elution patterns for ribosomai protein SIO ([^^S]) and ([^^P])

from Ni-NTA columns: Effect o f incubation with mycobacterial cell free extract. The 

columns represent the amount o f radioactivity (cpm) present in the fractions eluted

35 32
from the column. The main graph shows the [ S] counts, and the small plot the [ P] 

counts. boxA RNA and ribosomai protein SIO were incubated together, in the absence 

(A) or presence (B) o f cell free extract, and the complexes separated using the Ni-NTA  

resin.
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labelled RNA containing the boxA sequence does not interact by itself with either the 

Ni-NTA resin or the ribosomai protein SIO. A different result is obtained when cell free 

extract from M smegmatis is added to the incubation reaction, as shown in panel B: 

although the elution pattern of ribosomai protein SIO is not altered as indicated by the

35 32 35[ S] profile, there is apeak of [ P] counts that co-elute with the [ S]. This suggests

that a component of the mycobacterial cell free extract is necessary for the RNA to bind

to the ribosomai protein SIO in concordance with the findings of Nodwell and

Greenblatt (1993).

In order to corroborate this result, a second experiment was designed, in which

35[ S] labelled ribosomai protein SIO was incubated, in the presence of M  smegmatis cell

32free extract, with [ P] labelled RNA carrying either the boxA sequence or a

complementary sequence (cboxA) as a negative control. If the interaction between

ribosomai protein SlO-NusB and boxA is similar to the one described for E. co li, it must

be dependent on the presence of a boxA signal in the RNA. Figure 4.3. shows the results

35 32of such experiment. Panel A and B show the elution pattern for [ S] and [ P], 

obtained when M. smegmatis cell free extract was incubated with ribosomai protein SIO 

in the presence of RNAs containing different signals. The graph shows that the pattern

32of elution of [ P] is not significantly altered by using an RNA molecule containing a 

complementary boxA sequence, suggesting that the complex formation is independent of 

RNA sequence: RNA molecules seem to be trapped in complexes with NusB and 

ribosomai protein SIO, even if they do not carry the mycobacterial boxA sequence.

4.2.- Searching the data bank for NusB factors of mycobacteria.

In order to identify the mycobacterial equivalent to the E. coli nusB gene, the 

most commonly used databases were searched with the BLAST program, using the E. 

coli gene as a query. Twelve matches were found from which the first four were E. coli 

genes. A sequence from M  leprae cosmid B937 was short listed v^th 55% identities in 

a segment of 170 nucleotides. The total DNA sequence of that cosmid was downloaded, 

analyzed for open reading frames, and the corresponding ORF translated into protein 

sequence. The translated putative NusB protein of M. leprae (189 aa) was used as a 

query to search the databases for homology. Six matches were found: the
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(A) Klution pattern of 35S SIO from the Ni-NTA columns; boxA RNA. 

IIMMMMI

StMMN)

600(H)-

40000-

20000 -

Klution p a tte rn  o f  32P  boxA  R N A .

F ra c tio n  n u m tx r

S 9 10

Fraction number

(B) Klution pattern of 35S SIO from Ni-NTA columns: cboxA RNA  

100000

SOtHHI-

60000-

4(MHM)

20000

K lution p a tte rn  o f  32P  cboxA  R N A

F ra c tio n  nu m b e r

8 9 10

Fraction number

Figure 4.3.- Elution patterns for ribosomal protein SIO ([^^S]) and RNA ([^^P]) from 

Ni-NTA columns: Specificity o f recognition for the hoxA signal. The bars show the

amount of radioactivity (in cpm) present in the fractions eluted from the column. The

35 3?
main graph shows the [ S] cpm, and the small plot the [ “?] cpm. Ribosomal protein

3 9
SIO, and M smegmatis cell free extract were incubated together in the presence o f [ “?] 

labelled RNA containing the mycobacterial hoxA signal (A) or the complementary 

sequence (B). The complexes were separated using the Ni-NTA resin.
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highest score was for a protein from B. subtilis (YqhZ) described as an homologue of 

NusB protein; the next three matches were for E. coli NusB protein; the fourth match 

was a H. influenzae NusB homologue, and the last was protein srrA from Synechococcus 

sp. With the exception of the E. coli NusB, the biological function of these proteins is 

not known, but the homology between them suggests that they are involved in similar 

processes. We have also found that the putative NusB protein of M  leprae has 

homology (31.7% identity in a 123 aa overlap) with the finu protein of H. influenza. 

Bacterial finu proteins seem to be evolutionary related to the products of genes NOLI 

and N0P2 in eukaryotes. Interestingly, the products of these genes are nucleolar 

proteins known to be involved in RNA processing (Hong et a l, 1997).

Table II shows the percentage of similarity between NusB homologues from 

different bacteria. The level of similarity of the homologue proteins with E. coli NusB is 

of at least 50%, suggesting that these proteins fulfil the same function. Figure 4.4. shows 

a comparison of the aminoacid sequence of the bacterial proteins that show homology to 

the E. coli NusB protein. The scheme focuses on a region of 85 aminoacids (spanning 

position 48 to 130 in E. coli) where most of the conserved aminoacids were found. This 

region is flanked by 40-55 residues at the amino terminus in most of the species, 

although in Synechochoccus sp. the amino terminus flanking region is much longer (176 

aa). At the carboxy terminus there are 6-53 aa following the conserved region.

The proteins also have some homology in the amino terminus region. In E. coli 

this region (aminoacids 1 - 1 0 ) contains several arginine residues and has been reported to 

be related to the arginine rich motif (ARM) found in other RNA binding proteins 

(Altieri e ta l, 1997). We have found that the putative mycobacterial NusB proteins have 

a lower proportion of arginine residues in the amino end of the protein, but there are 

three residues in this region that are identical between the NusB protein of the 6  species 

compared (-R—AR).

The high degree of homology between proteins of different species in the 85 aa 

region, suggests that this portion of the protein is important for function. Thirteen 

aminoacids were found to be identical in all of the six species, and in general there is a 

high degree of homology between proteins from different species. The M  leprae NusB 

homologue was found to contain 40% of identities with the E. coli protein in the 85 aa
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M. leprae M.tuberculosis B. subtilis E. coli H. influenzae Synechochoccus sp

M. leprae
1 0 0 % 83.67% 55.74% 50% 60% 52.63%

M.tuberculosis - 1 0 0 % 55.74% 55.55% 46.51% 52.63%

B. subtilis - - 1 0 0 % 54.23% 53.18% 57.14%

E. coli
- - - 1 0 0 % 63.64% 69.81%

H. influenzae - - - - 1 0 0 % 6 6 .1 0 %

Synechochoccus sp - - - - - 1 0 0 %

Table IL- Percentage of similarity in aminoacid sequences between NusB homologues 

from different bacteria as calculated by the GCG Bestfit program. The numbers in blue 

correspond to the similarities of the M  leprae NusB homologue. The numbers in red are 

the percentage of similarity of the homologues with the E. coli NusB protein.
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M.le. NH (1-6) KGRHQARKRAVDLLF (21-189)
M.tu. MH (1-8) KGRHQARKRAVALLF (23-157)
B.su. NH (1-2) K-RRTAREKALQALF (15-131)
Syne. NH (1-61)QPRRVARELSLLSLS (7 6-276)
E.co. NH (1-4) AARRRARECAVQALY (16-140)
H.in. NH (l-ll)SARRRARECTVQALY (26-144)

I (1-52)YTV-VAQGVSEHTARIDELIISHLQGWKLDRL-PAVDRAILRVSIWELLYADDVPEPVAVDEAVELAKELSTDDSPGFVNGLLGNV(136-189)C 
(1-54)YTAAVARGVSEHAAHIDDLITAHLRGWTLDRLLPAVDRAILRVSVWELLHAADVPEPVWDEAVQLAKELSTDDSPGFVNGLLGQV(139-157)C 
(1-40)FFEQLVHGVLEHQDQLDEMISKHLVNWKLDRIAN-VDRAILRLAAYEMAYAEDIPVNVSMNEAIELAKRFGDDKATKFVNGVLSNI(124-131)C 

|(1-176)FALELIGTVCRRRQQIDEQLQEAMVDVJQLSRLAK-IDQDILRLAIAELDY-LGVPQKVAINEAVELAKRYSGQDGHRFINGVLRRV(260-276)C 
(1-47)YFRELLAGVATNTAYLDGLMKPYL-SRLLEELGQ-VEKAVLRIALYELSKRSDVPYKVAINEAIELAKSFGAEDSHKFVNGVLDKA(131-140)C 
(1-54)YFRKLFRQTIENIETVDFSrSPYI-DRAFDELDPI-ETAILRLAVYELRFELDVPYKWINEAIEVAK-FGADESHKYINGVLDKI(138-144)C

Figure 4.4.- Comparison of aminoacid sequences of putative NusB proteins as obtained 

from databases. (A) Domain of homology containing the arginine rich RNA binding 

motif (ARM). (B) domain of high homology. The red letters indicate aminoacids 

identical to the ones found in the M leprae sequence. The letters in green indicate the 

residues identical in all the proteins. The numbers between the brackets indicate the 

length of the region flanking the indicated sequences. M.le. indicates the sequence from 

M. leprae protein; B.su. indicates the Bacillus subtilis sequence; Syne, the 

Synechochoccus sp.; E.co. the E. coli; H.in. the Haemophilus influenza and M.tu. the 

M.tuberculosis sequences.
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region. When compared with NusB homologues of Gram positive bacteria such as B. 

subtilis the homology is higher (-46%), and in the closely related M. tuberculosis the 

protein is 79% identical.

Although the similarities between these proteins and the E. coli NusB at the 

level of aminoacid sequence are high enough for them to be considered NusB 

homologues, there are also important differences between them. The most obvious is 

probably the difference in size (see table III). E. coli NusB is 139 residues long and has a 

predicted molecular weight of 15.69 KDa, but homologues from other species range 

from 131 aa in B. subtilis (predicted molecular weight of 14.88 KDa) to 275 aa in 

Synechochoccus sp. (predicted molecular weight 30.59 KDa). There are also important 

differences in charge and isoelectric point between putative NusB proteins from 

different species. E. coli NusB is a protein with overall net charge of zero, and isoelectric 

point (pi) of 7.3. Putative NusB proteins from other species are negatively charged, and 

most of them have a pi close to 5. The M.tuberculosis NusB homologue, with a pi of 

7.2 is the most similar to the E. coli protein.

Even between bacteria as closely related as M. leprae and M.tuberculosis the 

NusB homologues differ in size and physicochemical characteristics. The predicted 

molecular weight of the M. leprae NusB homologue is 20.41 KDa, while the M. 

tuberculosis protein is predicted to have a molecular weight of 16.74 KDa, similar to 

the E. coli NusB protein. The proteins also differ in the isoelectric point and the 

number of residues negatively charged (see table 111). On the whole it seems that the 

M.tuberculosis protein is more similar to the E. coli NusB than its counterpart in M. 

leprae, not only in the aminoacid sequence, but in size, charge and isoelectric point. The 

implications that these differences can have in the function of the proteins are not 

known.

In conclusion, we have found in the most commonly used databases a family of 

proteins of different sizes, that have homology with E. coli NusB protein. Most of the 

conserved residues (13 aa are identical among the proteins from 6  species) are found in a 

region of 85 aa. Although the biological role of these proteins is not known, the 

percentage of similarity (>50%) suggests that they must perform similar functions to E. 

coli NusB, and that the active centre is located in the conserved region. However, we
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Number of 

aminoacids

Number of 

residues with 

charge

Predicted 

molecular weight 

(Da)

Isoelectric point

E. coli 139 0 15688.88 7.30

B. subtilis 131 - 8 14879.73 4.80

H. influenza 144 -4 16386.60 4.97

Synechochoccus sp. 275 - 2 30589.78 6.70

M.tuberculosis 156 -I 16740.01 7.19

M. leprae 189 - 8 20405.98 4.98

Table III.- Characteristics of the NusB homologues of different bacteria. The values 

shown were calculated by GCG Peptidesort, based on the aminoacid sequence. The 

values for the E. coli NusB protein are shown in red.
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have found important differences in size, charge and isoelectric point among putative 

NusB proteins. The relevance of such differences for the physiological activity of the 

proteins is not known. Because the M. leprae gene sequence was available to us we 

decided to clone it and use it to express the protein in vivo.

4.3.- Cloning of the M. leprae nusB gene.

The published sequence of the M. leprae cosmid B397 (accession number 

L78820) was found to be homologous to the E. coli nusB gene in a region between bases 

16895 and 17064. By analysing the open reading frames present in the cosmid between 

positions 15500 and 18500, we have found an open reading frame of 576 nucleotides, 

between positions 16659 and 17235, that is very likely to code for the M. leprae 

homologue of NusB. Oligonucleotide primers were designed to amplify the gene by PCR 

from M. leprae genomic DNA; they were devised to contain the relevant sequences and 

restriction sites for BamYil and Hindill (see primers pNusB 1 and pNusB2 in section 

2.1.2.). A diagrammatic representation of the procedure is shown in figure 4.5. By PCR 

a product of -600 bp was amplified from M  leprae genomic DNA or cosmid B937, but 

not from M. tuberculosis genomic DNA. The M. leprae DNA fragment was inserted 

into a vector designed for cloning of PCR products (vector pCR2.1 from the TA cloning 

kit, see section 2.1.4.). This intermediate construct was used to verify the presence of 

the right insert by restriction analysis, PCR (using primers related to the vector) and 

sequence. Once the identity of the insert was verified, the plasmid was digested with 

BamYll and HindlW, the insert gel purified and ligated into plasmid pQE30 which had 

previously been digested with the same pair of enzymes. The resulting plasmid, named 

pQENUSB must contain the putative mycobacterial nusB gene in frame with the 6 xHis 

coding region. Positive clones, containing the insert in the right orientation were 

identified by restriction analysis, PCR and sequencing.

4.4 - Sequencing of the putative M. leprae nusB gene.

In order to verify the construct pQENUSB, and to check the published sequence 

the sequence of a region between the promoter and the plasmid-provided stop codon 

was obtained. Using primers designed for the pQE vectors (pPRO and pREV, see

87



section 2.1.2.), 700 bp of sequence data of the putative M. leprae nusB gene (of 

complementary strands) was obtained. The sequence is shown in figure 4.6.

The putative M. leprae nusB gene consists of 576 nucleotides: the initiation 

codon is ATG and the termination codon is a TO A. The sequence is virtually identical 

to the one published in the databank. Only one discrepancy was found: in position 346 

a C was found, instead of a T as published. This change will alter the translated protein, 

so that instead of a valine in the aminoacid 174, there would be an alanine residue. The 

same result was found when the intermediate construct was sequenced, so it is unlikely 

to be a mistake in the sequencing carried out here.

The DNA sequence of the insert show that the 5’ primer used for PCR 

amplification (pNusBl) does not have the correct restriction site for BamHi. Digestion 

of the plasmid pCR2.1 containing the cloned PCR product does not release, as we 

thought, only the insert, but a DNA fragment carrying 40 nucleotides derived from the 

plasmid pCR2.1. However, when the insert was sub-cloned in the vector pQE30, the 

initiation codon of the putative nusB gene was in frame with the initiation codon of the 

plasmid, and with the region encoding the six consecutive histidine residues. There are a 

total of 20 additional codons between the 6 xHis tag and the ATG codon of the putative 

NusB protein of M  leprae. The complete recombinant protein has a total of 217 aa. The 

predicted molecular weight of the recombinant protein is 24147.3 Da.

In summary we have constructed a plasmid that codes for a 6 xHis tagged 

mycobacterial homologue of NusB protein. The insert contained in the plasmid 

corresponds to 576 nucleotides forming a continuous ORF, obtained by PCR 

amplification from M. leprae genomic DNA.

4.5.- In vivo expression of the recombinant M, leprae nusB gene.

The plasmid pQENUSB was tested for expression in E. coli M15[pREP4]. As 

mentioned previously, the plasmid pREP4 provides the cell with high levels of lac 

repressor protein, which binds to the operator sequences, represses the promoter and 

tightly regulates the expression of the recombinant protein. Expression of the 

recombinant protein is induced by adding IPTG, which inactivates the repressor 

allowing transcription from the strong T5 promoter to start. When cells transformed
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(a) Primers:

pNusB 1 :

pNusB 2 ; ______________________________________
5'-GTAAAGCnlTCCATCACCGnCAr;ACA(lCAGr;GACTTLT

mum

Bantu

(b)

(d)

pNusBl

(c) 5- . . . .

3' .

5" AkjüHI 

3' , ..

puiatii'e nusB gene

M. Jejuaa 
5. genomic DNA

pNusfi2 \

PCR mm\

^ PCR product
g. ("600 bp)

^  Ligation into pCR2.1 

^  Digestion -with ^joH I and ÆüaIII

putative nusB gene

i Ligation into pQE30

putative nusB gene

pQENusB
construct

. . . . . .  I 3

mjdws'

Figure 4.5.- Construction of the plasmid pQENUSB. (a) primers pNusBl and pNusB2 

containing restriction sites for BamH\ and HincÛU respectively, were used to amplify 

the NusB gene from M leprae genomic DNA. (b) The PCR product (-600 bp) was 

cloned into pCR2.1 vector. Positive clones were identified by PCR, restriction analysis 

and sequencing. The positive plasmid was digested with BamHl and HindlU, the 

correspondent fragment purified by gene clean and ligated into vector pQE30, 

downstream from the region coding for 6  consecutive histidine residues, (c) The resulting 

plasmid codes for a recombinant NusB tagged with 6 xHis residues.
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so
 H H H H H H G 5 T S N G R Q C A G

I R L E G S C L i n S N P V K G  
G C C A T C A G G C C C G T A A G C G T G C C G T C G A C C T G T T G T T C G A A G C C G A G G C C  1 5 0  
R H Q A R K R A V D L L F E R E A  
C G C G A T C T G A G C C C A C T C G A G A T A A T C G A G G T T C G T A G C G C A T T G G C G A A  2 0 0  

R D L S P L E I I E V R S R L R K  
A T C C A R G C T G G R T G T A G C G C C G C T G C A T C C G T A T A C G G T C G T G G T R G C C C  2 5 0  

S K L D V R P L H P Y T V V V R  
A A G G T G T T A G C G A G C A C A C C G C C C G T A T T G A C G A A C T G A T A A T C T C G C A T  3 0 0  
Q G V S E H T R R I D E L I  I S A  
C T A C A R G G C T G G A A G C T C G A T C G G C T G C C A G C A G T G G A T C G C G C C R T T T T  3 5 0  

L Q G V K L D R L P R V D R R I L  
G C G A G T C T C G R T A T G G G A G C T G C T A T A C G C T G A C G A T G T G C C C G A A C C G G  4 0 0  

R V S I W E L L Y R D D V P E P  
T C G C T G T C G A C G A G G C G G C C G A G C T G G C C A A G G A G C T G T C T A C T G A C G A C  4 5 0  
V R V D E R R E L R K E L S T D D  
T C A C C T G G C T T C G T C A A C G G A T T G C T G G G C A A A G T T A T G C T G G T T A C G C C  5 0 0  

S P G F V N G L L G K V H L V T P  
G C A G A T C C G T G C G G C C G C T C A A G C A G T C C A G C A G G C G G T G C G C A T G G C T G  5 5 0  

Q I R R R R Q R V Q Q R V R M R  
C C G G T R C T T C C G A G G A T C A C G T A C C G C A G C G T G A G C C G G C T G C T G G C C A A  6 0 0  
R G T S E D H V P  Q R E P R R G Q  
T T G G G T C A G G A C G A T T C G A A C G G C G G C C # N I N m 0 K M m # N # ^ a  6 5 0

L G Q D D S N G G Q V R R V C  R  7
K a m M m m » A A G C C G A A A  6 ?3 

V  K R L Q A E

Figure 4.6.- Sequence of the plasmid pQENUSB, including the putative M leprae nusB 

gene. Both the nucleotide sequence and the corresponding translation are shown. 

Aminoacids boxed in yellow correspond to the putative M leprae NusB protein. 

Transcription start and stop codons of the putative nusB gene are boxed with a dashed 

line. The eighteen nucleotides coding for the ôxHis tag are boxed in red. Primers used for 

PCR are shown in green, and the recognition sites of the restriction enzymes in orange. 

Additional nucleotides derived from pCR2.1 vector are shown in blue.
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with pQENUSB were grown in the presence of 2mM IPTG, expression of a protein of 

apparent molecular size of ~30 KDa was highly induced (see figure 4.7. lane (3)). In the 

absence of IPTG this protein is not expressed (see lane (2)). As judged by the OD5 5 0

values of induced and uninduced cultures, addition of IPTG to the medium does not 

affect the growth of the cells, suggesting that the protein is not toxic. Expression of the 

30 KDa protein is not induced by IPTG in cells transformed with a different pQE 

vector such as pQESlO (see lanes (4) and (5) in figure 4.7.), which indicates that it is the 

specific product of the putative M leprae nusB gene cloned in PQENUSB. The 

predicted molecular weight of the putative NusB protein of M  leprae is ~21 KDa, but 

the recombinant protein is expected to have a higher apparent molecular weight, due to 

the presence of the 6 xHis tag and additional codons.

In conclusion, we have shown that the expression of the plasmid pQENUSB can 

be induced in vivo to produce a protein of apparent molecular weight -30 KDa, and that 

that such protein contains the 6 xHis tag, followed by the putative NusB protein of M 

leprae.

4.6 - Purification of the protein product from M. leprae nusB gene.

Recombinant proteins expressed in E. coli can be produced in a soluble form, but 

in many cases high levels of expression can lead to the formation of insoluble inclusion 

bodies. The intermolecular association of hydrophobic domains during folding is 

believed to play a role in the formation of inclusion bodies. Fortunately, the interaction 

between Ni-NTA and the 6 xHis tag does not depend on tertiary structure, and proteins 

can be purified either under native or denaturing conditions. In order to set up the best 

purification strategy it is important to determine whether the protein is soluble in the 

cytoplasm or located in cytoplasmic inclusion bodies. Figure 4.8. shows the separation 

in SDS-PAGE of proteins obtained from a gross fractionation of induced cells. Cells 

M15[pREP4] transformed with plasmid pQENUSB were induced with 2 mM IPTG for 

4 hours, resuspended in 50 mM phosphate buffer, lysed by freeze/thawing followed by 

sonication, and spun down at lOOOOxg for 20 min. Proteins present in the
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1 2 3 4 5

Figure 4.7.- In vivo expression of the recombinant 6 xHis tagged putative NusB protein 

of M leprae. E. coli M l5 cells carrying the indicated plasmid, and cultured in the 

described conditions were boiled in SDS-PAGE loading buffer, and the total proteins 

separated in a 15% SDS-PAGE gel. Induction was carried out for 3 hr in the presence of 

2mM IPTG. Lane 1 shows the prestained molecular weight markers; lanes 2 and 3 

correspond to lysates of cells transformed with pQENUSB: total protein content in 

uninduced (2) and induced (3) cells is shown. In lanes 4 and 5, cells transformed with 

plasmid pQESlO (see section 3.1.1.) were used as a control: lane 4 uninduced cells, lane 

5 induced cells. The main protein overexpressed in each case as a result of the induction 

is indicated with an arrow.
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1 2 3 4 5
2 5 0 -

Figure 4.8.- Localization of the recombinant putative NusB protein of M leprae in 

induced cells. Protein expression in E. coli M l5 cells, carrying both the pREP4 and the 

pQENUSB plasmids, was induced with 2mM IPTG for 4 hours. Lane 1: prestained 

molecular weight markers; lane 2: total protein from uninduced cells; lane 3: cytoplasmic 

soluble proteins in induced cells; lane 4: cytoplasmic insoluble proteins in induced cells. 

The fractionation was done by freeze/thawing and sonication of induced cells in 

phosphate buffer, and soluble proteins were separated by centrifugation at lOOOOxg for 

20 min. Lane 5: partially purified E. coli NusB protein (kindly provided by Dr. Andrew 

Lane). The arrows indicate the positions of the proteins.
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supernatant are cytoplasmic soluble proteins, and the pellet contains mainly insoluble 

proteins. The recombinant putative NusB protein of M  leprae was present in the 

insoluble fraction of the induced cells (see figure 4.8. lane (4)). This finding was not 

unexpected, considering the high expression levels of the recombinant protein.

Based on these results, we decided to follow the same protocol used to purify 

insoluble recombinant ribosomal protein SIO (see section 3.3.2. and figure 3.9.b). In this 

protocol, as discussed before, the protein is purified under denaturing conditions, and 

then refolded while immobilized on the Ni-NTA matrix. Immobilizing one end of the 

protein during renaturation appears to prevent intramolecular interactions which lead to 

aggregate formation. The refolded protein can then be eluted by the addition of 250 mM 

imidazole (Holzinger et al., 1996).

The results of a typical purification/refolding experiment of the putative 

recombinant NusB protein of M  leprae are shown in figure 4.9. Lanes 3 and 4 show that 

the washing/refolding steps do not cause the affinity bound protein to leak from the 

column. By adding 250 mM imidazole, a soluble form of the recombinant protein can be 

eluted from the column, as can be seen in lanes 5 and 6 . A total of -300 mg of purified 

soluble protein was obtained through induction of a 1 0 0  ml culture of 

M15[pREP4][pQENUSB] cells.

To summarize, the putative recombinant NusB protein of M  leprae was found 

to be produced in insoluble form in induced E. coli cells carrying the plasmid 

pQENUSB. The protein was purified under denaturing conditions, refolded while still 

bound to the resin, and then eluted with 250 mM imidazole. Using this approach we 

have obtained a purified soluble protein, in concentrations up to 30mg/ml (~1.2 mM).

4.7.- Discussion and conclusions.

The gene encoding NusB was first identified by genetic analysis of E. coli 

mutants that block transcriptional antitermination by the N protein of bacteriophage X 

(Friedman et a l, 1976). The importance of this gene in antitermination was confirmed 

by experiments showing that premature transcription termination takes place in the 

rRNA opérons of nusB mutants (Sharrock et al, 1985) . The product of the nusB gene,
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Figure 4.9.- Purification of the in vivo expressed 6 xHis tagged putative NusB protein of 

M. leprae. The figure shows the electrophoretic separation of the fractions obtained by 

purification/refolding in the Ni-NTA resin. Lane 1: molecular weight markers; lane 2: 

total protein from cells induced by 2mM IPTG for 3 hrs, showing the overexpression of 

putative recombinant NusB protein; lanes 3 and 4: proteins released from the column in 

the first (lane 3) and last (lane 4) washing steps; lanes 5 to 6 ; proteins eluted from the 

Ni-NTA column with 250 mM Imidazole.
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a protein of -14 KDa (NusB) that has been shown to form part of the transcription 

complex, seems to be essential for efficient chain elongation during rRNA synthesis.

In our efforts to understand the role played by transcription antitermination in 

the regulation of rRNA synthesis in mycobacteria, we have been looking at homologues 

of the E. coli factors that have been described to be involved in antitermination in rrn 

opérons. Since one of the most relevant features of the E. coli system is the interaction 

between ribosomal protein SIO, the NusB protein and boxA RNA, we decided to 

identify, clone and characterise the mycobacterial equivalent to E. coli NusB.

In this chapter we have described a family of proteins related to E. coli NusB 

proteins, that share a “domain” of 82 aminoacids of relatively high homology, as well as 

a short arginine rich sequence in the amino terminus. Among these proteins there are M 

leprae ecuà M.tuberculosis homologues. It seems highly likely that proteins belonging to 

this family fulfil similar functions, since at least half of their aminoacid sequence is 

similar. However, proteins with homology to E. coli NusB are not identical. There are 

important differences between them in size, charge, and isolectric point that are likely to 

affect the function of the protein. One of the main difficulties that we have found in 

studying NusB is our limited knowledge of this transcription factor: NusB protein has 

not been studied in any species other than E. coli, and even in this bacterium the 

information that we have is not extensive. We do not know, for instance, what is the 

significance in terms of antitermination function of the homologies and differences in the 

aminoacid sequences that we have found. Recently, it has been proposed that a short 

region of the E. coli NusB (1-10 aa) containing an arginine-rich RNA-binding motif 

(ARM) similar to the one found in other RNA-binding proteins like BIV tat and Rev 

protein, could be responsible for the RNA binding properties of NusB (Altieri et al., 

1997). The putative mycobacterial NusB protein does not seem to have a ARM domain.

Especially intriguing are the differences between M. leprae and M.tuberculosis 

putative NusB proteins. These two species of pathogenic mycobacteria are known to be 

closely related. Indeed, the putative NusB proteins of these two species share an almost 

identical domain, as judge by the aminoacid sequence homology. However, they differ 

markedly in size, since the M. leprae NusB homologue has 32 additional aminoacids at 

the amino terminus. This difference is reflected in differences in charge and isolectric 

point. In fact, the M.tuberculosis NusB homologue is more similar to the E. coli NusB
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protein than the M. leprae homologue. The functional significance of the differences 

between proteins of closely related species is difficult to estimate. If the only role of 

NusB is to interact with ribosomal protein SIO and boxA RNA to produce 

antitermination of transcription, the variability of the protein between different species 

should be limited by boxA and SIO. NusB can be very different between species, but 

the differences should not change its ability to interact with NusB and boxA. The 

ribosomal protein SIO of M leprae and M.tuberculosis is highly conserved (only 5 out 

of 102 differences in the aa sequence) and boxA sequences are identical in all the 

mycobacterial species. Why is the putative NusB protein different? Is there any 

evolutionary advantage in having such a different NusB protein? One possible 

explanation is that the conserved domain is sufficient for the binding function of 

putative NusB proteins, and that the extra aa do not alter such capacity. Another 

possibility is that the extra aminoacids fulfil other roles in the bacterial cell, although we 

have not found any protein in the databank with homology to the non-conserved 

aminoacids of the putative NusB protein of M. leprae. It is also possible that the extra 

aminoacids in the M. leprae NusB homologue, by affecting the secondary structure of 

the protein, will change its capacity to bind ribosomal protein SIO and boxA RNA. In 

subsequent chapters we will demonstrate that there are major differences between the 

binding properties of the mycobacterial NusB and those reported for the E. coli protein.
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5.- THE MYCOBACTERIAL boxA SIGNAL: AN RNA SEQUENCE 

INVOLVED m  ANTITERMINATION.

RNA sequences play an essential role in controlling the termination of transcription. 

Since many prokaryotic terminators require a hairpin to be formed in the RNA, 

transcription termination can be regulated by changing the conformation of the RNA, a 

phenomenon known as attenuation of transcription (see for example Keller and Calvo, 

1979 or Yanofsky et al., 1996). Another way of controlling transcription termination is 

by altering the transcription complex to a form with decreased termination efficiency. 

The best characterized example of this kind of control is the N-mediated antitermination 

in bacteriophage X, the system in which transcription antitermination was first described 

(for a review see Friedman and Court, 1995). N-mediated transcription antitermination 

requires cis-acting sequences termed nut (Y-wrilization) sites: a single nut site is sufficient 

to cause antitermination at terminators located several kilobases downstream. A X nut 

site consists of two sequence elements: a conserved boxA sequence

((CAJ)GCUCUU(U/-)A) (Friedman and Olson, 1983) and an inverted repeat sequence 

that forms a stem-loop structure in the RNA (boxB) (Rosemberg et a l, 1978). Sequence 

elements related to boxA are also found in bacterial opérons, while boxB is specific to 

the phage genome. boxB is responsible for the specificity of the interaction of N with 

the nut site (Lazinski et a l, 1989); boxA is involved in the binding of the host proteins 

(see for example Friedman and Olson, 1983).

In 1983 Friedman and Olson noted that the rrnB opérons of E. coli contain a region 

homologous to the nut site of phage X. This region, located within the 67 bp 

immediately upstream of the P2 promoter, was shown to decrease transcription 

termination by about 50% (Li et a l, 1984). The «w/-like sequences, that comprise boxA 

sequence elements, are conserved in all seven rrn opérons of E. coli. There are also boxA 

sequences in the spacer region between 16S and 23S genes (Morgan, 1986). The boxA 

sequence of the E. coli rrn opérons is a potent antiterminator on its own, but its 

function is strongly dependent of the presence of a consensus sequence 5’- 

UGCUCUUUAA(C/A)A-3’ (Berg g/ a/., 1989). Point mutations in the boxA reduced 

the synthesis of rRNA in the cell from 75% to about 50% (Heinrich et a l, 1995). In

98



1993 Nodwell and Greenblatt showed that a, heteroduplex formed by NusB and 

ribosomal protein SIO, interacts specifically with boxA RNA, and mutations in boxA 

that impair its antitermination activity compromise its interaction with NusB and SIO 

(Nodwell and Greenblatt, 1993). The same authors have proposed a model in which 

transcription complexes synthesizing rRNA have an associated ribonucleoprotein 

complex containing SIO, NusB and the boxA component of the nascent transcript, held 

in place by the interaction of SIO with the surface of the RNA polymerase.

Sequences with homology to the E. coli boxA motif were first identified within 65 bp 

downstream from the start of transcription of the rrn operon of M.tuberculosis 

(Kempsell et a l, 1992). Later, it was shown that a stretch of 31 nucleotides present in 

the leader region that includes the boxA signal and the RNase III cleavage sites, was 

identical in 8  species of slow growing mycobacteria (Ji et a i, 1994a). The intergenic 

spacer region between 16S and 23 S genes also contains a highly conserved region of 46 

bp in which a boxA signal can be identified (Ji et al., 1994b). Possible antitermination 

sequences were also found to be present in rrnA and rrnB opérons of fast growing 

mycobacteria (Ji et al., 1994c). The mycobacterial boxA element 5’- 

UG(GAJ)UGUUUGA(G/U)(U/A)-3’ (Kempsell et al., 1992), is related to, but different 

from the boxA sequences reported in other species (see figure 5.1.). Although the 

mycobacterial boxA sequence is unlikely to bind the E. coli proteins NusB and SIO, it is 

likely to interact with the homologous mycobacterial factors.

In summary, the boxA RNA sequence plays a determinant role in transcription 

antitermination in rrn opérons of E. coli by interacting with NusB and ribosomal protein
I

SIO to form a complex resistant to transcription termination. The presence of highly 

conserved sequences resembling E. coli boxA in the leader and spacer regions of the 

M.tuberculosis rrn operon, suggests that transcription antitermination also occurs in 

mycobacteria. We were interested in defining the role of boxA signals in transcription 

antitermination in the rrn opérons of M.tuberculosis, particularly its interaction with the 

mycobacterial proteins homologous to ribosomal protein SIO and NusB. To do so it was 

necessary to design an experimental system to synthesize RNA molecules containing 

the mycobacterial boxA sequence.

In previous chapters we have described the synthesis and purification of mycobacterial 

homologues to ribosomal protein SIO and NusB. Here we will describe the production
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Gram-posi t ive:

(a) Myco ba c te r ia

(b)  Strep tomyces

(c) B. s u b t i l i s

(d)  M  capr ico ium

5 ’- T G ( G / T ) T  G T T T 

5 ’- C G T T ( C / G) ( C / T ) T  T

G A ( G / T ) ( T / A ) - 3 ’ 

G A G  A - 3 ’

5 ’- T G( A/ T) T  C T

5 ’- (A/ G)G A T C T

T T G A A A - 3 ’

T T (C/ G)A A A - 3 ’

Gram-negative:  

(e) col i 5 ’- T G C T C T T A A( C/ A)  A - 3 ’

(f)  Phage X: 5 ’- ( C/ T) G C T C T T - 3 ’

Figure 5 . 1 Comparison o f DNA sequences encoding boxA signals in rrn opérons of 

different species. The letters shown in green indicate the bases that are identical in all 

the hoxA sequences. References: (a) Ji el al, 1994a, b and c; (b) Perdonet el al., 1989. 

Wezel c/6//., 1991; (c) Loughney c/6//., 1983; (d) Iwami c/6//., 1984; (e) Li c/6//., 1984.
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of templates containing the DNA sequences encoding mycobacterial boxA, under the 

control of a bacteriophage promoter. The templates were transcribed in vitro to obtain 

RNA molecules carrying the pertinent antitermination signal. The in vitro transcription 

system is an easy and reliable technique, that can be adapted to synthesize different 

types of RNA.

5.1.- Designing a system to produce RNA containing the 

mycobacterial boxA sequence.

In order to study the behaviour of mycobacterial 6ox/4-RNA sequences in in 

vitro binding assays, it is necessary to have a reliable system to produce RNA molecules 

containing the boxA sequence. The ideal methodology should be simple and non 

expensive, so that it can be used routinely in the laboratory to synthesize sufficient 

amounts of RNA. Also, the methodology for the production of boxA should be flexible 

and easily adaptable to the synthesis of RNA molecules of different characteristics 

(labelled RNA, for example). We decided that the most convenient way to synthesize 

boxA RNA was by in vitro transcription, using commercially available RNA 

polymerases. The in vitro transcription reactions are widely used to synthesize RNA 

from recombinant templates. The templates are normally composed of a bacteriophage 

promoter, followed by the sequence to be transcribed. RNA polymerases from 

bacteriophages T3, T7 and SP6  are the most commonly used. These enzymes are 

extremely specific for their promoters; so that virtually homogeneous RNA can be 

obtained by using plasmid DNA containing other promoters. RNA transcripts may be 

radiolabelled with [^^P] or [̂ ^S] by replacing one of the ribonucleotide triphosphates 

with a radioactively labelled rNTP. The product can then be visualized in an acrylamide 

gel and the relevant band purified by elution from the gel.

5.1.1.- Plasmid templates:

The first step in the production of boxA RNA by in vitro transcription 

is to design a suitable template: this must contain an appropriate promoter followed by 

a DNA sequence encoding the boxA RNA. Initially we used pBluescript II KS to clone 

the 6 0 %^-coding DNA between T7 and T3 promoters. The experimental design is shown 

in figure 5.2. A pair of synthetic oligonucleotides (BoxA and cBoxA) were designed in
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such a way that, when hybridized together, they form a double stranded DNA insert 

containing the sequence encoding Z)ox^-RNA. The boxA coding sequence is flanked by 

overhanging ends, identical to those obtained by digestion with BamHl and Sail. The 

artificial “insert” was cloned in pBluescript digested with BamHl and Sail. Each one of 

these enzymes cut pBluescript at a single point, located in the multiple cloning site, 

between T7 and T3 promoters. To obtain the RNA molecule carrying the sequence of 

interest, the plasmid is linearized with appropriate restriction enzymes {Xhol for use 

with T7 or EcoRl for T3 RNA polymerase), and used as a template for the T7 or T3 

RNA polymerase. As mentioned before, if labelled RNA is required, the transcription 

reaction can be done in the presence of labelled CTP or ATP. When the linearized 

plasmid is transcribed in vitro with the T7 RNA polymerase the resulting RNA 

molecule (~110 nucleotides) contains the boxA sequence. If T3 RNA polymerase is used 

instead, the in vitro transcribed RNA (-72 nucleotides) will carry the complementary 

sequence to the boxA; this sequence can be used as a negative control (cboxA). The 

plasmid template called pBbA was verified by DNA sequencing, using primers pBluT3 

and pBluT7 derived from the pBluescript plasmid (see section 2.1.2.).

The plasmid template pBbA was transcribed by each one of the specific 

RNA polymerases to produce RNA molecules of the correct size (results not shown). 

In spite of being a reproducible and easy way to obtain RNA molecules carrying the 

mycobacterial boxA sequence, the in vitro transcription from a plasmid template has a 

problem. The relatively big RNA molecules synthesized in this way contain sequences 

un-related to rrn opérons (derived from the original plasmid) that could bind non- 

specifically to proteins, and make difficult the interpretation of the results. The 

nucleotides derived from the plasmid (77 in the case of transcripts carrying the boxA and 

32 in cboxA transcripts) are indicated in figure 5.2. (d) and (e). We decided to overcome 

this problem by designing a new set of templates, using a different approach.

5.1.2.- Linear DNA templates.

In order to minimize the effect of plasmid-derived sequences in protein 

binding assays, templates containing only the T7 promoter and sequences derived from 

the leader region of mycobacterial rrn opérons were constructed. Small linear double 

stranded DNA molecules were produced by hybridizing together two complementary 

synthetic oligonucleotides. The oligonucleotides (49-53 nucleotides long) were
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cB oxA : 5 -T C  G AC T G A G  TTC TC A A A C  A A C  AC T T G A  3

H yb rid iza tion

(*>)
5' AG CTTCA A qTG TTG TTTG A G >tA C TC A G  3

QACi3 AGTT AACAAACTCTTGAGTCAGCT 5*
D N A  c o d i n g  f a r  i b e  

BoxA sequence
p B lu esc iip tK S  II 
digested w ith S a il  
and I / in d l l i

T3 Plasniid
pBbA

D igestion  w ith  S co M

P rim e r T  7

D igestion  w ith  X hol

7 7  zuclsotades 3 2  m c le o t id « f

T3RNAPT7 RNAP

B o x A  R N A
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cR oxA  R N A

Figure 5.2.- Strategy used to produce a plasmid DNA template encoding the hoxA signal, 

(a) Sequence of the complementary synthetic oligonucleotides; (b) the synthetic 

oligonucleotides were hybridized together to produce an artificial insert, encoding the 

hoxA RNA, Hanked by HincAW and Sail restriction sites; (c) the artificial insert was 

cloned into pBluescript KSII, in the multiple cloning site located between the T3 and T7 

promoters. The resulting plasmid named pBbA can be linearized with Xho\ (d) or EcoRl 

(e), and transcribed with either T7 or T3 RNA polymerase to synthesize RNA 

containing the mycobacterial hoxA sequence or a complementary sequence to be used as 

a negative control {choxA). The region o f the RNA containing plasmid derived 

nucleotides is shown in blue; the red indicates the hoxA sequence.
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designed in such a way that they contain a full functional T7 promoter, followed by a 

region of 24-28 nucleotides from the leader region of the rrn operon of M.tuberculosis. 

This region was carefully chosen to include the boxA coding sequence 5’- 

TGTTGTTTGAGA-3’. For each of the experimental templates a “control” template 

was designed in such a way that the resultant transcript does not carry the boxA signal. 

For that, the sequence coding the boxA signal was replaced by a “complementary- 

reversed” boxA coding sequence {oxboxA: 5’-ACAACAAACTCT-3’). Following this 

basic strategy, we designed two slightly different sets of templates. Templates type 

BoxA2 will be transcribed to produce boxAl, an RNA molecule 28 nucleotides long that 

contains the region immediately upstream from the mycobacterial boxA sequence. The 

boxAl RNA has the potential to form a stem loop structure. Constructs type cBoxA2 

are identical to BoxA2, but in transcripts obtained from this template cboxA2, the boxA 

signal has been replaced by crboxA signal. The crboxA signal should not be recognized as 

an antitermination signal. Another kind of template BoxA3, will be transcribed into 

boxA3, a slightly smaller RNA molecule (24 nucleotides long), in which part of the 

region upstream of boxA has been omitted. By changing slightly the context of the boxA 

signal in the molecule, the boxA3 transcripts will not be able to form a stem-loop 

structure. The negative control for boxA3 molecules will be boxA3c transcripts, an RNA 

of the same size and general composition, but carrying the crboxA. We believe that by 

using combinations of all these RNA constructs we will be able to elucidate the features 

of mycobacterial boxA sequences that are relevant to its binding activity. Finally, a 

construct identical to BoxA3, but in which the sequence encoding the mycobacterial 

boxA has been replaced by a sequence encoding the consensus E. coli boxA, was also 

designed. This construct was named BoxA4. The DNA sequences of the described 

templates are shovm in figure 5.3. The linearized templates were transcribed in vitro as 

efficiently as the linearized plasmids, and the radioactively labelled transcripts were gel 

purified as described before.

5.2.- Discussion and conclusions.

The importance of RNA sequences as signals to control gene expression in many 

biological systems has become apparent in recent years. A classical example of this kind
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Construct type BoxA2:

5’-ATTCTAATACGACTCACTATAGGGGAAACAAGCAAGCGTGTTGTTTGAGAA-3’

3’-TAAGATTATGCTGAGTGATATCCCCTTTGTTCGTTCGCACAACAAACTCTT-5’

Constructs type cBoxA2:

5’-ATTCTAATACGACTCACTATAGGGGAAACAAGCAAGCGACAACAAACTCTA-3’

3’-TAAGATTATGCTGAGTGATATCCCCTTTGTTCGTTCGCTGTTGTTTGAGAT-5’

Constructs type cBoxA3:

5’-ATTCTAATACGACTCACTATAGGGGGCAAGCGTGTTGTTTGAGAACTCA-3’

3’-TAAGATTATGCTGAGTGATATCCCCCGTTCGCACAACAAACTCTTGAGT-5’

Constructs type cBoxA3:

5’-ATTCTAATACGACTCACTATAGGGGGCAAGCGACAACAAACTCTACTCA-3’

3’-TAAGATTATGCTGAGTGATATCCCCCGTTCGCTGTTGTTTGAGATGAGT-5’

Constructs type BoxA4 ( E. coli ) :

5’-ATTCTAATACGACTCACTATAGGGGGCAAGCGTGCTGTTTAACAACTCA-3’

3’-TAAGATTATGCTGAGTGATATCCCCCGTTCGCACGACAAATTGTTGAGT-5’

Figure 5.3.- Artificially constructed linear DNA templates for in vitro transcription 

reactions. Double stranded DNA templates were produced by hybridizing together 

complementary oligonucleotides. The green letters indicate the T7 promoter sequence. 

The red letters highlight the wild type -coding region. Sequences shown in magenta 

letters correspond to the ciboxA signals. The cyan letters indicate the consensus E. coli 

boxA sequence.
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of control that is used to regulate gene expression in both bacteria and phages, is 

transcription antitermination. Antitermination in E. coli rrn opérons requires boxA 

(Course et a l, 1986) an RNA sequence that is present in the leader and spacer regions of 

all the seven rrn opérons of this bacteria (Morgan, 1986). Mutations in this sequence 

reduce the synthesis of rRNA (Heinrich et al., 1995). The function of boxA as an 

antitermination signal seems to be related to the formation of a complex with ribosomal 

protein SIO and NusB (Nodwell and Greenblatt, 1993).

The rRNA operon of mycobacteria has been shown to have a generally similar 

structure to the E. coli rrn opérons (Kempsell et a l, 1992). Sequences analogues to the 

antitermination signal boxA were found in a highly conserved sequence of the leader 

region, in rrn opérons of several species of fast growing (Ji et a l, 1994c) and slow 

growing mycobacteria (Ji et a l, 1994a). Similarly, a highly conserved boxA-Wks sequence 

was found in the intergenic spacer region between 16S and 23 S rRNA genes (Ji et 

a/. 1994b). Although we do not know the physiological importance of this signal in 

mycobacteria, the high level of conservation of that sequence among fast and slow- 

growing mycobacterial suggests that it fulfills an essential role. We think that the 

efficient end-to-end transcription of the mycobacterial rrn operon(s), relies on 

antitermination mechanisms similar to those described for E. coli. If our hypothesis is 

correct, boxA signals should be important to ensure efficient transcription of rRNA in 

mycobacteria. In bacteria with a single rrn operon like M.tuberculosis, ribosome 

synthesis, and therefore survival, relies on efficient transcription of that operon.

In previous chapters we have identified, synthesized and purified two 

mycobacterial proteins with homology to the proteins involved in antitermination in the 

rrn opérons of E. coli. The third component of the transcription antitermination 

system, essential for the efficient transcription of rRNA in E. coli is the boxA RNA 

sequence. Here we have shown the strategy used for the synthesis of RNA molecules 

carrying the mycobacterial boxA signal. DNA templates were designed and constructed 

using standard molecular biology techniques. The DNA templates were efficiently 

transcribed in vitro by RNA polymerase that specifically recognizes the promoter used, 

to synthesize labelled RNA molecules carrying the mycobacterial boxA sequence. The 

efficiency of the transcription reaction, as well as the quality and quantity of the
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transcript obtained was assessed by gel electrophoresis, and the transcript of interest 

was purified by simply elution from the acrylamide matrix.

In conclusion, we have obtained and purified a set of different RNA molecules 

containing the boxA sequence present in the leader region of rrn opérons of 

mycobacteria. By studying the molecular interaction of these synthetic RNA molecules 

with purified SIO and NusB proteins of mycobacteria, we hope to obtain information 

about the similarities and differences in regulation of rRNA transcription between the 

mycobacterial and the E. coli systems.
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6.- THE ANTITERMINATION COMPLEX OF MYCOBACTERIA. 

STUDYING THE INTERACTION BETWEEN RIBOSOMAL PROTEIN 

SIO, NusB AND boxA RNA IN MYCOBACTERIA.

Transcription has been shown to be regulated at several biochemical steps by protein 

factors that recognize genetic signals in the form of DNA or RNA (for a review of some 

of the mechanisms involved in transcription control see Das, 1993). Although the 

classical example of this control is the regulation of transcription initiation by interaction 

of RNA polymerase with DNA promoters, recent evidence shows that 

elongation/termination control is widely used to regulate transcription (Henkin, 1996). 

Recent studies have revealed a growing set of systems in which transcription is regulated 

by means of RNA binding proteins that change the way terminators are recognized. 

Globally, processes that reduce the rate of transcription termination are known as 

antitermination mechanisms.

Antitermination was first discovered in bacteriophage X. The N-protein of the phage and 

defined sequences present in the phage nascent transcript {nut sequences), together with 

protein factors synthesized by the bacterial host (Nus factors), bind the RNA 

polymerase and form a modified elongation complex that is able to read-through Rho- 

dependent transcription termination signals (for a recent review see Friedman and Court, 

1995). It seems that a complex set of protein-protein and protein-RNA interactions 

contribute to the overall stability of the termination resistant elongation complex 

(Mogridge er a/., 1995). Ribosomal protein SIO binds directly and specifically to RNA 

polymerase with an apparent Kd=10'^ M (Mason and Greenblatt, 1991). NusB binds 

directly and very selectively to ribosomal protein SIO, with a Kd=10‘̂  M (Mason et al., 

1992). NusG and NusA seem to be general transcription elongation factors that bind to 

RNA polymerase (Li et al ., 1992; Greenblatt and Li, 1981b), to N-protein (Greenblatt 

and Li, 1981) and/or to the termination factor Rho (Nehrke and Platt, 1994).

Genetic and biochemical experiments have suggested that some of the factors required 

for transcription antitermination in X are also involved in the rrn system (for a review of 

some of this evidence see Gourse et al, 1996). It has been shown that in E. coli a 

complex of transcription antitermination factor NusB and ribosomal protein SIO

108



interacts specifically with boxA RNA, and that such interaction is independent of NusA 

and NusG (Nodwell and Greenblatt, 1993). The remarkable correlation between the 

ability of wild-type and mutant boxA sequences to bind NusB and ribosomal protein 

SIO and to support transcription antitermination in vivo suggests that this interaction is 

of central importance to transcription antitermination in the rrn opérons (Nodwell and 

Greenblatt, 1993).

Sequences homologous to the E. coli boxA sequence element were identified in highly 

conserved segments of the leader region of the rrn operon of pathogenic mycobacteria 

and also in the intergenic spacer between 16S and 23S genes (Kempsell et a l, 1992). The 

high degree of homology of these sequences between different mycobacterial species, 

suggest that they play an important role in transcription of the rrn operon. In order to 

improve our understanding of the mechanisms used by pathogenic mycobacteria to 

regulate rRNA transcription, we have studied the interaction between the mycobacterial 

boxA homologue and the transcription factors NusB and ribosomal protein SIO. We 

hypothesized that, if rRNA synthesis in mycobacteria is regulated as in E. coli, 

mycobacterial homologues to ribosomal protein SIO and NusB should bind specifically 

to RNA containing the mycobacterial boxA sequence to assemble a termination resistant 

elongation complex.

In the previous chapters we have described the identification, cloning, expression and 

purification of the mycobacterial homologues of the E. coli antitermination factors 

NusB, SIO and boxA RNA. Here we present evidence of molecular interactions between 

the mycobacterial factors, and discuss the similarities and differences with the E. coli 

system. We have approached the study of the putative antitermination complex in two 

different ways. On one hand, we have tried to identify from a pool of mycobacterial 

proteins, those that are involved in interactions with the purified factors. If the 

formation of a stable antitermination complex requires factors other than NusB, SIO and 

boxA, we should be able to detect its presence in a cell free extract. On the other hand, 

we have studied the molecular interaction between the purified mycobacterial 

antitermination factors, in an effort to dissect the individual binding characteristics of 

each one of these factors.

We have used different experimental systems to study the binding of NusB, SIO and 

boxA: Band-shift assays, filter binding assays, far north-western blots and surface
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plasmon resonance. The complementary information provided by each of these 

experimental techniques has allowed us to reach a good level of understanding of the 

molecular interactions between the mycobacterial transcription factors NusB and 

ribosomal protein SIO, and the RNA boxA signal.

In order to simplify the analysis of the complex set of data shown here, this chapter has 

been divided into two parts. In the first part (6.1.) we will discuss the interaction of 

protein(s) from a mycobacterial cell lysate with boxA, NusB and SIO. elements. In the 

second part of the chapter (6 .2 .) we will describe the molecular interaction between 

purified antitermination factors.

6.1.- Proteins contained in mycobacterial cell free extracts involved 

in interactions with ribosomal protein SIO, NusB and boxA RNA.

6.1.1 - Proteins in a mycobacterial cell free extract that interact with RNA 

molecules containing the boxA signal.

As a first step to understanding the relevance of the highly conserved 

mycobacterial boxA signals, we attempted to identify proteins present in a 

mycobacterial cell free extract that bind specifically to RNA molecules carrying this 

signal. If the principles of regulation of rRNA synthesis in M. tuberculosis are similar to 

what has been described for E. coli, mycobacterial equivalents to E. coli SIO and NusB 

protein are expected to interact specifically with RNA carrying the mycobacterial boxA 

sequence. It is also possible that additional factors help to stabilize this interaction. As 

shown previously, ribosomal protein SIO immobilized in a Ni-NTA matrix, traps RNA 

containing the boxA signal only in the presence of a mycobacterial cell lysate (see 

section 4.1.), suggesting that one or more components of the cell lysate are involved in 

the binding of RNA to the ribosomal protein SIO. However, this interaction seems to be 

largely independent of the RNA sequence (see figure 4.3.).

The ability of proteins from the cell free extract to bind RNA molecules 

carrying the mycobacterial boxA sequence was studied by band-shift assay. The band 

shift assay is based on the observation that free RNA molecules move faster in a non 

denaturing gel than protein-RNA complexes, that is to say that the interaction of protein 

with labelled RNA changes its electrophoretic mobility. When RNA carrying the
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Figure 6.1.- Mycobacterial cell free extract contains proteins that bind RNA. The figure 

shows the shift in mobility o f [̂ P̂] labelled RNA containing the mycobacterial hoxA 

sequence (panel A) or a complementary sequence {cboxA in panel B) incubated with 

increasing amounts of M.tuberculosis cell free extract (CFE). The arrows indicate the 

free RNA and the shifted (bound) band.
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inmycobacterial boxA signal is incubated with a mycobacterial lysate, it moves much 

slower than pure RNA in a non-denaturing acrylamide gel (see figure 6.1.), suggesting 

that the lysate contains RNA binding protein(s). A similar effect is observed when the 

RNA carries a complementary, non functional boxA sequence (cboxA), although the 

resulting complex moves faster than the boxA RNA-RNA binding protein(s) complex. 

This result seems to suggest that the formation of the complex is independent of the 

presence of any particular signal in the RNA fiagment, confirming the results of the 

affinity chromatography experiments with immobilized ribosomal protein SIO (see 

section 4.1.). However, the sequence of the RNA may influence the complex in some 

way as shown by differences in mobility of the shifted band depending on sequence. 

The mycobacterial cell lysate contains one or more proteins that bind RNA molecules in 

a sequence independent way. The interaction of RNA binding protein(s) in the 

mycobacterial cell lysate with boxA (or cboxA) RNA is not abolished by addition of 

anti-SlO antibodies, as shown in figure 6.2. This suggest that the RNA binding 

protein(s) responsible for the shift is different from mycobacterial ribosomal protein 

SIO. The complex protein composition of a cell lysate, makes it difficult to establish a 

correlation between the RNA binding and the role of the boxA sequence. It is feasible, 

for instance, that proteins other than boxA binding factors are interacting in a non 

specific way with RNA, masking the binding of sequence specific factors.

In order to obtain more detailed information about the nature of the 

mycobacterial protein(s) involved in the interaction with RNA, we have used a different 

technique: the far-western blot (FW blot). In this technique, derived from the western 

blot method, proteins of the cell lysate are separated in a SDS-PAGE gel, transferred to 

a nylon membrane and incubated with a diluted solution containing radioactively labelled 

RNA. Proteins that bind the RNA can then be identified by autoradiography. Figure 

6.3. shows the results of a FW-blot in which total proteins from E. coli, M.microti and 

M.tuberculosis cell free extracts, were incubated with [^^P]-labelled RNA containing 

boxA (panel A) and cboxA (panel B) sequences. Just a few proteins in each case seem 

to bind RNA, and again they seem to recognize RNA constructs carrying different 

sequences with similar affinity. Two proteins in the E. coli lysate, one of approximately 

17 KDa and other of nearly 40 KDa, are the main RNA binding proteins. In 

mycobacterial lysates {M.tuberculosis and M. microti) there is only one protein, of
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Figure 6.2.- The RNA-binding capacity of the M.tuberculosis cell free extract is not 

inhibited by antibodies against SIO. Increasing concentrations of immune anti-SIO serum 

(panel A) or pre-immune serum (panel B) were added to a reaction containing 

M.tuberculosis cell free extract and [̂ ^P] labelled RNA carrying the boxA signal 

(transcript type BoxA2). Lane 1 : Free RNA {boxA2)\ lane 2: RNA incubated with M. 

tuberculosis cell free extract; lane 3: RNA incubated with anti-SIO serum; lane 4: RNA 

incubated with pre-immune serum. The arrows indicate the free and shifted (bound) 

RNA bands.
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Figure 6.3.- RNA binding properties of proteins from the cell free extracts of different 

bacteria. The figure shows the autoradiogram of a far-western blot experiment. Total cell 

extracts from E. coli (lane 1), M microti (lane 2) and M tuberculosis (lane 3) were 

separated in SDS-PAGE, blotted onto nylon filters and incubated with solutions 

containing (panel A) boxA RNA or (panel B) cboxA RNA. The membranes were washed 

extensively, and autoradiographed overnight.
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approximately 25-30 KDa that binds to RNA. Although the identity of these proteins is 

not known, their apparent size (17 KDa in E. coli and 25-30 KDa in myeobacteria) 

correlates reasonably well with the predicted size for the NusB proteins at least for E. 

coli (1 4  KDa ). The mycobacterial NusB protein range in size from 21 KDa in M  

leprae to 17 KDa in M. tuberculosis.

In summary, we have used whole protein extracts from M.tuberculosis 

and other bacteria to identify RNA binding proteins. We found that one or more 

components of the M.tuberculosis cell free extract binds to RNA molecules in a largely 

sequence independent manner. This interaction is not eliminated by antibodies against 

SIO, and seems to be due mainly to an unidentified protein of 25-30 KDa. The relevance 

of this (these) RNA binding protein(s) for the process of antitermination is not known.

6.1.2.- Proteins in a mycobacterial cell free extract that interact with NusB 

and ribosomal protein SIO.

To complement the results obtained with the mycobacterial cell free 

extract and RNA, we decided to study the interaction of proteins from the 

mycobacterial cell free extract with in vitro synthesized mycobacterial proteins 

presumed to be involved in transcription antitermination in rrn opérons, namely 

ribosomal protein SIO and NusB. In order to do so we have used BIA technology 

(Biomoleeular Interaction Analysis), a label free system designed to monitor 

biomolecular interactions as they occur (real-time). The BIA technology is based on 

surface plasmon resonance, an optical phenomenon that arises when light illuminates 

thin conducting films under specific conditions (Malmqvist, 1993). The response is 

directly related to the change in mass concentration in the surface layer, and is expressed 

in resonance units (RU).

To perform a BIA analysis, one of the interactants is captured on the 

surface of a sensor chip, and a sample containing the other interactant(s) is injected over 

this surface in a precisely controlled flow. Any change in the mass concentration 

resulting from an interaction is detected as a change in RUs (ARU). The continuous 

display of RUs as a function of time forms a sensorgram, which provides a complete 

record of the progress of association or dissociation of the interaetants.

Purified mycobacterial SIO and NusB proteins were covalently 

immobilized via native amino groups to an extremely stable carboxylated dextran matrix
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in the sensor chip type CM5. The sensor chip contains four flow channels, and each one 

of these channels can be used to study a different protein. The first two flow channels 

of our chip were treated with ribosomal protein SIO from M.tuberculosis and the 

putative NusB protein of M. leprae respectively. Since it has been proposed that the 

NusB-S10-6ox^ complex binds to the RNA polymerase forming a termination resistant 

elongation complex (Nodwell and Greenblatt, 1993), we decided to test also the binding 

to mycobacterial RNA polymerase. The holoenzyme purified from M. smegmatis, 

kindly provided by Dr. Isaar Smith, was immobilized in the third channel. Finally, the 

fourth flow channel was saturated with BSA to be used as a negative control.

In order to compare the binding values obtained for each protein, it is 

necessary to consider the number of molecules involved in the interaction. The 

concentration of the second interactant injected into the four flow channels is the same, 

but there are differences in the number of molecules immobilized in each flow channel. 

Any serious attempt to compare the binding capacity of each one of the immobilized 

proteins must take into account these differences. The relative mass of the proteins 

immobilized in the chip can be calculated from the difference in RUs recorded from each 

flow channel before and after adding the protein. In this way we know that we have 

1320 RU of ribosomal protein SIO, 950 RU of NusB, 250 RU of RNA polymerase and 

19710 RU of BSA. Using this information, and the molecular weight of each of the 

immobilized proteins (approximately 15 KDa for SIO, 30 KDa for NusB, 500 KDa for 

the RNA polymerase and 70 KDa for BSA) we can have an idea of the number of 

molecules of each protein in a particular flow channel.

As a positive control for the molecular interactions, and in order to verify 

the binding of the proteins to the chip, as well as the level of non-specific binding, we 

used the anti-SIO antibody as a second interactant. Figure 6.4a shows the sensorgrams 

obtained for each one of the flow channels when a solution 1:10 of the anti-SIO serum 

was injected in the chip. As the sensorgram shows, the anti-SIO antibody binds 

specifically to the ribosomal protein SIO, and very little cross reaction is found with any 

of the other proteins. The variation of RUs measured in the baseline before and after

116



(A)
RU

120

100

80

4) 60
(A
C
i.
2 40a:

20

0 4

-20
10 30 50 70 90 110

T i m e

(B)

SIO
NusB
RNAP
IKA

700

600

500

400

300

200

100

0

-100
1/320 1/160 1/80 1/40 1/20 1/10 1/5

Dilution on anti-SIO immune scrum

Figure 6.4.- The BIA technology as a method to measure molecular interactions in real 

time. Standarization by using anti-SIO antiserum. (A) Sensorgram obtained from the four 

flow channels when a solution of anti-SIO antiserum (1 rlOOdilution) was injected. The 

sensorgram represents a record of RUs as function of time. The blue line corresponds to 

the sersorgram for SIO, the red line corresponds to the NusB sensorgram, the purple to 

the RNA polymerase and the green to the BSA. (B) Variation of RUs (ARU) obtained in 

each flow channel with increasingly concentrated solutions of anti-SIO antibody.
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injection of the antibody ( A R U = R U a f t e r - R U b e f o r e ) ,  represents the mass of antibody 

bound to the immobilized reactant. In the figure 6.4(B) we have plotted the ARU 

obtained in each one of the flow channels when increasingly concentrated solutions of 

the antibody were injected into the surface of the chip. The graph shows that the 

specific interaction of the anti-SIO antibody and the ribosomal protein SIO can be 

differentiated fi’om the background non-specific binding. When the serum is diluted 

1:320 the ARU obtained is relatively low, and below this concentration the signal is too 

small to be distinguished from background. By comparing the levels of response 

obtained by this method with the results obtained by other techniques such as ELISA or 

Western blotting, we can have an idea of the sensitivity of the method. The same serum 

gave a positive signal in ELISA at dilutions as low as 1:20000 (1:5000 in Western blot), 

suggesting that the BIA technology is less sensitive than the immunological methods.

The interaction of proteins from the mycobacterial cell free extracts with 

the immobilized reactants was measured. Figure 6.5a. shows the ARU measured in each 

of the flow channels when a solution containing different amounts of a M.tuberculosis 

total cell free extract was injected. The protein(s) in the cell free extract appeared to be 

binding preferentially to the M. leprae putative NusB protein. The interaction was 

observed only with solutions containing more than 200 ng of total protein per ml. The 

protein(s) were also found to bind ribosomal protein SIO but with lower affinity. The 

binding of proteins from the cell free extract to ribosomal protein SIO and NusB appears 

to be specific since no binding to BSA was detected. A similar effect can be obtained 

with cell fi*ee extracts from other mycobacteria and for E. coli as shown in figure 6.5b. In 

all of the cases, protein(s) in the extract bind to NusB, and less efficiently to SIO. When 

comparing binding to ribosomal protein SIO and NusB, it is necessary to take into 

consideration the number of molecules of each protein immobilized in the sensor chip. 

On one hand, the mass of ribosomal protein SIO immobilized is -4  times the NusB 

mass, as measured by the ARU. On the other hand, NusB is approximately twice as big 

as SIO, in terms of molecular mass. That means that the ARU obtained for NusB should 

be multiplied by ~ 8  in order to be compared with the ARU of ribosomal protein SIO. 

The difference in binding of proteins from bacterial cell free extracts to
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Figure 6.5.- Proteins from bacterial cell free extracts bind the mycobacterial NusB and 

SIO proteins. (A) The graph shows the mass of cell free extract protein(s) (measured as 

ARU) bound to SIO, NusB, RNA polymerase and BSA, at increasing concentrations of 

M.tuberculosis cell free extract. (B) Cell free extracts from other mycobacteria and from 

E. coli also contain SIO and NusB binding proteins. The graph shows the ARU 

measured in each of the flow channels when a solution containing a cell free extract from 

the indicated bacteria was injected in the sensorchip. The concentration of total protein 

of each extract is also shown.
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NusB and ribosomal protein SIO, appears to be significant. A single molecule of NusB 

binds more protein than 8  molecules of SIO.

In relation to the binding of proteins from the cell free extract to the M 

smegmatis RNA polymerase, once more the comparison must be based on the number 

of molecules of protein immobilized. We know that much less RNA polymerase has 

been immobilized in the sensor chip, compared to NusB and SIO. The mass of RNA 

polymerase immobilized (measured as ARU) is ~5 times less than ribosomal protein 

SIO, and considering that the holoenzyme has ~ 2 0  times more molecular mass than SIO, 

we are dealing with a 1 0 0 -fold difference in molar concentration between these two 

molecules. That means that any ARU observed with RNA polymerase should be 

multiplied by a factor of 100 in order to be compared with the binding to SIO. However, 

since the ARU values obtained with RNA polymerase are of similar magnitude to those 

obtained from non specific binding (to BSA for instance), it is difficult to know if the 

measurement represents real binding, or just background noise.

In conclusion, we have shown using BIA technology that the 

mycobacterial cell free extracts contain protein(s) that bind to the M. leprae NusB 

homologue and, less strongly, to the ribosomal protein SIO. Binding of the cell extract 

protein(s) to M. smegmatis RNA polymerase or BSA was not detected. As in other 

experiments using total protein extracts it is not possible to determine if the results 

obtained are due to the interaction of one or several proteins in the mycobacterial 

extract. The mycobacterial lysates contain ribosomal protein SIO as shown by western 

blot with anti-SIO immune serum (see section 3.4. on chapter 3 and figure 3.11.). It is 

likely that NusB protein would also be present in these extracts. It is possible that 

native NusB and SIO proteins were interacting with the recombinant proteins 

immobilized in the sensor chip. Of course, it is also feasible that another protein is 

responsible for the ARU observed with NusB and SIO. A third possibility is that more 

than one protein is interacting with the immobilized proteins. Alternatively, a third 

protein present in the cell extracts may be involved, probably stabilizing the NusB-SlO 

complex. Evidence in favor of this latter idea will be discussed in the second part of this 

chapter which deals with the molecular interaction between purified proteins.

120



6.1.3.- Interaction of proteins in a mycobacterial cell free extract with 

NusB and ribosomal protein SIO in the presence of RNA.

In order to bring together the results obtained by the band-shift assays 

and the FW-blot with the BIA technology experiments, the effect of RNA containing 

the boxA signal in the protein-protein interaction was studied by BIA experiments. The 

results of previous experiments have shown that: ( 1 ) cell free extract was necessary for 

the ribosomal protein SIO immobilized in the Ni-NTA to bind RNA (see section 4.1.); 

(2) that the cell free extract contains proteins (distinct from SIO) that bind RNA (section

6.1.1.); (3) that a protein of ~ 25-30 KDa present in mycobacterial cell free extracts 

binds RNA, while in E. coli there are two main RNA binding proteins of -17 and -40 

KDa (section 6.1.1.); (4) that the RNA molecules seem to be recognized independently 

of the presence of a mycobacterial boxA sequence (section 6.1.1.). Results of the BIA 

technology experiments indicate that protein(s) in the mycobacterial cell free extract 

bind(s) strongly to NusB (section 6.1.2.). It has been proposed that a series of relatively 

weak protein-protein and protein-RNA interactions stabilize the termination resistant 

elongation complex in E. coli (Mogridge et a l, 1995). If the protein(s) of the cell free 

extract that interact with RNA and with NusB and SIO, are involved in the formation of 

a ribonucleoprotein complex, it is possible that their binding to NusB-SlO would be 

stabilized by the presence of RNA. To test this hypothesis the interaction of proteins 

of the mycobacterial cell free extract with ribosomal protein SIO and NusB were studied 

both in the presence and absence of RNA. Figure 6 .6 . shows the ARU measured in each 

of the flow channels when a solution containing M.tuberculosis total cell free extract and 

RNA carrying different boxA signals was injected on the surface of the chip. Although 

binding of RNA molecules to the immobilized proteins was not detected, addition of 

RNA transcripts increases the binding of proteins from the cell free extract to NusB and 

ribosomal protein SIO by a factor of 3 to 5 times, compared to the ARU values 

obtained by using cell free extracts without added RNA.

RNA molecules seem to produce a similar increase in the binding of cell 

free extract proteins to NusB and SIO. Using the same argument discussed in relation to 

the ability of NusB to bind proteins, the final number of RU units bound to NusB is 

higher than to ribosomal protein SIO, even if it represents 8  time less molecules.
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Figure 6 .6 .- Effect of the addition of RNA transcripts on the binding of proteins from 

the cell free extract to ribosomal protein SIO (A), NusB (B), RNA polymerase (C) and 

BSA (D). The graph show the ARU recorded in each one of the flow channels when the 

indicated solutions were injected. CFE: M.tuberculosis cell free extract (1000 ng/pX); 

RNA: Total RNA fraction from M.tuberculosis (500 pg/ml); BoxA2, cBoxA2, BoxA3, 

cBoxAS, and BoxA4: In vitro transcribed RNA molecules obtained from each one of the 

linear templates indicated in chapter 5 (see figure 5.4.)
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However, it seems that the effect of RNA is the same in the case of both proteins: 

addition of RNA molecules increases the binding of proteins in the cell free extract by 3- 

5 times the values in the absence of RNA. This suggests that the RNA molecules 

stabilize the molecular interactions between proteins of the M.tuberculosis lysate and 

NusB or SIO. The effect seems to be largely independent of the RNA construct used, 

although it seems that transcripts containing the mycobacterial boxA signal (BoxA2 and 

BoxAS) are slightly more efficient in stabilizing the interaction than those containing a 

complementary reverse sequence or the E. coli boxA signal (BoxA4). Total RNA from 

M.tuberculosis does not cause the increase in binding of proteins from the cell free 

extract.

To summarize, we have found evidence that the interaction between 

proteins of the mycobacterial cell free extract and immobilized NusB and SIO is greatly 

stabilized by the presence of RNA molecules. The mycobacterial boxA sequence is not 

required for the stabilization of the interaction as measured by BIA technology. Direct 

interaction of RNA with the immobilized proteins was not detectable by this technique. 

However, it is possible that the sensitivity of the BIA technology is not high enough to 

measure the binding of equimolar amounts of these relatively small molecules.

6.2.- Molecular interactions between the putative mycobacterial 

antitermination elements NusB, ribosomal protein SIO and boxA 

RNA.

6.2.1.- Ribosomal protein SIO as an RNA binding protein.

In this section we have applied a different set of experimental techniques 

to the study of the RNA binding capacity of the NusB and SIO proteins. Figure 6.7. 

shows the change in mobility of RNA molecules containing either boxA (panel A) or 

cboxA mycobacterial sequences (panel B), after being incubated with increasing amounts 

of purified mycobacterial SIO protein. The results indicate that mycobacterial protein 

SIO binds RNA fragments carrying boxA sequences in the absence of any other protein. 

The affinity of binding of ribosomal protein SIO seems to be similar for RNA molecules 

carrying either the boxA or the cboxA sequences, suggesting that the interaction SIO- 

RNA is largely sequence independent (see figure 6.7.). However, there are small
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Figure 6.7.- Ribosomal protein SIO as an RNA binding protein. The figure shows the 

shift in gel mobility of p^P] labelled RNA containing the mycobacterial boxA sequence 

(panel A) or an complementary sequence {cboxA in panel B) incubated with purified 

ribosomal SIO protein. 5000 cpm of each RNA molecule was incubated with increasing 

amounts of purified SIO, as indicated in the figure. The arrows indicate the free RNA 

and the shifted (bound) band.
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differences in the binding behaviour of the RNA molecules at small concentrations of 

protein. Although these experiments were done with transcripts from plasmid templates 

which contain sequences derived from the plasmid pBluescript that could be responsible 

for the “non-specific” binding of SIO (see section 5.1.1.), we have had similar results 

with transcripts type BoxA2 and BoxA3. These shorter RNA molecules transcribed 

from linear artificial templates (see section 5.1.2.), and containing only mycobacterial 

rrn sequences, are recognized by ribosomal protein SIO in a sequence independent way.

To corroborate these results and to measure the binding constant of the 

ribosomal protein S\0-hoxA RNA interaction, a filter binding assay was used. This 

technique is based on the physical separation of free RNA from protein-bound 

molecules by means of a filter membrane. The characteristics of the membrane are such 

that only proteins are bound to it, so that the RNA molecules retained in the filter are 

known to be bound to proteins. By measuring the amount of labelled RNA in the 

membrane in a phosphoimager, and by plotting those values against the amount of 

protein used, the RNA binding constant of the proteins can be estimated.

Figure 6 .8 . shows a typical ribosomal protein SIO-RNA binding curve. 

When ribosomal protein SIO in concentrations higher than 10"^M (1 |iM) was incubated 

with a fixed amount of RNA, a significant retention of cpm in the filter was observed. 

The results of the filter binding experiments corroborate the band-shift findings, showing 

that purified recombinant ribosomal protein SIO of M.tuberculosis has the capacity to 

bind RNA molecules in the absence of any other protein factor. The binding occurs at 

concentrations of ribosomal protein SIO higher than 10'  ̂M (1 jiM), suggesting that the 

interaction is weak and may not have physiological significance. Many ribosomal 

proteins have been shown to have a relatively weak affinity for RNA (~10'^ M), within 

an order of magnitude of what we have found for M.tuberculosis SIO protein (Draper et 

a l, 1988). Nodwell and Greenblatt showed that E. coli SIO at concentrations of 0.75 

|xM (0.75 X 10"̂  M) does not bind RNA in the absence of NusB. Our results show that 

M.tuberculosis SIO at the same concentration does not bind to RNA, suggesting that the 

ribosomal proteins from both species behave in a similar way. However, at 

concentrations of lO'̂ ^M of ribosomal protein SIO, around 60% of the [^̂ P] counts
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Figure 6 .8 .- Profiles of binding of purified ribosomal protein SIO to BoxA2 (black line) 

and cBoxA2 (blue line) RNAs, as measure by filter binding assays. Increasingly 

concentrated solutions of purified ribosomal protein SIO were incubated with 5000 cpm 

of the corresponding RNA molecules before being filtered. The vertical axis indicates the 

amount in cpm of [̂ ^P] RNA retained in the filter as a function of the ribosomal protein 

S 1 0  concentration (horizontal axis).
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added to the reaction mix were retained in the filter. The kinetics of binding seem to be 

largely independent of the sequence of the RNA, as evident from the similarities of both 

binding curves.

In conclusion, we have used the filter binding assay to show that 

ribosomal protein SIO in concentrations higher than 1 )liM binds RNA molecules in a 

sequence independent way. The affinity constant of the interaction was estimated to be 

of the order of 10'"* M.

6.2.2.- The putative NusB protein of M, leprae as an RNA binding protein.

As discussed in chapter 4, the putative NusB protein of M. leprae shares 

a region of high homology with the E. coli NusB, but the two proteins differ in size, 

charge and isoelectric point. We were interested in studying the functional similarities 

between the two proteins, and to establish the role of the putative NusB protein of M 

leprae as a component of the elongation complex. We have used the filter binding assay 

to measure the RNA binding activity of the putative NusB protein of M leprae.

Binding curves of the putative M. leprae NusB protein to RNA 

molecules carrying different boxA signals, are shown in figure 6.9. NusB from M. leprae 

at concentrations higher than 2.5 x 10'  ̂ M binds RNA molecules in the absence of any 

other protein factor. That means that NusB is four times better than ribosomal protein 

SIO in binding RNA. Although the characteristics of the binding curves are different for 

different RNA molecules, the affinity constants are rather similar, indicating a large 

sequence independent component in the recognition of RNA.

Although the concentration of NusB protein necessary to bind RNA 

molecules carrying different sequences is similar, the binding characteristics seem to be 

different. The differences however, are not obviously related to the presence of a 

mycobacterial boxA signal. Only in the case of construct type BoxA2 is there evidence 

for a sequence specific component in the binding reaction. In this case the putative 

NusB protein seems to bind significantly more to transcripts carrying the boxA sequence 

(BoxA2) than to the ones carrying the cboxA sequence (cBoxA2). BoxA2 molecules 

seem to be bound very efficiently by NusB: at concentrations of 1 |xM, a plateau of 

binding was reached. As discussed before (see figure 5.4. section 5.1.2), the BoxA2 

transcript has the capacity to form a hairpin loop, while the negative control cBoxA2
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Figure 6.9.- Binding curves of the putative NusB protein of M. leprae to different RNA 

transcripts. The amount of [̂ P̂] labelled RNA retained in the filter was plotted against 

the molar concentration of purified NusB. (A) BoxA2 type transcripts; (B) BoxA3 type 

transcripts; (C) BoxA4 type transcripts (carrying the E. coH hoxA signal).
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can only form a linear molecule. However, it is unlikely that the formation of a 

secondary structure is involved in the recognition, since transcripts type BoxA3, which 

are linear molecules, are also bound by NusB. Furthermore, transcripts type BoxA4, 

carrying the E. coli consensus boxA signal, are also bound, suggesting that the presence 

of boxA is not sufficient for binding to occur. If the putative NusB protein of M  leprae 

does not recognize either the boxA sequence, or the secondary structure of the RNA, 

what is the explanation of the differences of binding to BoxA2 and cBoxA2 RNA 

molecules? Transcripts of the type BoxAS and BoxA4 have some sequences in common, 

and others that are also present in type BoxA2 transcripts, but not in cBoxA2. By 

discarding the sequences present in cBoxA2 (no binding to NusB), and comparing the 

sequences that are different among BoxA2, BoxAS, cBoxAS and BoxA4 (all of them 

bind NusB), we find that four nucleotides immediately downstream from the boxA 

signal (CTCA), could be responsible for the non specific RNA binding of the putative 

NusB protein of M leprae. Although this is a hypothesis with rather interesting 

implications, its validity has not been tested.

To summarize, the mycobacterial NusB protein seems to be able to bind 

RNA molecules in the absence of any other protein factor. The mycobacterial 

homologue of E. coli NusB binds RNA molecules containing different sequences with 

similar binding constants (in the range of 5 x 10'^ M). The RNA binding constant of 

NusB is considerably higher (4X) than the binding constant of mycobacterial ribosomal 

protein SIO, suggesting that NusB is a better RNA binding protein. Although the 

putative NusB protein of M. leprae was able to bind some RNA molecules in a boxA- 

independent manner, substitution of boxA for a cboxA in transcripts type BoxA2, 

reduced considerably the RNA binding, suggesting some kind of sequence-dependent 

component in the binding reaction.

The interaction of free RNA molecules with the immobilized NusB and 

SIO was not detected using the BIA technology. Although the BIA technology has been 

used in the past to study RNA-protein interactions, all the published work was done by 

immobilizing the RNA, rather than the proteins, to the sensor chip surface. Since the 

RNA molecules have a relatively small molecular mass, compared to proteins, the ARU 

caused by binding of RNA molecules is probably too small to be detected by the

129



system. Experiments to measure the binding of NusB and ribosomal protein SIO to 

immobilized RNA by BIA technology would confirm the results shown here, and will 

also be useful to identify, by mass spectrometry of the eluted fraction, the proteins of 

the cell free extract involved in interactions with RNA.

6.2.3.- Effect of mycobacterial ribosomal protein SIO on the RNA binding 

activity of the putative M. leprae NusB protein.

In previous sections (see sections 6.2.1.and 6.2.2.) we have presented 

evidence suggesting that mycobacterial homologues to E. coli proteins SIO and NusB, 

bind RNA in the absence of any other protein. However, the estimated binding 

constants seem to indicate that the interactions are relatively weak. It has been suggested 

that a complex set of weak protein-protein and RNA-protein interactions is responsible 

for the formation of a stable termination-resistant elongation complex (see for example 

Greenblatt, 1992). Evidence for such cooperative effect was shown in the first part of 

this chapter (see section 6.1.3.). Addition of RNA increases the interaction of ribosomal 

protein SIO and NusB with proteins in the mycobacterial cell free extract. It is possible 

that the cooperative effect will also work at the level of RNA-protein interactions and 

that a complex of both proteins will bind RNA much more strongly than either protein 

by itself.

To study in detail the conditions of binding of the putative NusB protein 

and the ribosomal protein SIO to RNA molecules containing the boxA sequence, when 

both proteins were incubated together, we have used the filter binding assay. 

Increasingly concentrated solutions of the putative mycobacterial NusB protein were 

incubated with a fixed amount of RNA, in the presence or absence of mycobacterial 

ribosomal protein SIO. The concentration of ribosomal protein SIO was kept constant 

throughout the experiment. We chose a concentration of SIO (10'^ M) that was shown 

in previous experiments not to retain RNA in the filter. A negative control was also 

included in which ribosomal protein SIO, but not NusB was incubated with the RNA. 

The results of the experiment are shown in figures 6.10. to 6.12.

Cooperative interaction of SIO and NusB produced a marked 

improvement in the RNA binding. The amount of RNA retained in the filter by a 10'^ M 

NusB solution was increased by at least a factor of 2 in the presence of 10"̂  M SIO.
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Figure 6.10.- Binding curves of putative M leprae NusB to RNA transcripts type 

BoxA2 in the presence (red line) or absence (blue line ) of ImM ribosomal protein SIO 

in the binding reaction. The green line shows the binding of 1 pM  ribosomal protein SIO 

to the RNA in the absence of NusB. (A) RNA containing the hoxA sequence; (B) RNA 

containing the complementary-reversed hoxA sequence.
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Figure 6.11.- Binding curves of putative M. leprae NusB to RNA transcripts type 

BoxA3 in the presence (red line) or absence (blue line) of ImM ribosomal protein SIO in 

the binding reaction. The green line shows the binding of 1 jjiM ribosomal protein SIO to 

the RNA in the absence of NusB. (A) RNA containing the boxA sequence; (B) RNA 

containing the complementary-reversed boxA sequence.
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Figure 6.12.- Binding curves of the putative M leprae NusB protein to RNA 

transcripts type BoxA4, containing the E. coli hoxA signal. The green line shows the 

binding of IpM ribosomal protein SIO to the RNA . The blue line indicates the binding 

of increasing amounts of the purified putative NusB protein of M leprae. The red line 

shows the binding in the presence of IpM ribosomal protein SIO and increasing 

amounts of the putative NusB protein of M leprae.
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The effect is stronger in the BoxA2 transcripts, which are retained as much as four-fold 

in the presence of ribosomal protein SIO. Not only does the same amount of NusB bind 

much more RNA in the presence of ribosomal protein SIO, but also the minimum 

concentration of NusB needed to obtain binding is considerably reduced. Binding of any 

RNA transcript was undetectable at concentrations of 2.5 x 10'^ M of NusB. However, 

in the presence of SIO the same concentration of NusB was sufficient to bind as much as 

25000 cpm of [̂ ^P] RNA. This effect seems to be quite general, and once more, it seems 

to be largely independent of the sequence of the RNA molecule studied. However, at a 

concentration of NusB of 1.25 xlO'^ M (0.125 p-M) all the RNA molecules containing 

the mycobacterial boxA sequence are retained on the filter. With the possible exception 

of the cBoxA2, RNA transcripts containing a complementary-reversed hoxA signal or 

the E. coli box A consensus signal are not retained in the filter by this amount of protein.

In conclusion, although the mycobacterial homologues of E. coli NusB 

and ribosomal protein SIO were able to bind RNA molecules by themselves, the 

estimated binding constants (1 x 10'^ M and 1 x 10"̂  M respectively) indicate a rather 

weak interaction. However, in the presence of both proteins the binding of RNA is 

remarkably enhanced, with estimated binding constants of the order of 10'  ̂ M for RNA 

molecules containing boxA. The increase in RNA binding affinity of NusB in the 

presence of ribosomal protein SIO seems to be a phenomenon largely independent of the 

RNA sequence, although there are differences in the final binding constants of NusB-SlO 

to different RNA molecules. These small differences in the capacity of binding RNA 

molecules carrying different sequences, could be of importance at physiological levels. It 

is also possible that additional factors (RNA polymerase, NusG, NusA, etc.) could play 

a role in stabilizing even more the sequence specific recognition. These results suggest 

that mycobacterial factor NusB and ribosomal protein SIO bind RNA molecules 

containing the boxA signal. It is possible that this interaction is involved in the 

formation of a termination resistant elongation complex similar to that observed in rrn 

opérons of E. coli.

6.2.4.- Molecular interactions between purified transcription factors SIO 

and NusB of mycobacteria.
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In the second part of this chapter we have demonstrated that purified 

mycobacterial ribosomal protein SIO and NusB proteins have the capacity to act as 

RNA binding proteins in the absence of any other protein factor. Such RNA-protein 

interactions are relatively weak, as judged by the binding constants estimated from filter 

binding assays, and do not require any particular RNA sequence. But when the two 

proteins are incubated together with the RNA, the RNA binding capacity of NusB 

increases markedly in what seems to be a cooperative effect. Furthermore, in the 

presence of ribosomal protein SIO, NusB seems to recognize more efficiently RNA 

molecules containing the mycobacterial boxA signal. A similar effect was described in 

the first part of this chapter, in relation to the increased binding of proteins from the 

mycobacterial cell free extract to purified NusB and SIO in the presence of RNA. It 

seems that, although the molecular interactions of the individual factors with each other 

are not very strong, they act cooperatively to form a stable complex in which each one 

of the elements stabilizes the interaction between the other two. The same kind of 

phenomenon has been described for the interaction of antitermination factors of E. coli. 

Efficient transcription of rrn opérons of this bacterium depends on the formation of an 

elongation complex stabilized by multiple protein-protein and RNA-protein interactions 

involving boxA signals in the nascent transcript, NusB, ribosomal protein SIO and RNA 

polymerase (see Greenblatt, 1992).

To complement the results obtained in previous sections, we wanted to 

study the molecular interactions between the purified mycobacterial factors NusB and 

SIO. Our aim was to investigate the possibility that these two proteins interact to form 

an heteroduplex, as has been shown for E. coli (Mason et a l, 1992), and that such an 

interaction is responsible for the increased affinity for RNA molecules carrying the 

mycobacterial boxA signal. It is possible, as suggested by experiments with the 

M. tuberculosis cell free extract, that the interaction is stabilized by the presence of RNA 

molecules.

Once more, we used the BIA technology to study the interactions 

between the purified proteins. Figure 6.13. shows the resulting ARU obtained when a 

solution of purified mycobacterial proteins S10 and NusB, in the presence or absence of 

RNA molecules, was injected on the sensorchip containing the immobilized factors. No
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interaction was detected between the purified factors SIO and NusB, as judged by the 

response obtained (see figure 6.13.). Although the binding of ribosomal protein SIO to 

other proteins increases by a factor of two in the presence of BoxA2 RNA, the effect 

seems to be non-specific, and can be observed with the negative control protein (BSA). 

Mason et al. (1992) showed that NusB and ribosomal protein SIO fi*om E. coli interact 

to form a complex, with an affinity constant of ~10‘̂  M. We were expecting to find an 

interaction between the two proteins, but clearly there is little evidence of binding of 

mycobacterial proteins NusB and SIO.

The mycobacterial and E. coli NusB factors behave differently. Not only 

does the mycobacterial NusB protein bind RNA molecules with higher affinity than the 

E. coli factor (see section 6.2.2), but also, as we have demonstrated here, it is unable to 

bind the mycobacterial SIO in the absence of other proteins. The molecular basis for 

these functional differences could arise from the variation in size and composition of the 

two proteins. In these experiments the mycobacterial ribosomal protein SIO was not 

recognized by the E. coli NusB protein.

As we have mentioned previously, the BIA technology has limited 

sensitivity. Weak interactions or interactions involving small molecules are not detected 

by this method. It is possible that some kind of interaction is taking place between M. 

leprae NusB and M.tuberculosis ribosomal protein SIO, but as with the RNA 

molecules, the technique is not sensitive enough to detect it. The results obtained with 

proteins of the cell free extract, in which we were able to observe interaction of proteins 

with the recombinant NusB and SIO, suggest that additional factor(s) present in the 

mycobacterial lysate help to stabilize the complex of NusB and SIO.

In summary, we have found no evidence of interaction between the 

putative NusB protein of M. leprae and M.tuberculosis ribosomal protein SIO by BIA 

technology studies, either in the presence or in the absence of RNA. In contrast Mason 

et al. (1992) reported a direct interaction between ribosomal protein SIO and NusB in E. 

coli with an affinity constant of ~10‘̂  M.

6.3.- Discussion and conclusions.
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Figure 6.13.- Effect of the addition of BoxA2 RNA transcripts on the binding of purified 

mycobacterial proteins to ribosomal protein SIO (panel A), NusB (panel B), RNA 

polymerase (panel C) and BSA (panel Df The graphics show the ARU registered in 

each of tlie flow channels (panels A to D) when solutions containing the indicated 

protein were injected onto the sensor chip surface. NusB: 10'  ̂ M of the putative 

purified NusB protein of M leprae; BoxA2: RNA transcript containing the 

mycobacterial hoxA sequence; SIO: 10'  ̂ M of purified ribosomal protein SIO from 

M.tuberculosis. E. coli NusB: Purified NusB protein from E. coli (provided by Dr. A. 

Lane).
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Evidence for a widespread role of RNA binding proteins in the control of 

transcription has emerged from recent work. Several mechanisms of termination- 

antitermination control involving sequence-specific RNA-binding proteins have been 

discovered in both prokaryotes and eukaryotes (for a review of some of these 

mechanisms see Das, 1993). RNA binding proteins in general seem to influence the 

elongation-termination decision in prokaryotes. The earliest evidence that RNA-binding 

proteins can control transcription termination, emerged from studies of genetic polarity 

in E. coli. In prokaryotes translation is coupled to transcription: mutations that 

interrupt translation of the nascent RNA molecule (polar mutations), cause premature 

termination of transcription in intergenic sites mediated by the Rho protein. The action 

of Rho is normally blocked by translating ribosomes. Ribosomes impede the access of 

Rho to the Rho-dependent termination sequences, but polar mutations unmask them by 

terminating translation upstream.

Ribosomal RNA opérons (rrn) are transcribed from end to end without 

premature transcription termination, despite the fact that the RNA produced is not 

translated. The mechanism allowing RNA polymerase to avoid termination by Rho 

during transcription of rrn opérons, has been shown to be functionally related to the 

transcription antitermination process discovered in bacteriophage lambda. The leader 

regions of rrn opérons of E. coli contain sequences homologous to the lambda boxA 

signals (Friedman and Olson, 1983). The boxA sequence of the E. coli rrn opérons is a 

potent antiterminator, and almost all the nucleotides are essential for antitermination 

activity (Berg et a l, 1989).

Genetic and biochemical experiments have suggested that some of the protein 

factors required for transcription antitermination in lambda are also involved in the 

antitermination of transcription of the E. coli rrn operon. In bacteriophage lambda, N 

protein and several host E. coli factors, NusA, NusB, NusG and SIO, travel in 

association with the boxA RNA and the RNA polymerase as it transcribes DNA distal 

to the nut site (Greenblatt, 1992). In the rrn opérons of E. coli, a mutation affecting the 

NusB protein causes premature termination of transcription (Sharrock et a l, 1985). 

Other experiments have suggested that, in addition to NusB, proteins NusA, NusG, 

NusB (SIO) and an unidentified factor are also involved in transcription antitermination 

in rrn opérons (Squires et a l, 1993).
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The formation of a stable antitermination complex involves multiple protein- 

protein and protein-RNA interactions. Some of these interactions have been studied in 

detail in E. coli. NusA has been shown to bind directly to N protein (Greenblatt and Li, 

1981b), and it also becomes associated with the core RNA polymerase shortly after 

release of the a  factor (Horwitz et a l, 1989). Recently NusA has been shown to be 

required for ribosomal antitermination and modulation of the elongation rate by ppG pp 

(Vogel and Jensen, 1997). NusG has been reported to bind RNA polymerase (Li et al., 

1981) and Rho factor (Li et a l, 1993). The stable association of NusG with lambda 

elongation complexes depends on the boxA sequence (Li et a l, 1992). SIO (NusE) can be 

isolated as a component of transcription elongation complexes, in the absence of any 

other elongation factor, indicating an interaction with RNA polymerase (Mason and 

Greenblatt, 1991). Finally, NusB has been shown to interact directly and selectively 

with ribosomal protein SIO (Mason et a l, 1992), and a complex of NusB-SlO interacts 

specifically with hoxA RNA (Nodwell and Greenblatt, 1993). Mutations in the boxA 

sequence that impair its antitermination activity, compromise its interaction with NusB 

and SIO, suggesting that the NusB-SlO-èox^ RNA interaction is essential for 

antitermination.

In this chapter we have studied the interaction between the mycobacterial 

homologues of ribosomal protein SIO, NusB and boxA RNA. Our initial hypothesis 

was that, if the rRNA synthesis on mycobacteria is regulated by a mechanism analogous 

to that of E. coli, as is suggested by the presence of a highly conserved boxA sequence in 

the leader region of the operon, then a complex of S10-NusB-6o%y4 RNA is expected to 

be formed. As mentioned elsewhere, pathogenic mycobacteria are characterised by the 

presence of a single rrn operon (Bercovier et al., 1989); survival of the mycobacterial 

cell will rely on mechanisms that guarantee the efficient end-to-end transcription of the 

single rrn operon.

In the first part of this chapter we have described experiments studying the 

interaction of the purified mycobacterial antitermination factors, namely SIO, NusB and 

boxA RNA, with protein(s) from M.tuberculosis cell free extracts. The cell free extracts 

have been shown to contain proteins that recognize the RNA molecules, although the 

recognition does not depend on the presence of a particular sequence in the RNA. The
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interaction of this protein(s) with RNA is not affected by adding anti-SlO antibodies, 

suggesting that ribosomal protein SIO is not involved directly in the interaction. In 

particular a protein of 25-30 KDa present in cell free extracts of M.tuberculosis and 

M.microti was found to recognize RNA molecules. The E. coli cell free extracts also 

contain proteins that bind RNA molecules in a sequence independent manner, but the 

size of those proteins is different from the mycobacterial protein.

The cell free extracts not only contain proteins able to bind RNA molecules, but 

also proteins that specifically recognize mycobacterial NusB and ribosomal protein SIO, 

but not BSA. The fact that the ARU measure for NusB is higher than that measured for 

SIO can be interpreted in different ways. If we assume that the same protein (or 

complex of proteins) is binding the two factors, then the binding to NusB is much 

stronger than to SIO. Of course, it is possible that different proteins are involved in the 

binding, in which case the difference in the curves can be attributed to a combination of 

factors such as the relative abundance of the proteins in the cell free extract, their size, 

and the strength with which they bind. In any case, the results suggest that the purified 

mycobacterial factors could indeed be involved in protein-protein interactions with other 

proteins, as reported for E. coli. Whether these interactions are likely to play a role in 

transcription control is still to be determined.

The first evidence that the protein-protein and protein-RNA interactions 

observed with the M.tuberculosis cell free extract could be related to each other, and 

therefore to the formation of an antitermination complex, came from experiments in 

which RNA molecules were added to the cell free extract before being incubated with the 

purified mycobacterial antitermination factors. The presence of RNA molecules 

improves the efficiency of the protein-protein interactions: the ARU measured in the 

presence of RNA increases by a factor of 3-5 times compared with the values obtained 

with cell free extract alone. Although the presence of a functional boxA sequence in the 

RNA was not required, molecules containing the mycobacterial antitermination signal 

seem to be better in stabilizing the protein-protein interaction.

In summary, we have shown that M.tuberculosis cell free extracts contain 

proteins that interact with RNA molecules in a sequence independent way, and 

specifically with purified mycobacterial proteins NusB and SIO. The two sets of
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interactions are related and seem to be involved in the stabilization of a 

ribonucleoprotein complex. This was the first evidence that both ribosomal protein SIO 

and NusB from mycobacteria could be involved in the formation of a complex stabilized 

by multiple protein-protein and protein-RNA interactions, similar to the termination 

resistant elongation complex of E. coli. The mycobacterial system, however, differs from 

the E. coli one, in their requirements for a boxA sequence in the RNA. In E. coli the 

boxA sequence is essential for the formation of a complex between the transcription 

antitermination factors, and indeed, for antitermination of transcription.

In order to study in greater detail the interactions observed with proteins of the 

cell free extract of M.tuberculosis, and assuming that the interactions that we have 

observed are caused by native NusB and SIO proteins in the cell free extract, we have 

focused our work on studying the molecular interactions between the purified 

antitermination factors of mycobacteria.

Our first set of results show that mycobacterial proteins SIO and NusB have the 

capacity to bind RNA in the absence of any other factor. The estimated affinity 

constants, however, indicate a very weak interaction. M  leprae NusB is a better RNA 

binding protein than the ribosomal protein SIO of M.tuberculosis. It is also better than 

the E. coli NusB: Nodwell and Greenblatt (1993) have shown that the NusB protein of 

E. coli does not bind RNA containing the boxA sequence at concentrations of ~7.5 x 10'  ̂

M. When the same concentration of M. leprae NusB was used in our assay, up to 

25000 cpm of [̂ ^P] RNA were retained in the filter, indicating an efficient binding. It is 

important to understand that the data available for the RNA binding activity of E. coli 

antitermination factors, have been obtained by band shift assay experiments. It has been 

reported that the potential for artefacts in the band shift assay is greater than in the 

filter-binding assay, basically because the time taken for separation of the complex is 

much longer and exceeds the dissociation half-time for all but the strongest RNA-protein 

complexes (Draper, 1994). As observed with proteins from the cell free extracts, the 

binding of RNA molecules does not require the presence of the mycobacterial boxA 

sequence. Only in the case of the binding of NusB to transcripts of the type BoxA2 was 

a difference observed when the boxA signal was eliminated.

Although the NusB and SIO proteins of E. coli have been described to be unable 

to bind RNA by themselves, they behave as good and specific RNA-binding proteins
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when incubated together (Nodwell and Greenblatt, 1993). The results (see section 6.2.1. 

and 6.2.2.) show that both mycobacterial ribosomal protein SIO and NusB have the 

potential to act as RNA binding proteins in the absence of any other transcription 

factors, but that such RNA binding is non specific and very weak. We have shown that, 

similarly to what has been described for E. coli, when ribosomal protein SIO is added to 

the incubation mix, the affinity of NusB for RNA molecules increases markedly: the 

minimum concentration of NusB necessary to bind RNA changes from ~5 x 10'^ M in 

the absence of ribosomal protein SIO, to 6.25 x 10'  ̂ M. This result, which implies a 

cooperative effect of ribosomal protein S10 and NusB to bind RNA molecules, suggests 

that a complex similar to the antitermination elongation complex of E. coli, is formed in 

mycobacteria. It is not clear if the cooperative effect requires the presence of 

mycobacterial boxA sequences in the RNA. The results suggest that the cooperative 

effect of NusB and ribosomal protein SIO is sequence independent in all but small 

concentrations of NusB. Since the concentrations of NusB in the cell are expected to be 

small, it is possible that the presence of a boxA sequence would be relevant for RNA 

binding in physiological conditions.

Finally, we have studied the interactions at the protein-protein level between the 

putative antitermination factors of mycobacteria. Evidence obtained with the cell free 

extract suggests that the proteins interact weakly, and that such interaction is stabilized 

by RNA molecules. By using purified proteins, we found no evidence of interaction 

between the NusB and SIO proteins, either in the presence or in the absence of RNA 

molecules. This unexpected result disagrees with the findings of Mason et al. (1992). 

who show that NusB binds directly and very selectively to SIO, with an estimated Kd 

of -10'^ M. Although the limited sensitivity of the BIA technology to detect weak 

interactions, could be underestimating interactions between the purified mycobacterial 

factors, we feel that another protein factor is required for the formation of a complex. 

The results of the experiments with the cell free extract seem to support this idea. 

However, the data shown here indicate no direct interaction between mycobacterial 

NusB and ribosomal protein SIO.

The only experimental evidence that suggests a direct molecular interaction 

between mycobacterial NusB and SIO, is the influence that ribosomal protein SIO of 

mycobacteria has over the RNA binding capacity of NusB. In the presence of SIO, the
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affinity of mycobacterial NusB protein for RNA molecules carrying the boxA sequence 

is markedly increased. We have assumed that ribosomal protein SIO alters the binding 

capacity of NusB, by interacting directly with it, and changing its conformation. 

However, it is possible that the cooperative effect of SIO and NusB in binding of RNA 

molecules, does not involve the direct interaction of NusB with SIO. For instance, the 

ribosomal protein SIO could be, by binding to the RNA, affecting the structure of the 

RNA molecule, making it more accessible for NusB. Indeed, many RNA-binding 

proteins are fairly basic (as is the case for ribosomal protein SIO), and upon binding will 

allow RNA molecules to adopt a more compact conformation by simply reducing 

electrostatic repulsion between phosphates (Draper, 1996).

In summary, we have described a complex set of molecular interactions between 

SIO, NusB, boxA RNA and other mycobacterial proteins. Some of the interactions are 

similar to the ones described for E. coli, bur others seem to be different. Most of the 

differences were found with the M. leprae NusB protein, which seems to be a stronger 

RNA binding factor that the E. coli protein. In general, however, the evidence presented 

here seems to indicate that the mycobacterial factors are involved in the formation of a 

ribonucleoprotein complex, similar to the one described for E. coli, which is stabilized 

by a set of weak RNA-protein and protein-protein interactions. The similarities with 

the E. coli model seem to indicate that such a complex is involved in antitermination of 

transcription in the rrn operon of pathogenic mycobacteria. However, the details of the 

antitermination process are likely to be different.
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7.- SECONDARY STRUCTURE OF THE LEADER REGION OF THE 

MYCOBACTERIAL rrn OPERON. IMPLICATIONS FOR THE 

ANTITERMINATION MECHANISM.

In E. coli, transcription of stable RNA opérons takes place without polarity. The term 

polarity refers to the effect of a mutation in one gene in influencing the expression (at 

transcription or translation) of subsequent genes in the same transcription unit. 

Transcriptional polarity is usually observed in opérons encoding proteins: mutations 

that stop translation of a particular gene frequently results in inhibition of transcription 

of more distal genes (Franklin et a l, 1961). Transcriptional polarity is known to be 

dependent on termination factor Rho (Adhya et a l, 1978). Experiments with 

transposons and insertion elements (that cause severe polarity when inserted in 

translated opérons) show that these elements are less polar when inserted into the rrn 

opérons (Morgan, 1980). Sequence similarities between the rrn opérons and control 

signals of lambda phage, suggested that the absence of transcriptional polarity in rRNA 

genes is caused by antitermination mechanisms (Friedman et a l, 1983). Transcriptional 

antitermination is the term used to describe the molecular mechanisms by which an 

elongation complex transcribing a particular RNA is altered at specific sites such that it 

subsequently reads-through otherwise efficient termination signals (Li et a l, 1984). 

Under normal conditions, the RNA polymerase responds to two distinct sets of signals 

for termination: Rho-dependent terminators, for which recognition requires an auxiliary 

factor, the Rho protein; and Rho-independent terminators, or intrinsic terminators, that 

are functional in the absence of additional factors in transcription reactions carried out in 

vitro. In both cases the termination signals are active in the nascent transcript. In 

bacteria, intrinsic terminators are usually composed of a GC-rich hairpin and a run of 

several (at least three, but usually seven to eight) uridine residues at the 3’ terminus 

(Platt, 1986). Termination occurs near the end of the run of uridine residues (7-9 

nucleotides from the hairpin). Traditionally it was thought that stem-loop structures 

promote pausing of RNA polymerase, with release of the transcript occurring 

spontaneously, due to the instability of an RNA-DNA hybrid region at the 3’ terminus 

(Famham et a l, 1980). However, evidence from different work suggests that
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transcription termination is a more complex process (see for example Telenitski et a l, 

1989; Reynolds et a l, 1992a and b). With the discovery of RNA polymerase 

inchworming (Krummel et a l , 1992), a new model of transcription termination has been 

proposed. The model involves the breakage of protein-nucleic acid interactions through 

a conformational transition in RNA polymerase, not by the instability of the RNA- 

DNA hybrid in the U-rich 3’ tail (Nudler et a l, 1995). The U-rich tail has been shown 

to act as inchworming signals so that the leaping of the complex is precisely phased with 

the termination event (Nudler et a l, 1995). However, some experimental evidence 

suggests that the termination process is complex and involves recognition of several 

regions. It has been reported that transcription complexes initiated from certain 

promoter units are able to read-through otherwise efficient Rho-independent 

terminators, in a phenomenon that does not require protein factors other than the RNA 

polymerase itself (Telenitski et a l, 1989). Also, sequences located downstream from 

the actual termination/release site are shown to be of considerable importance in 

determining the efficiency of termination for some Rho-independent terminators 

(Reynolds et a l, 1992).

Rho-dependent terminators do not conform to an obvious consensus. It is thought that 

Rho binds to a putative Rho utilization site {rut) residing in the RNA sequence, and 

using its ATPase activity, translocates along the RNA until it encounters a paused RNA 

polymerase. Rho then facilitates termination by disruption of the transcriptional 

complex and release of the RNA polymerase from the DNA. Characteristically Rho- 

dependent termination occurs over an extended region, rather than a specific site as in 

Rho-independent termination (Friedman et al, 1987).

Antitermination mechanisms cause transcription to proceed through Rho-dependent 

terminators within the rrn genes, but fragments containing Rho-independent terminators 

can stop antiterminated transcription (Albrechtsen et a l, 1991). This is a characteristic 

of the process of antitermination in rrn opérons, since N-mediated antitermination in 

bacteriophage lambda has been shown to cause transcription to proceed through both 

Rho-dependent and Rho-independent terminators (Gottesman et a l, 1980).

The leader region of the rrn opérons contains several types of potential regulatory 

sequences that act at the level of RNA chain elongation and may be involved in the 

control of bacterial growth. boxA antitermination signals are an example of such
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regulatory signals, but some other sequences are likely to be important. Elongation of 

transcription in the leader region is affected by several pause sites, and it has been 

proposed that such signals may play a role in regulation of rrn transcription (Kingston 

et a l, 1981). A termination site, which is dependent on the NusA protein and is 

enhanced by ppGpp, was found to be located 260 bp from rrwB PI promoter (Kingston 

et a l, 1981). Some evidence suggests that this sequence participates in the correct 

formation of functionally active ribosomes (Theipen et a l , 1993). The exact function of 

the rRNA leader sequences is not clearly known. Some studies have shown that 

conserved sequences, including the boxA element are involved in post-transcriptional 

functions, like maturation and assembly of ribosomal subunits (Theipen et a l, 1990).

The leader region of rrn opérons of mycobacteria has a complex structure. It contains 

sequences highly conserved between different species, but there are also important 

differences. For instance, the region between the conserved sequence containing the box A 

signal, and the 5’ end of the 16S rRNA gene, varies in size from 6 6  bp in M. chelonae to 

159 bp in M neoaurum. In M.tuberculosis this region is 152 bp long. The differences in 

sizes of these DNA regions affect the capacity of the RNA transcript to form stem/loop 

structures (Gonzalez-y-Merchand et a l, 1997). Figure 7.1. shows the putative 

secondary structure of RNA transcripts of the leader region of M.tuberculosis and M. 

smegmatis rrn opérons, by the time the RNA polymerase has reached the 5’ end of the 

16S gene. The secondary structure of the pre-rRNA may be altered as transcription 

proceeds by base pairing with more distant residues, by interaction with RNA binding 

proteins, or by formation of the “antiterminated” transcription elongation complex. In 

turn, changes in secondary structure of the transcript could alter the capacity of the 

RNA polymerase to transcribe the operon.

We were interested to study the transcription of the leader region of mycobacterial 

rRNA opérons. The complex secondary structure of the RNA transcript in this area, 

with several loops resembling the structure of intrinsic terminators, suggested that, 

unless specific mechanisms are used, the RNA polymerase may pause or even terminate 

in this region, affecting the transcription of the rRNA genes. Antitermination 

mechanisms could be responsible for the processivity of the RNA polymerase through 

this area, and are likely to be essential in bacteria carrying a single rrn operon. In this
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chapter we show that RNA polymerases from E. coli and T7 phage transcribing in vitro 

the leader region of the operon, terminate at particular points in the absence of any other 

protein factor. Results suggest that the leader region contains putative intrinsic 

termination signals. The implications of these findings will be discussed.

7.1.- Design and synthesis of DNA templates to be transcribed in 

vitro.

Figure 7.1. shows the predicted folding pattern of the RNA transcribed by the 

time RNA polymerase reaches the 5’ end of the 16S gene. The figure concentrates on the 

region comprising from the hoxA signal to the start of the 16S gene. Eight stem/loop 

structures are predicted to be formed in this region of the M.tuberculosis rrn operon 

transcript (helixes TBl to TB8 ). In M smegmatis there are nine putative hairpin 

structures in the same area (helixes SMI to SM9). The boxA sequence forms part of the 

stem of the TB2 and SM2 respectively. Some of the sequences involved in the 

formation of secondary structures are conserved between species, like the helix 

immediately downstream from the boxA signal (helix TB3 and SM3 respectively), or 

the stem/loop at the 5’ end of the 16S gene (helix SM9 or TB8 ). Most of the secondary 

structures predicted conform to the characteristics of intrinsic terminators, namely a 

GC-rich hairpin and a run of several uridine residues at the 3’ terminus (Platt, 1986).

In order to test the ability of the sequences described above to act as intrinsic 

transcription terminators, we have constructed DNA templates containing the leader 

region of opérons of M.tuberculosis and M  smegmatis. The DNA templates were 

used in in vitro transcription reactions, and the main products analyzed in denaturing 

gels. Since the strength of a termination signal is likely to be dependent on the particular 

characteristics of the RNA polymerase involved, two different RNA polymerases were 

used to transcribe in vitro the leader region of the mycobacterial rrn operon. DNA 

templates containing promoters for the different polymerases were designed. On one 

hand, DNA templates (of M.tuberculosis and M. smegmatis) containing the 

mycobacterial promoter PCLl were produced by PGR amplification of the relevant 

regions (primers sgr6-cRAC103 for M.tuberculosis and sgr7-cRAC103 for M.
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Ĝ UG—C
U - A

8:i
U «G 
U - A  
U - A

H
5'  G U U G - C G G A - y G A ' G " ^ A - U G G U U U C - G ^ U U A U U U U U G - C G U U U G U U U U G U C A - U U U G G  • U G U U U G G G U | U U U G U U U G G A - U G G C  !

'box À

(ë) M.smegmatis
SMI

A%
A C 

C - G

8 : 8  
C - G  
G - C  
U • G 
U • G

SM2
„  G ,

î
SM3

g" g
A - U

A - U

u8 : 8

SM4

ucccca

' V
U * G
C - G

g T u

8:8

SM5
SM6 SM8

G U
A - U u  u U G
C - G u  c C - G
C - G
G * U

A - U
G - C SM7 U - A

G « U
U « G A - U A U U * G
A - U C - G A U C - G

16S rRNA 
6'* #nd

SM9

U - A
C - G
C - G

U *G 
U - A  
U - A

box À
3  p o l y m s r a s »

Figure 7.1.- Schematic representation of the predicted secondary structure of the leader 

region of the rrn A  operon of MJnberculosis (a) and M. smegmatis (b). The diagram 

shows the predicted folding pattern of the transcript initiated from the putative 

transcription start point for promoter PCLl, by the time the RNA polymerase starts 

transcription of the 16S rRNA gene. The 5’ end of the 16S rRNA gene is boxed. The 

predicted stem/loop structures have been numerated (TB1-TB8 for M.tuberculosis and 

SM1-SM9 for M. smegmatis). The antitermination boxA sequence is enclosed by 

interrupted lines.
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smegmatis). These templates were in vitro transcribed by commercially available E. coli 

RNA polymerase (since at the time we did not have access to mycobacterial RNA 

polymerases). On the other hand, DNA templates in which the PCLl promoters were 

replaced by a T7 promoter were also synthesized. These templates were produced by 

using PGR primers containing a fully functional T7 promoter (a similar strategy to the 

one used to transcribe the SIO gene, see section 3.2.1., figure 3.4.), and sequences 

complementary to the regions downstream from the mycobacterial promoters (primers 

JGITl-cRAC103 for M.tuberculosis and JGIT2-cRAC103 for M  smegmatis). The 

details of the experimental design are show in figure 7.2. The frill sequence of the 

primers used is shown in Table I (see chapter 2).

7.2.- T7 RNA polymerase transcribing the leader region of rrn 

opérons of mycobacteria in vitro.

Figure 7.3. shows the products obtained from the in vitro transcription of the 

M.tuberculosis and M  smegmatis templates by T7 RNA polymerase. The T7 RNA 

polymerase recognizes some termination signals in the leader region of the rrn opérons 

of M.tuberculosis and M. smegmatis, as evidenced by the presence of more than one 

RNA product of the in vitro transcription. Since the sub-products were obtained in the 

absence of any additional protein factor, we assume that these are intrinsic terminators.

Transcription of the M.tuberculosis template generated a main product of -256 

nucleotides long. The size of this RNA transcript indicates that transcription by T7 

RNA polymerase was terminated in an extremely efficient way in a G-rich sequence 

located in the “descending” region of the stem of helix TB7, -13 nucleotides upstream 

from the 5’ end of the 16S gene (see figure 7.5., terminator tTBT7a). No RNA product 

longer than -256 nucleotides was observed, suggesting that this intrinsic terminator is 

nearly 100% efficient. A weaker product of -135 nucleotides long, indicates the 

presence of a weak terminator immediately downstream from the boxA region (figure

7.5., terminator tTBT7b). This product represents only 6 % of the total p P ]  

incorporated into RNA products, as measure^with a phosphoimager, indicating a very 

weak terminator. Most of the RNA polymerase molecules proceed through the leader
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Figure 7.2.- Experimental strategy used to produce DNA templates for the in vitro 

transcription reactions. A similar strategy was used to synthesize M.tuberculosis (A) 

and M smegmatis (B) linear templates. The diagram shows the location of the primers 

used to amplify the relevant region of the rrn opérons. The 3’ primer used was identical 

in all the cases (cRAC103), and it was combined with different upstream primers to 

synthesize the templates. Primers JGITl and JGIT2 contain the sequence of the T7 

promoter, followed by the corresponding “priming” site. Primers sgr6 and sgr7 were 

used to amplify a sequence including the PCLl promoter. The size of the PGR 

products, and the expected full length transcripts are shown.

150



A B C

256
261

215

135

♦

1 '
a

a m #

#  #

152

Figure 7.3.- Products obtained by in vitro transcription of the rrn leader region by T7 

RNA polymerase. Lane A: M.tièerculosis template; lane B: M smegmatis template; 

lane C: T7-S10 template (see section 3.2.1.). The approximate size (in nucleotides) of 

the main products is shown.

151



region without significant termination, until they reach the helix TB7 where all 

transcription is terminated.

Despite the structural similarities, the M smegmatis rrn operon leader region 

seems to contain more transcription termination signals than the M.tièerculosis rrn 

leader region. The T7 RNA polymerase transcribing in vitro the M  smegmatis 

template generates three products of similar intensity. A big product -261 nucleotides 

long, a smaller product of -215 nucleotides and finally a product -152 nucleotides long. 

The biggest product corresponds to an intrinsic terminator at the 5’ end of the 16S 

rRNA (see figure 7.5., terminator tSMT7a). Surprisingly, although a long and stable 

stem/loop structure is predicted to be formed in this part of the transcribed RNA, the 

structure is not followed by a region rich in uridine residues, as described for typical 

intrinsic terminators. Although an identical secondary structure is present in the 16S 

gene of M.tièerculosis, transcription terminates very efficiently before the RNA 

polymerase readies that signal. Around 62% of the was incorporated in this

product. The intermediate product, representing 24% of the transcripts, indicates the 

presence of a strong terminator sequence immediately upstream of the 5’ end of the 16S 

rRNA gene, in a U-rich sequence following the SM8  helix (see figure 7.5., terminator 

tSMT7b). The predicted secondary structure of this sequence is compatible with its 

function as an intrinsic terminator. This secondary structure is not present in the 

M.tuberculosis rrn operon. Finally, the third product that accounts for 14% of the 

transcripts obtained, indicates that transcription is terminated when the RNA 

polymerase molecules reach three consecutive uridine residues 16 nucleotides 

downstream from helix SM4. In the predicted folding of the rrn leader, these three 

uridine residues are located in the loop of the helix SM5 (see figure 7.5., terminator 

tSMT7c).

To summarize, T7 RNA polymerase transcribing in vitro the leader region of the 

M.tuberculosis and M  smegmatis rrn opérons, produced transcripts of different sizes 

suggesting the presence of intrinsic termination signals in the opérons. The location of 

the putative transcription terminators is indicated in figure 7.5. In M.tuberculosis an 

extremely strong terminator (tTBT7a) is located upstream from the 5’ end of the 16S 

rRNA gene. In M. smegmatis three terminators of similar strength were observed 

(tSMT7a, tSMT7b and tSMT7c).
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7.3.- E, coli RNA polymerase transcribing the leader region of rrn 

opérons of mycobacteria in vitro.

In order to verify the capacity of the sequences previously described to act as 

intrinsic transcription terminators, the leader regions of the M.tièerculosis and M 

smegmatis rrn opérons were transcribed by E. coli RNA polymerase initiating from 

the mycobacterial promoter PCLl. Figure 7.4. shows the RNA products obtained from 

the in vitro transcription reaction. The results show that the mycobacterial promoter 

PCLl is recognised in vitro by E. coli RNA polymerase.

Two main RNA products were obtained by in vitro transcription of the leader 

region of the M.tuberculosis rrn operon. The longer product (-218 nucleotides long) 

originates from transcription termination in a region located at the 5’ end of the 16S 

rRNA gene (see figure 7.5., terminator tTBECa), downstream from helix TBS. This 

terminator is the same sequence recognised by the T7 RNA polymerase at the 5’ end of 

the 16S rRNA gene of M. smegmatis (terminator tSMT7a), suggesting that this is a 

strong intrinsic terminator recognised by RNA polymerases from different species. As 

mentioned in the previous section, this sequence does not have the typical organization 

described for intrinsic terminators, specifically it lacks the U-rich stretch. A second 

product of the in vitro transcription was a molecule of -168 nucleotides, indicating 

transcription termination at a G-rich sequence in the stem of helix TB7, -13 nucleotides 

upstream from the 5’ end of the 16S gene (see figure 7.5., terminator tTBECb), the same 

sequence recognized as a very strong terminator by the T7 RNA polymerase (terminator 

tTBT7a). Although the E. coli RNA polymerase seems to be more resistant that the T7 

RNA polymerase to termination, a relatively high proportion of the transcripts are 

terminated in this region.

The products obtained by in vitro transcription of the leader region of the M. 

smegmatis rrn operon also coincide with the terminator signals recognised by T7 RNA 

polymerase. The longer product, an RNA -231 nucleotides long, indicates a terminator 

in the 5’ end of the 16S rRNA gene (see figure 7.5., terminator tSMECa), the same 

sequence recognised as a terminator by the T7 RNA polymerase (terminator tSMT7a), 

and in M.tuberculosis by the E. coli RNA polymerase (terminator tTBECa). The second
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Figure 7.4.- Products obtained by in vitro transcription of the rrn leader region by E. 

coli RNA polymerase. Lane A: M.tuberculosis template; lane B: M. smegmatis 

template; lane C; T7-S10 template (see section 3.2.1.). The approximate size (in 

nucleotides) of the main products is shown.
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Figure 7.5.- Diagram showing the location of the sequences causing intrinsic termination 

in the leader region of rrn opérons of M.tuberculosis (a) and M. smegmatis (b). The 

regions of termination are indicated.
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product, -199 nucleotides long, is indicative of the presence of an intrinsic transcription 

terminator very close to the 5’ end of the 16S rRNA gene, downstream from helix SM8  

(see figure 7.5., terminator tSMECb), overlapping with the T7 RNA polymerase 

terminator tSMT7b. This terminator seems to be stronger than the tSMECa, as judged 

by the intensity of the respective bands.

In conclusion, we have found that some of the sequences that cause termination 

of transcription by the T7 RNA polymerase, also terminate the E. coli RNA 

polymerase initiating from mycobacterial promoters. One of the putative intrinsic 

terminators is located in the coding region of the 16S rRNA gene, and is conserved in 

M.tnberculosis and M. smegmatis . The second terminator, although different in both 

species, is located close to the start of the rRNA coding region.

7.4.- Discussion and conclusions:

The leader region of the mycobacterial rrn opérons contains sequences that 

resemble the typical structure of intrinsic terminators of transcription: a GC-rich 

sequence that can be folded to form a hairpin structure, followed by a run of several 

uridine residues (Platt, 1986). In E. coli, antiterminated elongation complexes 

transcribing the rrn opérons have been shown to become resistant to Rho-dependent 

terminators, but most Rho-independent terminators have substantial resistance to rrn 

mediated antitermination (Albrechtsen, 1990). If the sequences in the leader region of 

mycobacterial rrn opérons are recognised as intrinsic, Rho-independent terminators, 

there must be a mechanism to allow effiqient transcription through them into the rRNA 

genes. Here we have studied the transcription termination characteristics of the leader 

XQgion o f M.tuberculosis M. smegmatis rrn opérons.

Despite the presence of putative termination signals throughout the leader 

region, T7 and E. coli RNA polymerases are able to transcribe in vitro most of the region 

without termination. However, sequences located around the 5’ end of the 16S gene in 

both M.tnberculosis and M  smegmatis rrn opérons, are recognised as transcription 

terminators by both enzymes. Transcription is terminated at these sequences in the 

absence of any other protein, suggesting that they are intrinsic, factor-independent 

terminators. One of the terminators, common to M.tnberculosis and M  smegmatis rrn
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opérons, is located ~40 nucleotides downstream from the 5’ end of the 16S rRNA gene 

(see figure 7.5., terminators tSMT7a/tSMECa/tTBECa). Notice that this sequence does 

not have the typical structure of Rho-independent terminators. Although the formation 

of a GC-rich hairpin can be predicted, there is not a U-rich region downstream from it 

(see figure 7.5.). Instead, the region of release/termination seems to be a GC-rich 

sequence.

The second strong intrinsic terminator, although located in the same region of the 

operon (i.e. upstream from the 5’ end of the 16S rRNA gene), was shown to have 

different characteristics in M.tnberculosis and M.smegmatis. The M.tuberculosis 

terminator (tTBECb/tTBT7a) was recognised by both T7 and E. coli RNA polymerase. 

Again, this sequence does not seem to conform to the classical structure of a typical 

intrinsic terminator. Although an alternative secondary structure can be proposed for the 

TB6-TB7 helixes, so that the termination/release region is located immediately 

downstream from a hairpin, still the termination seems to occur in a G-rich sequence, 

similar to what has been observed for the tSMT7a/tSMECa/tTBECa terminator. In 

contrast, the second M. smegmatis terminator (tSMECb/tSMT7b) has a much more 

typical structure, with a GC-rich hairpin 6  bp long, followed by a long run of uridine 

residues. This terminator was recognised by both E. coli and T7 RNA polymerases. In 

addition other sequences were able to terminate transcription by T7 but not E. coli RNA 

polymerase.

Although the predicted secondary structure of the mycobacterial rrn leader 

region seems to contain several putative intrinsic terminators, most of these sequences 

were not able to terminate transcription by T7 and E. coli RNA polymerases in vitro. 

However, efficient transcription termination occurred in the atypical intrinsic 

terminators tSMT7a/tSMECa/tTBECa and tTBT7a/tTBECb. These terminators were 

atypical because termination seem to be occurring in a G-rich region, rather than in a U- 

rich track. Reynolds et al. (1992) reported that terminators lacking a 3’-tail region rich in 

uridine residues can be highly efficient, but only when joined with appropriate 

sequences immediately downstream. It is possible that sequences downstream from 

tSMT7a/tSMECa/tTBECa and tTBT7a/tTBECb terminators are favouring the 

recognition of these sequences as intrinsic terminators. Recently, Nudler et a l, (1995) 

proposed that the oligo(U) tracks in Rho-independent terminators act as inchworming
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signals, and that unusual intrinsic terminators that do not have U-rich sequences, may 

contain other inchworming signals. It would be interesting to test this hypothesis with 

the G-rich 3’ tails of tSMT7a/tSMECa/tTBECa and tXBT7a/tTBECb terminators.

In E. coli a termination site t^ has been located 260 bases from the rr«B 

promoter PI, close to the beginning of the 16S rRNA gene. Termination at tL has been 

shown to be dependent on NusA protein and enhanced by ppGpp (Kingston et a l, 

1981). We have found a very efficient terminator sequence in a similar location in rrn 

opérons of M.tnberculosis and M. smegmatis. Although we have observed termination in 

the absence of any other transcription factors (i.e. the mycobacterial terminators are not 

NusA dependent), it is possible that these terminators are analogous, suggesting that 

they may play an important physiological role. In E. coli it has been shown that 

mutants with large deletions in the tt  structure have a reduced rate of growth (Zacharias 

et a l, 1987), and that such mutations drastically affect the structure and function of 3OS 

ribosomes, although the transcript of the mutated region is not part of the ribosomal 

particles finally formed (Theipen et a l, 1993). It has been proposed that t^ region 

participates in the formation of the assembly control particle (AGP), a complex that 

tethers the nascent transcript to the polymerase, and very likely influences the folding 

pattern of the growing rRNA, by favouring long range base pairing interactions (TheiPen 

et a l, 1993). Alternatively, t^ has been proposed as a discriminator of the antiterminated 

RNA polymerase molecules, by terminating transcription of those RNA polymerases 

that have not been modified by antitermination (Zacharias et a l, 1987). This second 

model assumes that antiterminated elongation complexes would be able to read-through 

tL. That is possible in the NusA-dependent E. coli terminator. However, the 

mycobacterial terminator functions in the absence of NusA, and previous results have 

shown that the sensitivity of factor-independent terminators to antitermination is 

relatively low (Albrechtsen et a l, 1990). It would be interesting to test the effect of 

NusB and ribosomal protein SIC in the transcription of this terminator by mycobacterial 

RNA polymerase.

Alternatively, it is possible that the strong termination signals in the leader 

region of mycobacterial rrn opérons, would be required to stop elongation complexes 

transcribing the UNAcGCT gene upstream of the rrnA  operon of mycobacteria, to
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proceed through the rrn genes. This hypothesis assumes that in vivo the terminators 

will stop transcription initiated from promoters of the UNAcGCT gene, but not 

transcription initiated from rrn promoters. Although we have no evidence of such a 

“discrimination” effect, it would be interesting to test the ability of mycobacterial RNA 

polymerase initiating transcription at different promoters, to recognise the termination 

signals here described. Indeed, it has been proposed that sequences close to the 

promoter could be involved in the increased efficiency of a particular terminator 

(Telenitski et a l, 1989). Although the terminators tSMT7a/tSMECa/tTBECa and 

tTBT7a/tTBECb in our experiments have been shown to be recognized independently 

of the promoter or RNA polymerase used, it is possible that the effect of the promoter 

would be specific for the mycobacterial RNA polymerase.

In conclusion, the experiments described in this section show the presence of 

strong factor-independent transcription terminators in the leader region of the 

M.tnberculosis and M  smegmatis rrnA opérons. These terminators are located close to 

the 5’ end of the 16S rRNA gene, and were recognised by both T7 and E. coli RNA 

polymerases, in the absence of any other termination factor. The physiological role of 

the termination signals is not known.
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8.- GENERAL DISCUSSION AND CONCLUSIONS.

8.1.- The relevance of studying the control of rRNA biosynthesis in 

pathogenic mycobacteria.

Pathogenic mycobacteria were among the first bacteria to be identified as 

causative agents of human disease. Two of the most dreadful diseases in the history of 

man, tuberculosis and leprosy, are consequences of infection with bacteria belonging to 

the mycobacteria genus (M tuberculosis and M  leprae). Today M.tuberculosis is 

estimated to infect one third of the world population, and to cause 3 million deaths 

every year. Despite the efforts made to understand these successful pathogens, our 

knowledge of mycobacteria is very limited, particularly at the level of gene regulation.

One of the most characteristic features of pathogenic mycobacteria is the very 

slow growth that they exhibit. A slow growing mycobacterium takes 2-3 weeks or 

longer to form colonies on solid medium. Fast growing mycobacteria are rarely, if ever, 

pathogenic, but can be readily found in the environment. It seems that slow growth is an 

important adaptation of pathogenic mycobacteria for survival inside their host cells.

Another important characteristic of M. tuberculosis is its ability to adapt to 

prolonged periods of dormancy in tissues, with dormant or persistent bacilli being 

responsible for latency of the disease. Little is known about the mechanisms of 

dormancy, but it is thought that dormant bacilli may represent an extreme form of 

stationary phase, in which the organism has temporarily suppressed its replication 

(Young and Cole, 1993). Transition of the bacteria to and from the dormant state, is 

thought to be an active process involving activation/deactivation of specific genes. 

Understanding the events responsible for the shiftdown into dormancy is essential for 

the design of efficient treatment against dormant (persistent) bacilli in the tissues of 

long-term infected patients.

The characteristics mentioned above imply that mycobacteria have evolved an 

extremely efficient system to regulate the rate of growth. Central to the regulation of 

growth rate is the control of ribosome synthesis, and therefore the expression of 

ribosomal RNA. The synthesis of ribosomal RNA is the rate limiting step for ribosome
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synthesis in bacteria (Course et al, 1996). In E. coli the synthesis of rRNA is 

controlled by several complex mechanisms.

In mycobacteria an important link between growth rate and ribosomal RNA 

synthesis is gene dosage, with fast-growers having two rrn opérons and slow-growers 

only one (Kempsell et a l, 1992; Sela et a l, 1989). However, the strategy of using a 

single rrn operon implies a big risk for the cell, since all the rRNA molecules are 

synthesized from only one transcription unit. The survival of the mycobacterial cell will 

depend on efficient end-to-end transcription of the single rrn operon, and therefore 

mechanisms that guarantee complete transcription through the operon are likely to be 

extremely important in mycobacteria.

Although procedures used by bacteria to ensure the complete transcription of an 

rrn operon are not known in detail, there is evidence that one of the mechanisms 

essential for rRNA transcription in bacteria is antitermination. All the rrn opérons 

studied so far have two sequences related to the boxA sequence of phage X. These RNA 

sequences are known to be involved in controlling the expression of X phage genes by 

transcription antitermination. In the rrn opérons one boxA sequence is located upstream 

from the 5’ end of the 16S rRNA gene and the second is located upstream from the 23S 

rRNA gene. The boxA of the leader region has been shown to be involved in the 

formation of a complex, denoted as elongation (or assembly) control particle (ECP or 

ACT) together with the RNA polymerase and Nus factors. The presence of a second 

boxA-\\ke sequence, taken together with the ability of sequences downstream from the 

3’-end of the 16S rRNA gene to form a bihelical complex with boxA sequences of the 

leader region suggests that after transcription the boxA RNA sequences participate in the 

formation of the ECP/ACP until the 16S rRNA gene is transcribed. When sequences 

downstream from the 16S rRNA gene are transcribed the boxA sequence is displaced 

from the ECP/ACP by base pair interaction with those sequences, and a new complex is 

formed using the second boxA sequence. Evidence for such a mechanism was obtained 

by Greenblatt and others for the E. coli system.

The aim of this project was to study the role played by antitermination 

mechanisms in the control of transcription of the single rrn operon of mycobacteria. We 

have studied the interaction between the mycobacterial homologues of ribosomal protein
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s  10, NusB and boxA RNA. Our initial hypothesis was based on the expectation that 

mycobacterial rRNA synthesis should have features in common with bacterial rRNA 

synthesis in general, as represented by E. co li. This view is supported by the presence 

of a highly conserved box A sequence in the leader region of mycobacterial rrn opérons. 

Thus we expected to be able to detect a three component complex involving SIO, NusB 

and boxA RNA.

In previous chapters we have described the identification, cloning, expression 

and purification of the mycobacterial equivalents to the antitermination factors of E. 

coli (NusB, ribosomal protein SIO and boxA RNA), and the study of the molecular 

interactions between them. In this final chapter we will discuss the possible implications 

of the results obtained for the regulation of the rRNA synthesis.

8.2.- The leader region of the rrn operon of mycobacteria.

The bacterial opérons that code for rRNA have special structural and functional 

characteristics. The synthesis of untranslated RNA molecules poses a problem to the 

cell, because the nascent transcript RNA is not “protected” by concomitant translating 

ribosomes, and therefore can be accessed by termination factors, or can be folded in 

appropriate secondary structures, causing transcription to be paused or terminated 

prematurely (polarity). It has been proposed that antitermination mechanisms play a 

pivotal role in preventing polarity, and in ensuring efficient end-to-end transcription of 

the rrn operon.

8.2.1.- The leader region of the rrn opérons of different species of 

mycobacteria have highly conserved features.

Transcription of the rrn opérons produces a long pre-rRNA molecule in 

which the first structural gene of the operon is preceded by a leader sequence of 2 0 0 - 

300 nucleotides. These sequences are removed by a series of processing reactions to 

produce the mature rRNAs. Comparison of the leader region of rrn opérons from 

different slow growing mycobacteria have shown the presence of a conserved section of 

31 nucleotides, which includes the boxA antitermination sequence and the RNase III 

cleavage site (Ji et al., 1994a). A similar sequence is found in the 16S-23S spacer region. 

The presence of highly conserved boxA sequences in the leader and spacer regions of the 

mycobacterial rrn opérons, suggests that this sequence plays an essential role in the
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synthesis of rRNA. The boxA sequences of the E. coli rrn opérons are potent 

antiterminators, and it is thought that its antitermination function is related to the 

specific binding of ribosomal protein SIO and NusB to the boxA sequence (Nodwell et 

al, 1993).

Although the experimental evidence supports the fact that boxA is 

responsible for antitermination of transcription, the physiological implications of that 

function are not clear. In addition to its function in antitermination, at least two other 

roles have been proposed for the boxA sequences of rrn opérons. The first alternative 

role was proposed by Morgan (1986), who noted that the formation of an 

‘antitermination’ complex or ECP/ACP might aid processing of the mature 16S and 23S 

rRNA from the 30S precursor transcript. The idea was originally conceived because of 

the proximity of the leader and spacer boxA sequences to the processing stalks of the 

16S and 23 S respectively. This model has further evolved by borrowing from the lambda 

paradigm in which the 5’ end of the transcript stays attached to the RNA polymerase 

forming a ECP/ACP (Nodwell et a l, 1993). In this way the 5’-end stem of the 

processing stalk could be delivered to the newly transcribed 3’ stem instead of having to 

find it by diffusion, making the processing event more efficient. Evidence supporting 

this model has been published by Theipen et a l (1990). They have shown that the boxA 

sequence in the leader region of the rrn opérons has important post-transcriptional 

functions for 16S RNA stability and ribosomal subunit stoichiometry. The same group 

has recently shown that the nut-llks sequence elements of the rrn leader region bind 

directly to specific regions within the mature 16S rRNA (Pardon et a l, 1995).

The second proposed role for the boxA sequences present in the rrn 

opérons is the modulation of the transcription elongation rate to aid proper folding of 

rRNA (Squires et a l, 1993). Establishing a faster elongation rate may help prevent 

premature termination: RNA polymerases that are not antiterminated may pause more 

frequently and be more subject to termination. Indeed, the boxA signal has been show to 

increase the transcription elongation rate of the lacZ gene, and deletion of boxA 

sequences from the leader region of the rrn operon resulted in reduced transcription 

elongation rate (Vogel et a l, 1995). The transcription rate could also be important in 

allowing newly transcribed rRNA domains to fold properly. Failure to pause or
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prolonged pausing at particular sites may result in the formation and “locking in” of an 

incorrect secondary and tertiary interaction. A correct rate of transcription is required 

for proper transcription, folding and subsequent assembly of functional ribosomes 

(Condon et al., 1995).

8.2.2.- Presence of intrinsic transcription terminators close to the 5* end of 

the 16S rRNA gene oiM.tuberculosis and M. smegmatis .

Downstream from the 31 nucleotide conserved region containing the boxA 

sequence, the leader region of the rrn opérons of slow growing mycobacteria has the 

capacity to fold back upon itself to form five helices as judged by sequence homologies. 

M.tuberculosis however appears to form three rather than five helices (Ji et a l, 1994a). 

The leader region of the rrnA  operon of M  smegmatis has the capacity to form a 

similar structure (Ji et al., 1994c).

Some of the helices that are predicted to be formed in this area have the 

typical structure of intrinsic transcription terminators: a GC-rich hairpin loop, followed 

by a U-rich track (Platt, 1986). Despite the presence of several of these structures, we 

have shown that T7 and E. coli RNA polymerases are able to transcribe in vitro most of 

the leader region of the M.tuberculosis and M. smegmatis rrn opérons without 

premature termination. However, sequences located around the 5’ end of the 16S gene 

in both mycobacterial species terminate transcription very efficiently in the absence of 

other factors (see chapter 7). These putative intrinsic terminators do not have a typical 

structure and termination occurs in a G-rich sequence rather than a U-rich track. The 

conservation of the intrinsic terminators between different species of mycobacteria 

seems to indicate that they fulfil an important role in the rrn operon. An interesting 

possibility is that the terminators are involved in switching off the synthesis of rRNA 

whenever the conditions are not ideal to promote growth. If the interaction with other 

proteins changes the ability of the RNA polymerase to recognize the intrinsic 

terminators, the transcription of the rrn operon can be turned on and off.

Similarly, a transcription termination site (t^) has been identified within 

the leader region, close to the beginning of the 16S rRNA gene of E. coli (Kingston et a l, 

1981). This terminator was shown to be dependent on NusA and enhanced by ppGpp. 

The similar location of these signals in rrn opérons of different bacteria suggest that 

they are analogous, and may play an important role in rRNA synthesis But the
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mycobacterial terminators work in the absence of any other transcription factor (i.e. the 

mycobacterial terminators are not NusA dependent). In E. coli it has been shown that 

mutants with deletions in the tL structure have a reduced rate of growth (Zacharias et al., 

1987), and that such mutations drastically affect the structure and function of 30S 

ribosomes (Theipen et a l, 1993). It has been proposed that the tL region participates in 

the formation of the assembly control particle (ACP in contrast with ECP, or 

elongation control particle), a complex that tethers the nascent transcript to the 

polymerase, and very likely influences the folding pattern of the growing rRNA, by 

favouring long range base pairing interactions (Theipen et a l, 1993). Alternatively, tL 

has been proposed to act as a discriminator of the antiterminated RNA polymerase 

molecules, by terminating transcription from those RNA polymerases that have not 

been modified by antitermination (Zacharias et a l, 1987). This second model assumes 

that antiterminated elongation complexes would be able to read-through tL.

In summary, the leader region of the rrn operon of mycobacteria contains 

conserved sequences and has the capacity to fold into a complex set of secondary 

structures. Some of the features are analogous to elements found in E. coli rrn opérons. 

The high degree of conservation of sequence motifs, in particular the boxA sequence, 

among different mycobacteria and other species of bacteria, suggests that they play 

essential roles in rRNA synthesis. Intrinsic terminators close to the 5’ end of the 16S 

rRNA gene, that were able to terminate both T7 and E. coli RNA polymerases, were 

found in M.tuberculosis and M. smegmatis rrn operon. Although the role of these 

conserved terminators in vivo is not known, its presence indicates that mechanisms 

related to antitermination are of paramount importance for the efficient synthesis of 

rRNA.

8.3.- The mycobacterial SIO and NusB proteins.

As a first approach to study the role of the highly conserved mycobacterial boxA 

sequence in antitermination, we have identified, cloned and expressed the mycobacterial 

homologues of NusB and SIO proteins. In E. coli these proteins have been shown to be 

involved in the formation of the antiterminated elongation complexes, by interacting 

specifically with the boxA RNA sequences.

165



The mycobacterial ribosomal protein SIO was shown to be very similar to that 

of E. coli : 62% of the nucleotide sequence of the mycobacterial gene was identical to the 

SIO gene of E. coli. The gene encoding the mycobacterial ribosomal protein SIO was 

found to be part of an operon, as described in other bacteria, and it is likely that 

autogenous regulation would be responsible for the controlled expression of the 

mycobacterial SIO operon (see section 1.2.1.1.). The high degree of conservation of the 

protein SIO between distantly related species of bacteria is not surprising, since this 

protein forms part of a very important and functionally conserved structure: the 

ribosome. Whether the differences between the E. coli and the mycobacterial SIO are 

relevant for other functions of the protein such as its putative role in antitermination, is 

not known. Indeed, it is not clear what (if any) is the role of ribosomal protein SIO in 

rrn antitermination. Although it has been shown that SIO is involved in the formation of 

a stable elongation complex (Mason and Greenblatt, 1991), efforts to demonstrate its 

role in rrn antitermination have produced contradictory results. While nusEVl 

mutations (affecting the ribosomal protein SIO) interfere with the function of N protein 

(the antitermination protein of lambda) at high temperatures (Friedman et a l, 1981), 

Sharrock et al. (1985) showed that these mutants are not defective in rRNA 

antitermination. In any case, the participation of ribosomal protein SIO in the 

antitermination complex is interesting because it provides a link between the regulation 

of ribosomal proteins and ribosomal RNA (see section 1.2.2. and figure 1.6.).

The involvement of NusB in antitermination is much clearer, and it has been 

demonstrated both in the lambda system (Friedman et a l, 1976) and in rrn opérons 

(Sharrock et a l, 1985). We have identified a gene of M  leprae that codes for a protein 

homologue of the E. coli NusB. This protein, as well as the M.tuberculosis homologue 

identified later, are part of a family of proteins with homology to NusB. Proteins 

belonging to this family share a “domain” -82 amino acids long, in which a high 

percentage of similarity is found, as well as an amino terminus region rich in arginine 

residues. This arginine rich motif (ARM), which is also found in other RNA binding 

proteins, has been proposed to be responsible for the binding of RNA (Altieri et a l, 

1997). However, the degree of similarity found in the 82 amino acid domain, suggesbthat 

this region is essential for the NusB function. Despite the general similarities, we also 

found a number of important differences in size and charge between the putative NusB
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proteins, which may indicate differences in their properties and in their detailed 

mechanism of action in different species.

The similarities between the protein elements involved in the E. coli rrn 

antitermination and their homologues in mycobacteria suggest that similar mechanisms 

control the transcription of the rrn opérons in both species. If there is a common 

mechanism of antitermination it is expected to involve the binding of the mycobacterial 

ribosomal protein SIO and NusB to conserved hoxA sequences.

8.3.1.- Mycobacterial ribosomal protein SIO and NusB as RNA binding 

proteins.

The mycobacterial ribosomal protein SIO was found to be able to bind 

RNA molecules in the absence of any other factor, as shown by band shift and filter 

binding assays. The binding was weak, with affinity constants of the order of -10"^ M, 

and did not require the presence of a boxA sequence. The putative NusB protein of M. 

leprae was found to be a better RNA-binding protein than SIO, interacting with RNA 

molecules when in concentrations higher than 2.5 x 10'  ̂M. It also seems to be a better 

RNA-binding protein than the E. coli NusB in the absence of other factors. While the E. 

coli NusB does not bind RNA at concentrations of 7.5 x 10'^ M (Nodwell and 

Greenblatt, 1994), the M. leprae protein at the same concentration binds a considerable 

amount of RNA (see figure 6.9). The higher affinity for RNA of the M  leprae NusB 

protein when compared with its E. coli homologue, could be explained by differences in 

size, charge and isoelectric point. It is interesting to note that although the arginine rich 

motif (ARM) of the M. leprae NusB protein is “less rich” in arginine residues than the 

E. coli NusB, it binds more strongly to RNA. Other characteristics in addition to the 

number of arginine residues must be responsible for the high affinity of M  leprae NusB 

for RNA. As mentioned before NusB proteins from different species differ in a number 

of ways. The M.tuberculosis putative NusB protein seems to be more similar to the E  

coli protein, while the M. leprae homologue is more closely related to the B. subtilis 

protein (see table III). Since the boxA sequence is identical in both mycobacteria, it 

would be interesting to explore the implications of the differences between the NusB 

proteins of M.tuberculosis and M. leprae, in the binding to boxA RNA, and therefore in 

antitermination.
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An interesting characteristic of the mycobacterial NusB and SIO proteins 

is the way they bind to RNA molecules containing different sequences. Both proteins 

seem to have the ability to bind RNA molecules that do not have a boxA sequence. The 

M. leprae NusB protein, however, seems to have some selectivity for the RNA 

sequence: transcripts type BoxA2 are bound more strongly by NusB when they contain 

a mycobacterial boxA, than when they do not (see figure 6.9.). BoxA2 transcripts 

contain part of the upstream region and a full boxA sequence, emulating the situation 

where the RNA polymerase has just transcribed the 3’ end of the boxA sequence, 

indicating that at this stage the boxA sequence is recognized specifically by the NusB. 

RNA molecules containing nucleotides downstream from the boxA sequence are bound 

by NusB, but such recognition does not seem to require the presence of boxA. These 

results indicate that recognition of the boxA signal is related to the presence of other 

signals in the RNA transcripts. The presence of these sequences will change as the RNA 

polymerase proceeds through the DNA templates, adding new nucleotides to the 

elongating RNA. Considering the complex structure of the RNA transcribed from the 

rrn opérons, it is likely that formation of secondary structures will also alter the 

availability of particular sequences in the RNA. It is essential therefore, to consider the 

elongation through the rrn operon as a dynamic process, and to study the effects of 

other RNA regions as they are synthesized, in the binding of proteins to the boxA 

sequence.

Proteins involved in antitermination in other systems can, like M  leprae 

NusB protein, bind RNA in a sequence independent manner. The antitermination 

protein N of phage lambda, together with NusA and a nut site form a core 

antitermination complex of limited stability and processivity, that is made fully stable 

by interaction with the remaining Nus factors (Rees et a l, 1996). Recently the N protein 

has been shown to have two RNA binding modes that differ in binding affinity and 

structure. In solution N lacks observable secondary and tertiary structure and binds 

RNA sequences indiscriminately with a Kd=10'^ M. In contrast N becomes partially 

folded with 16-18 amino acids of ordered a  helical structure and binds much more 

tightly (Kd=10’̂  M) on forming a highly specific 1:1 complex with its cognate bob 

RNA hairpin (Van Gilst et a l, 1997). Interestingly, it has been reported that N proteins
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from different phages recognise different boxB sequences, and the sequence-specific 

interaction depends on the presence of a small amino terminal domain of the N protein 

that contains an ARM subdomain (Lazinski et a l, 1989). Comparison of the amino 

terminus ARM from N proteins of different phages is shown in figure 8.1.

The structural and functional homologies between the antitermination 

protein N and NusB, suggests a similar mechanism of action. As mentioned previously, 

it is not clear whether ribosomal protein SIO is required for transcription antitermination 

in rrn opérons. At least in mycobacteria, SIO is not required for the formation of a boxA 

RNA-NusB complex, although its presence seems to strengthen the interaction (see 

below). As has been shown in N-protein of X phage, it is possible that NusB by itself 

could be responsible for short-term antitermination, although other Nus factors will be 

required for long-term antitermination. Since the antitermination mechanisms in rrn 

opérons seem to impede termination only in Rho-dependent terminators, it is likely that 

simply by preventing recognition of the RNA transcript by Rho protein, the NusB 

protein could be having an antitermination effect.

8.3.2.- Mycobacterial NusB and SIO proteins interact with other proteins 

from a mycobacterial lysate.

In addition to binding to RNA, the mycobacterial proteins SIO and NusB 

were able to bind to other protein(s) present in mycobacterial cell lysates (see section

6.1.2.). Once more, the interaction is much stronger in the case of NusB than for 

ribosomal protein SIO. In contrast to what has been reported for E. coli (Mason et a l, 

1992), we did not find evidence of direct interaction between purified NusB and 

ribosomal protein SIO (see section 6.2.4.). It is possible that additional factor(s) is(are) 

essential for the formation of a multi-protein complex, as evidenced by the experiments 

with mycobacterial cell free extracts which involve NusB, ribosomal protein SIO and the 

additional factor(s). The NusB and SIO proteins that we have studied derive from 

different mycobacterial species, and it is feasible that proteins from the same 

mycobacterial species would be able to form a complex. However, the M. leprae NusB 

protein interacted with proteins of an M.tuberculosis cell free extract, suggesting that the 

structures of the proteins from the two species are close enough to interact.
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8.4.- The complex formed by NusB-SlO and boxA RNA is stabilized 

by multiple weak interactions.

The binding of NusB and SIO to RNA and to proteins are not independent 

processes, as demonstrated by experiments in which RNA molecules were added to the 

cell free extract. A significant increase in the amount of protein bound in these 

conditions was observed, suggesting that the presence of RNA stabilizes the formation 

of a complex that involves ribosomal protein SIO, NusB and some other(s) protein(s) 

present in the cell lysates. The presence of a third protein factor is essential since this 

result was not observed when purified proteins were used. The increasing strength of 

the protein-protein interactions in the presence of RNA, can be explained in different 

ways. On one hand, it is possible that the proteins involved have two separate regions 

or domains, one involved in the recognition of RNA and the other responsible for the 

binding to proteins. In the presence of RNA the proteins are brought together by their 

interaction with RNA, facilitating the formation of protein-protein complexes. On the 

other hand, it is possible that the interaction with RNA changes the conformation of the 

proteins exposing areas essential for the binding with other proteins. Indeed this is the 

case for most proteins that bind RNA through an ARM, but E. coli NusB has been 

reported to form a stable, folded structure in the absence of RNA (Altieri et a l, 1997).

The cooperative binding of protein-RNA operates in both directions: not only 

does the presence of RNA increase the affinity of protein-protein interactions, but the 

binding of NusB to RNA is greatly enhanced in the presence of SIO. When taken 

together the results suggest that the formation of a ECP/ACP particle is stabilized by a 

complicated set of individual weak interactions.

In contrast with E. coli we have not been able to show that the boxA sequence 

motif is essential for the formation of an RNA/SlO/NusB complex. We have found that 

the formation of this complex in mycobacteria is much less restricted to (although not 

totally independent of) the presence of a boxA RNA signal. In the presence of 

ribosomal protein SIO, a solution of 1.25 x 10'^ M of NusB binds much more to RNA 

molecules containing boxA sequences, than to transcripts carrying other sequences (see 

section 6.2.3.). Assuming that the NusB protein is present in low concentration in the 

cell, it is feasible that the specific recognition of boxA RNA sequences observed in our
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Figure 8 . 1 Comparison o f the arginine rich motif (ARM) present in the amino terminus 

region o f several transcription factors including the antitermination factor N from 

different phages and the NusB proteins from E. coli (Eco) and M.tuberculosis (Mtu).
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Arginine residues are underlined and amino acids conserved proteins from different 

species are shown in red.
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assays at low concentrations of NusB could have physiological implications. The 

sequence-specific recognition seems to be a function of the NusB protein, and the 

mycobacterial NusB seems to have increased affinity for RNA, but reduced selectivity 

for boxA sequences, when compared with the E. coli protein. Since in pathogenic 

mycobacteria the synthesis of rRNA relies on the efficient transcription of a single rrn 

operon, a NusB protein that has an increased affinity for RNA (as well as reduced 

selectivity for a particular sequence), could guarantee that every RNA transcript 

initiated from the operon will be antiterminated, and therefore a complete pre-rRNA 

transcript would be produced.

In summary, a complex set of molecular interactions were found to occur 

between ribosomal protein SIO, NusB, boxA RNA and other mycobacterial proteins. 

These interactions are rather weak when studied separately, but they seem to act 

cooperatively to favour the formation of an intricate molecular complex. Although in 

general the characteristics of the interaction are similar to those described for E. coli, 

some of them are also different, especially those involving NusB, suggesting that the 

details of the regulation of rRNA synthesis in both bacteria are likely to be different. 

But in general terms the results shown here indicate that in mycobacteria a complex is 

formed between NusB, SIO, and boxA RNA, which is stabilized by a series of weak 

individual interactions. Similarities with the E. coli model seem to suggest that 

antitermination mechanisms are important for the control of transcription of the rrn 

opérons in pathogenic mycobacteria. A more detailed understanding of such mechanism 

could be important to find out how pathogenic mycobacteria regulate the synthesis of 

ribosomes, and therefore, their rate of growth.

8.5.- General conclusions.

The physiological implications for the synthesis of rRNA of the presence of 

highly conserved boxA sequences in bacterial rrn opérons has not been clearly 

established. It is clear that the function of boxA is mediated by the formation of a 

complex with Nus factors. In this work we have demonstrated that mycobacterial 

protein homologues of the E. coli antitermination factors NusB and SIO bind to RNA 

molecules containing the mycobacterial boxA signal. The interactions between these
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elements are cooperative, in the sense that each element enhances the binding of the 

other two. Our results indicate that the synthesis of rRNA in myeobaeteria is regulated 

by a mechanism that may be similar in principle to that described for E. coli. However, 

there are significant differences in the properties of the complex that could influence the 

final behaviour of the regulatory system. The important role played by the NusB 

protein in the interaction with boxA has been discussed above. The differences observed 

in comparison with the E. coli NusB protein indicate that the mycobacterial NusB 

protein has different characteristics, and therefore could modulate the rrn transcription 

in a different way. The different characteristics observed in the NusB homologues of 

M.tuberculosis and M. leprae could be indicative of different features of control.

The mechanism of antitermination in bacterial rrn opérons is still obscure, but 

particular components of the elongation complex seem to be essential for the efficient 

synthesis of pre-rRNA. The presence of highly conserved antitermination elements in 

different bacterial species suggests that the system confers significant advantages to the 

bacteria. The involvement of ribosomal protein SIO in the formation of the complex, 

suggests a link with ribosomal protein synthesis. However, as we have shown here, 

ribosomal protein SIO is not essential for the binding of NusB to the boxA RNA. The 

influence of other factors in the formation of elongation (or assembly) control particles 

has still to be determined. These other factors include the effect of the promoter, the 

secondary structure of the transcript, the recognition of intrinsic terminators, other Nus 

factors, ppGpp, etc.

The mechanisms used by bacteria to control the expression of genes for 

ribosomal components are extremely elaborate, and seem to be interconnected. Despite 

considerable work carried out in E. coli, a general picture is still missing. In the case of 

mycobacteria, little is known of the general procedures used to control gene expression. 

The results reported here further our understanding of the importance of conserved 

sequences present on the leader region of the rrn operon of M.tuberculosis, and their 

interaction with mycobacterial proteins. The role(s) of these interactions in the 

regulation of rRNA synthesis are still to be determined.

8.6.- Future work.
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The experiments described here show that mycobacterial proteins

(ribosomal protein SIO and NusB) interact with the boxA RNA sequence in a 

cooperative way. Future work should focus on determining the physiological

importance of the results obtained, and in trying to understand the role of the complex in 

the transcription of the rrn operon.

Experiments to determine the effect of NusB and SIO in antitermination, 

and particularly in the recognition of the intrinsic terminators present in the 5’ end of 

the 16S rRNA gene, are essential to understand the role played by the complex in 

antitermination. In vitro transcription with mycobacterial RNA polymerase would 

provide a system to study antitermination in mycobacteria. Preliminary experiments 

need to be done to show if mycobacterial RNA polymerases also recognise the intrinsic 

terminators in the leader region of mycobacterial rrn opérons.

The NusB factor seems to be an essential component of the complex, but 

it seems to have a high degree of variability between different species. We think that the 

study of the differences between NusB proteins of different origin could provide us 

with some clues about the function(s) of these factors. The recently available 

M.tuberculosis gene encoding the NusB homologue should be cloned, expressed and 

purified, and its activity as part of the complex can be compared with the M. leprae 

protein.

The study of NusB at the molecular level could also help to understand

its involvement in antitermination. Having the M. leprae gene cloned, it would be

feasible to obtain point mutations affecting the amino acids that have been identified to 

be conserved between NusB proteins of several species. Analysis of the binding 

capacity of these mutants could help us to understand the importance of the different 

domains of the protein for its function. Deletion of the arginine-rich domain will also 

help to establish the role of this domain in the RNA binding capacity of the protein.

Since NusB appears to be essential for the binding of boxA RNA 

sequences, it would be interesting to ask which are the mechanisms involved in the 

control of NusB production and the effect of its availability in controlling the synthesis 

of rRNA. It is possible that NusB production could be regulated from signals directly 

related to the rate of growth of the bacteria.
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The identification of all of the factors involved in the formation (or 

stabilization) of the antitermination complex is essential to understanding the 

antitermination mechanism. For instance, we have presented here preliminary evidence 

of a protein(s) in the mycobacterial cell lysates that binds to NusB and ribosomal 

protein SIO. Identification of this protein could be important. Equally essential is to 

determine the role of mycobacterial RNA polymerase in the formation of the complex, 

since it has been suggested that the antitermination complex changes the characteristics 

of the RNA polymerase.

To clarify the importance of the boxA sequence in the formation of the 

complex, the range of RNA molecules used should be widened. We propose the use of 

molecules more representative of the original transcript, i.e. including upstream regions, 

and molecules obtained from different mycobacterial rrn promoters. Having established 

the optimal concentration of proteins that bind selectively to the RNA molecules 

containing a particular sequence, it could be useful to estimate the amount of NusB 

protein present in the cell under different conditions.

Finally in order to understand the control of expression of rrn opérons 

of pathogenic mycobacteria, it is essential to establish the role of the boxA sequence and 

other conserved structural elements present in the leader region. Recently obtained 

clones of the rrn opérons of M. smegmatis (Sander et al, 1996) make it possible to 

create plasmids in which particular parts of the leader region have been deleted. The 

expression of those plasmids can be studied in vivo in M  smegmatis strains in which 

one or the other of the rrn opérons have been “knocked out”. These studies would 

make it possible to further our knowledge of the relevance of the mutated regions for 

rRNA transcription.
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11.- APPENDIX A.

MEDIA 

11.1- Lemco Broth.

Bacto-peptone 10 g

Bacto Lab Lemco powder 5 g

Tween 80 0.5 ml

NaCl 5 g

Distilled water to 1000 ml

Adjust the pH to 7.2 with 2M NaOH, sterilize by autoclaving.

11.2.- Luria-Bertani (LB) medium.

Bacto-tryptone 10 g

Bacto-yeast extract 5 g

NaCl 10 g

Distilled water to 1000 ml

Sterilize by autoclaving.

11.3.- Modified Dubos medium.

Solution A:

KH2P04 1 g

Na2HP04.12H20 6.25 g

Na3citrate 1.25 g

MgS04.7H20 0.6 g

Asparagine 2 g

10% Tween 80 5 ml

Casamino acids 2 g
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Dissolve asparagine in 50 ml hot water, add the rest of the ingredients. 

Make up to 950 ml. Adjust pH to 7.2 with 2M NaOH, make up to 

1000 ml, sterilize by autoclaving.

Solution B:

Bovine Serum Albumin faction V 5 g

Distilled water to 1000 ml

Sterilize by filtration.

Before using add 10 ml of solution B to 250 ml of 

solution A.
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12.-APPENDIX B. 

PUBLISHED WORK.

In addition to the work presented in this thesis, I have also contributed to other 

studies of mycobacterial rrn opérons, carried out in the laboratory, with the 

regulation of the expression of the rrn operon of mycobacteria as the main interest. 

The work was focused in the study of the promoters of the rrn operon(s) of different 

species of mycobacteria. Part of this work was published (see the attached paper). 

As part of my interest in the role of the leader region of the rrn operon(s), I 

sequenced the upstream region of the single rrn operon of the fast growers M  

chelonae and M  abscessns.
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One rRNA operon of all mycobacteria studied so far is located downstream from a gene thought to code for 
the enzyme UDP-AT-acetylglucosamine carboxyvinyl transferase (UNAcGCT), which is important to cell wall 
synthesis. This operon has been designated rmA^ for fast-growing mycobacteria and rmA^ for slow growers. We 
have investigated the upstream sequences and promoter activities of rrw/if opérons of typical fast growers which 
also possess a second rrn (rmBf) operon and of the rrnA opérons of the fast growers Mycobacterium abscessus 
and Mycobacterium chelonae, which each have a single rm operon per genome. These fast growers have a 
common strategy for increasing the efficiency of transcription of their rmA opérons, thereby increasing the 
cells’ potential for ribosome synthesis. This strategy involves the use of multiple (three to five) promoters which 
may have arisen through successive duplication events. Thus we have identified a hypervariable multiple 
promoter region (HMPR) located between the UNAcGCT gene and the 16S rRNA coding region. Two pro
moters, PI and PCLl, appear to play pivotal roles in mycobacterial rRNA synthesis; they are present in all of 
the species examined and are the only promoters used for rRNA synthesis by the pathogenic slow growers. PI 
is located within the coding region of the UNAcGCT gene, and PCLl has a characteristic sequence that is 
related to but distinct from that of the additional promoters. In fast-growing species, PI and PCLl produce less 
than 10% of rRNA transcripts, so the additional promoters found in the HMPR are important in increasing 
the potential for rRNA synthesis during rapid growth. In contrast, rmB opérons appear to be regulated by a 
single promoter; because less divergence has taken place, rrnB appears to be younger than rmA.

Mycobacteria belong to the high guanosine-plus-cytosine 
inch of gram-positive bacteria. They are characterized by a 
nplex cell envelope which includes many unusual glycolipids 
d my colic acids, constituting a highly hydrophobic structure 
I). The genus Mycobacterium can be conveniently subdivided 
D  two categories based on growth rate. However, they are all 
y closely related as judged, for example, by the high levels of 
lilarity (94% or more) between their 16S rRNA gene se- 
înces (26, 28, 33).
The slow growers include the human pathogens Mycobacte- 
72 leprae and Mycobacterium tuberculosis, which have the 
lity to survive and grow within host cells. The mechanisms 
ployed by these slow-growing pathogens to regulate growth 
ES are not understood. It is believed that growth requires 
Ct control of a cell’s capacity to synthesize proteins. For 
mple, the number of ribosomes per cell is related to growth 
Ï, as has been shown for M. tuberculosis (39). However, the 
lecular mechanisms used by mycobacteria to relate ribo- 
)e synthesis to growth rate are not known in detail. The use 
conventional genetic approaches for the analysis of mecha- 
ns of growth control is particularly difficult because of the 
y growth rate. Comparison of homologous sequences from 
jely related mycobacterial species and from mycobacterial 
cies which differ markedly in their growth rates provides a

^orresponding author. Phone; 44 181 959 3666. Fax; 44 181 906

perm anent address; Departam ento de Microbiologia, Escuela Na- 
al de Ciencias Biologicas, IPN, Mexico D.F. 06400, Mexico. 
Permanent address; Universidad Central De Venezuela, Instituto 
yiedicino Tropical, “Dr. Felix Pifano C,” Caracas, Venezuela.

complementary approach (see, for example, references 14 and 
15). The underlying principle is that highly conserved sequence 
motifs are likely to be important to function; in other words, 
the functional requirements of a motif may limit evolutionary 
divergence.

Pathogenic and closely related slow-growing mycobacteria 
have a single rRNA {tm) operon of classical structure per 
genome, as shown previously for M. leprae (23, 24, 31), Myco
bacterium bovis (35), and M. tuberculosis (18). These opérons 
are considered to be members of one family, the rmA  ̂opérons, 
the subscript denoting slow growth (14). The fast-growing spe
cies Mycobacterium smegmatis has two rm opérons per genome 
(3), one of which is homologous to the rmA  ̂ operon and is 
designated rmAf (the subscript denoting fast growth); in all 
species examined to date, the rmA operon is located down
stream of a gene encoding the enzyme UDP-A-acetylglu- 
cosamine carboxyvinyl transferase (UNAcGCT), which is in
volved in cell wall synthesis (11, 12). The second operon of 
M. smegmatis, designated rmB ,̂ was found downstream from 
an open reading frame (ORE) coding for tyrosyl-tRNA syn
thetase (12, 27).

Thus one mechanism by which growth rates and ribosome 
synthesis are linked is gene dosage, with fast growers having 
two rRNA opérons and slow growers having only one. How
ever, the possession of more than one operon per genome is 
not essential for rapid growth. For example, each of the fast 
growers Mycobacterium abscessus and Mycobacterium chelonae 
has a single rm operon per genome (7). Production of rRNA is 
also known to be regulated at the level of gene expression; thus 
although the rmA opérons are homologous, the rmAf operon
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of M. smegmatis has th ree  p ro m o te rs  w h ereas the  miA^ o p ero n  
of M. tuberculosis has two (12).

In the p resen t study we have investigated  the  u pstream  se 
quences and  p ro m o te r activities o f th ree  fast grow ers having 
two m i o p érons p e r genom e, Mycobacterium phlei, M ycobacte
rium fortuitum , and Mycobacterium neoaiirum , and two fast 
grow ers having a single trn o p e ro n  p e r genom e, M. abscessus 
and  M. chelonae (7), and  co m pared  them  with the a rchetypal 
slow grow er M. tuberculosis and the  m ost extensively stu d ied  
fast grow er, M  smegmatis. T his has en ab led  us to  fu rth e r 
clarify the  stra teg ies used  by m ycobacteria  to  regu la te  rR N A  
synthesis.

MATERIALS AND METHODS
Materials. Ail chemical reagents, primers, and commercial kits were described 

previously (10, 12).
Bacterial strains. M absce.^siis ATCC 19977^ (T denotes type strain), M. che

lonae ATCC .35752’, A7. fortuitum ATCC 6841’̂ , M. neoaunim NCTC 10818, 
M fortuitum NCTC 10394, M phlei NCTC 8151, and M. smegmatis NCTC 8159 
were maintained on Ldwenstein-Jensen slopes at 4°C for short-term storage and 
grown for use in Lemco broth containing 0.1% (vol/vol) Tween 80.

Isolation of DNA and RNA. Plasmid DNA (30), genomic DNA (11), and total 
RNA (12) were isolated by methods described previously.

Construction of an M. chelonae minilibrary. M. chelonae DNA was prepared as 
described elsewhere (10). Standard techniques were used for cloning, plasmid 
isolation, restriction enzyme analysis, and colony blots (30). Plasmid pUC18 (40) 
was used for cloning and sequencing of mycobacterial DNA. M. chelonae DNA 
was digested with restriction enzyme Fst\. A minilibrary using pUC18 as a vector 
was prepared with fragment sizes ranging from 2.5 to 3.5 kbp, and standard 
colony blot techniques were used for screening the minilibrary for a 165 rRNA 
fragment.

Amplification of the upstream regions of rrnA opérons by PCR. Bacterial 
DNA (1 to 100 ng) of M. phlei, M. fortuitum, and M. neoaunim was amplified by 
PCR (29) as described previously (16). The upstream regions of miA opérons.

1 2 T C G A 3 T C G A

îiiî gïi
t» A ,(P 2 )-  -

iiji
tsA j(P 2 )~  # t»A,(P3) -

4 T C G  A

FIG. 1. Potential transcription start sites of mi opérons of typical fast gnil 
ers. Both the primer extension and sequencing reactions were carried out W 
primer JY15 (see Materials and Methods). T, C, G, and A refer to sequent 
reactions with ddTTP, ddCTP, ddGTP, and ddATP, respectively. tsAf, prodj 
attributed to transcripts directed by the indicated promoter of the mi/lf open 
tsBf(Pl), product of the miBf operon of M. smegmatis directed by the PI 
moter; tsB^Pl)?, possible product of the PI promoter of an miB( operon;, 
artifact of autoradiography; a and b, alternative starting points for PCLl p 
moters. See the text for definitions of the CLl region and PCLl promotersgj 
Products corresponding to putative promoter elements of /mA, opérons (.seejj 
3 to 5). Lane 1, M. phlei (M.ph) (autoradiography for 10 h); lanes 2 and 
M. fortuitum {M.fo) (autoradiography for 16 h and 1 week, respectively) ( 
product adjacent to that designated tsA,(P3) is thought to originate frorpj 
alternative start site for the P3 promoter); lanes 4 and 5, M. neoauh 
(M.ne) (autoradiography for 16 h and I week, respectively), (b) Direct comfi; 
ison of nucleotide sequences and primer extension products. The products ofj 
primer extension and sequencing reactions were separated by electropho(| 
with a single gel. A section of the gel was chosen to highlight the presence ip 
three species of a product (shown by arrows) corresponding in size to the protj 
(tsBf(Pl)] directed by the PI promoter of the /mflr operon of M. smegmatis. ü  1, primer extension product of M. .smegmatis (M.sm) (autoradiography for 4.' 
lane 2, M. phlei (autoradiography for 4 days); lane 3, M. fortuitum (autoracH 
raphy for 6 h); lane 4, M neoaunim (autoradiography for 16 h). i ,

comprising approximately 114 codons of the gene for UNAcGCT, the prom^' 
regions, and part (approximately 360 nucleotides) of the 165 rRNA cod; 
region, were synthesized with primer JG7 (5' CTG CAG CCG ATG GCT 4  
GCT TG 3') in combination with RAC8 (5' CAC TGG TGC CTC CCG ^  
G 3'). This combination was used previously to amplify the upstream regioÈ; 
miA opérons of M. smegmatis and M. tuberculosis (12). The targets for pr|i 
JG7 correspond to the sequences complementary to positions 1 to 24 oq| 
sequence upstream from the miA operon of M. tuberculosis (12, 18). The ta< 
for RAC8 correspond to positions 339 to 357 of the 165 rRNA coding regia 
the miA of M. tuberculosis (18).

The upstream region of the miA operon of M. abscessus was synthesized 
the combination of primers RACl (5' TCG ATG ATC ACC GAG AAC C, 
TI C 3') and RAC8. The binding site for RACl is 46 nucleotides downstJ 
from the binding site for JG7. Comparison of the available sequences revfli 
that the region coding for the peptide 5M1TENVF is conserved and is th 
preferred target for PCR amplification.

Cloning and sequencing. Escherichia coli DH5o was used as a host foj 
cloning of M. chelonae DNA. Competent cells were transformed by electq 
ration. The PCR products were ligated into pCR II and transformed intoji 
Shot (INV aF ') competent cells, as described previously (12). Transformant! 
were selected on Luria-Bertani medium with the addition of ampicillin (100 
ml ’) in the presence of X-Gal-lP 1G (5-bromo-4-chloro-3-indolyl-P-D-gal^ 
pyranoside-isopropyl-p-D-thiogalactopyranoside). ,

DNA sequences were determined by the didcoxy chain termination proce^j 
as described previously (16), with universal primers (United States Biochentj 
Corp. and Pharmacia) and other appropriate primers (for examples, see rej 
cnce 12). Where PCR products were used as a source of DNA, at least se, 
colonies were sequenced.
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FIG. 2. Potential transcription start sites of m%A opérons of M. abscessus and 
M. chelonae. Primer extension and sequencing reactions were carried out with 
primer JY15 (see Materials and Methods). T. C, G, and A refer to sequencing 
reactions with ddTTP, ddCTP, ddGTP, and ddATP, respectively, ts, products 
attributed to pre-rRNA transcripts of the miAi operon directed by the indicated 
promoter. 1, m, n, o, p, and q indicate products not attributable to promoters 
having consensus -10  and -35 boxes, a, a', b, and b' indicate alternative starting 
points for the P4 promoter. Lanes: 1 and 3, control reaction mixture minus added 
RNA; 2, M. abscessus (M.ab) RNA; 4, M. chelonae (M.ch) RNA. (a) Electro
phoresis for 1.5 h (8% [wt/vol] acrylamide). The autoradiograph was overex
posed to reveal ts(Pl). (b) Electrophoresis for 3 h (6% [wt/vol] acrylamide). In 
both panels, the products were separated with a single gel.

rimer extension studies. Oligonucleotide primer JY15 (5' CAC ACT ATT 
C TC 3') has a target site close to the BoxA, motif, which is part of the 

region, described below, and which is present in all mycobacterial int 
ons studied so far. This primer was end labelled with [y-^-P]ATP by T4 

ynucleotide kinase, and the primer extension was carried out with avian 
eloblastosis virus reverse transcriptase as described previously (12).
>ata bank searches and alignment of sequences. Computer-aided searches of 
a banks for the occurrence of nucleotide sequences from the leader region 
JZ) of the 16S rRNA gene and of sequences from the conserved region C4r_75 
the gene coding for the enzyme UNAcGCT were carried out with the 
|ASTN program (1). Promoter sequences were aligned with the PILEUP 
gram, which is part of the Genetics Computer Group sequence analysis 
Iware package (6).
lucleotide sequence accession numbers. The EMBL and GenBank accession 
nbcrs for the sequences determined in this study are as follows: M. phlei, 
1776; M. fortuitum, X99775; M. neoaunun, X99777; M. chelonae, Y13911; 
tbsces.sus, Y 13910.

RESULTS
[solation and sequencing of upstream regions. T he region 
Stream from  th e  single rrn o p e ro n  o f M. chelonae w as 
a ined  by trea tm e n t of the  genom ic D N A  with Pst\ en d onu- 
pise, sep a ra tio n  o f  the fragm ents, and cloning o f the  a p p ro 
v e  3-kbp frag m en t fraction in plasm id pU C 18 (see M ate- 
s and M ethods). The region u pstream  from  the  single trn

op ero n  o f M. abscessus was o b ta in ed  by PC R  am plification 
w ith prim ers and  m eth o d s described  previously (11). T h e  u p 
stream  regions o f the  nnA  o p éro n s o f M. phlei, M. fortuitum , 
and M. neoaunim  w ere am plified  by P C R  and  c loned  as d e 
scribed above for M. abscessus (see M aterials and  M ethods). 
T he c loned u pstream  regions w ere seq uenced  by a stra tegy  
previously described for M. sm egmatis (12). T he  identity  o f 
each species investigated  was confirm ed by analysis o f  the  16S 
rR N A  gene sequences. T he  variab le  V2 regions (positions 
approxim ately  138 to  220) a re  useful fo r this pu rpose  (18).

Analysis of transcription starting points. T he transcrip tion  
sta rt sites o f the n n A f  and  trnB^ o p éro n s o f M. smegmatis w ere 
established by p rim er ex tension  (12) and  R N ase p ro tec tio n  
assays (10a). T hese  da ta  prov ide a fram e o f re fe ren ce  fo r the 
assignm ent o f possible p ro m o te r e lem en ts to  p rim er extension 
p roducts ob tain ed  fo r the  o th e r  typical fast grow ers stud ied  
(Fig. 1). P rim er JY 15 yields p ro d u c ts  with transcrip ts o f bo th  
the rrnA^ and  trnB^ o pérons. P roducts co rrespond ing  to  p u ta 
tive p ro m o te r e lem en ts (consensus - 1 0  and —35 boxes) w ere 
identified as p ro b ab le  tran scrip tio n  sta rting  points. T h ree  s ta r t
ing po in ts w ere identified  in M. phlei, four in M. neoautw n , and 
five in M. fortuitum . In  each case, one m ajo r p roduct was found  
to  co rrespond  in size to  the  p ro d u c t o f th e  single p ro m o te r of 
irnB f o f M. smegmatis (Fig. lb ) . It was no t possible to  design
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Fast-growers with two opérons

(a)

(d)

tsp1 i tsp2
i

tspCLI

UNAcGCT gene- hmpr
CL1 CL2

16S rRNA gene

VL-
V2 region

(b) tspCLItsp1 tsp2

M.fo tsp 11 tsp2j t!

I

M.ne  

5'
tsp lI tsp2I tsp î I tspCLI

Fast-growers with one operon

(e) tspl tsp4tspCLI tsp2 tsp3

tspCLI tsp2 tsp3 tsp4

(g)

Slow-grower with one operon

tsp ti |tspCLl

40 bp

FIG. 3. Summary of locations of the transcription starting points (tsp) of miA opérons. The hatched regions arc defined in line a. The conserved sequences ' 
and CL2 and the variable VL and V2 regions are defined in the text. The HMPR extends from the 3' end of the UNAcGCT gene to the 5' end of the CL2 re^ 
tsp indicated by solid arrows were established by primer extension studies (Fig. 1 and 2) and are numbered in the order (largest to smallest) of the sizes of the prij 
extension products. In each case the binding site for primer JY15 is located within the CL2 region. The tsp indicated by the broken arrow was identified by sequ^ 
similarities. The same scale, shown by the bar, was used throughout.

prim ers which w ould distinguish  be tw een  the  rrnA^ and  m iB f  
opérons. H ow ever, the  co rresp o n d en ce  in size with th e  p roduct 
o f rm B f o f M  sm egmatis and  th e  lack o f co rresp o n d en ce  with 
a recognizable p ro m o te r  sequence  in the  nriA o p e ro n  strongly 
suggest th a t these  p ro d u c ts  are  also derived  from  the  
o p eron . T he rem ain ing  p roducts co rresp o n d  to  transcrip ts of 
the  im A f  opérons. T h e  p rim er extension  p ro d u c ts  o b ta in ed  for 
M. chelonae and M. abscessus (Fig. 2) revealed  five starting  
po in ts in each case.

Organization and analysis of rrnA  opérons. T he o rgan iza
tion and  analysis o f  rrnA o p éro n s a re  sum m arized  in Fig. 3. In 
all five species an  O R F  coding for a p ro te in  significantly sim ilar 
to  U N A cG C T  was identified  u pstream  from  the  16S rR N A  
gene, confirm ing th a t each  o p ero n  is a m em b er o f the  nriA 
family. C o m parison  o f the  sequences revea led  two conserved 
e lem ents, designated  C L l and  CL2, loca ted  betw een  the 3 ' 
ends o f the  O R F s and  the  5 ' ends o f the  16S rR N A  genes. T he 
19-bp C L l e lem en t (consensus, 5 ' G G C  A G G  G T T  G C C  
C C G  A A A  C 3 ')  was first identified  in M. tuberculosis, M. lep
rae, and  six o th e r  slow grow ers (14). T h e  C L2 e lem en t (5 ' T G T  
T G T  T T G  A G A  A C T  C A A  T A G  T G T  G T  3 ')  has the  12-bp 
m otif coding fo r the  pu ta tive  BoxA, e lem en t, th o u g h t to be 
involved in ensuring  com ple te  tran scrip tio n  o f the  o p e ro n  by

dim inishing p re m a tu re  te rm in atio n  (5), at the  5 ' end. T 
m o tif co rresp o n d s to  the first 26 bp  o f  the  31-bp “ invarit 
reg io n ” w hich is p resen t in all e ight o f the  slow grow ers inv{ 
tigated  by Ji c t al. (14) and  in the  four typical fast gro 
included  in this study, nam ely, M. phlei, M. smegmatis, M. 
tuitum , and  M. neoaurum. T he C L2 m otif ap p ears to  be 
fined to  m em bers o f the  genus M ycobacterium. A search  o f j 
d a tab ases revealed  50 re la ted  bacteria l sequences. F ifteen  f 
feet m atches w ere  identified , and  all o f  them  w ere found  in 
lead er regions o f m ycobacterial rrn o p érons. T he remaining 
sequences, o f approx im ately  65%  sim ilarity , w ere also foun  
be m ycobacterial in origin and  to  be c en te red  on  the  Bo: 
m otif o f the  sp acer lb  region sep ara tin g  the 16S rR N A  and 
rR N A  genes. T h e  BoxA, and  BoxA^ sequences are  d o  
re la ted  (15, 16).

T he  n u m b er o f tran scrip tio n  sta rtin g  po in ts p e r op ero n  
found  to  co rre la te  with the  d istances betw een  the  3 ' e n d  
the  O R F s and  the  5 ' en d s o f the  C L2 m otifs (Fig. 3); tt  
sections w ere designated  hypervariab le  m ultip le  prom oted 
gions (H M P R s) (see below ). T h e  nu m b er o f transcrip t] 
s ta rtin g  po in ts p e r o p ero n , the  n u m b er o f o p éro n s per genoi 
the  sizes o f th e  H M PR s, and  evolu tionary  d istances are  si 
m arized  in T ab le  1.
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TABLE 1. Comparison of growth rates of mycobacterial species 
with evolutionary (Hamming) distances, the numbers of 

rm  opérons per genome, the numbers of promoters 
per rmA  operon, and the sizes of the HM PRs

Species"
Hamming 
distance 

(16S rR N A /

No. of rm 
opérons/ 
genome

No. of 
promoters/ 

rmA operon

Size of 
HMPR 

(bp)

Growth rate 
on solid 
medium"

; phlei 58 2 3 326 2-5
. smegmatis 60 2 3“̂ 376 2-4
fortuitum 41 2 4 448 2-4

. neoaurum 39 2 3 367 < 4

. chelonae 4 1 5 511 3-4
, abscessus 0 1 5 640 3-4
. tuberculosis 75 1 1‘‘ 111 >14

“ All are fast growers except M  tuberculosis.
Based on the assumption that the 16S rRNA sequences of M. bovis and 
tuberculosis are identical (32). The M. abscessus sequence is used for refer

ee.
Values are days until colonies become visible. Data for all species except 

tuberculosis are from Wayne and Kubica (38). Data for M. tuberculosis is from 
liston (4a).
 ̂See reference 12.

Putative promoter sequences. The process of initiation of 
inscription is believed to involve a sequence extending from 
55 to +25 bp from the start of transcription, a region of 
iproximately 80 bp (21) as judged by the properties of typical 
coli promoters (for reviews, see references 9 and 20). My- 

bacterial rpo (13) and sigma factors (8) are known to be 
►mologous with their E. coli counterparts; hence the E. coli 
odel is expected to be a guide to mycobacterial promoter 
notions (Fig. 4a). Having identified the starting points of 
inscription (see above), it was possible to identify putative 
omoter sequences, which are compared in Fig. 4 and 5. It is 
ssible that some of the primer extension products may have 
suited from RNA processing or degradation and that not all 
.NA promoters require the same sigma factor and hence may 
t have easily recognizable sequence features. Thus these 
ould be considered putative promoters until further func- 
nal analysis has been carried out. However, evidence for the 
and PCLl promoters of M. tuberculosis is also based on 

îviously published experiments using a promoterless re- 
rter gene (14, 37).
Two sets of promoters were found to be present in all of the 
îcies studied and were equivalent to the two promoters of 

rmA  ̂ operon previously characterized for M tuberculosis 
1). One set, the PI promoters, located furthest upstream 
[m the 5' ends of the 16S rRNA genes, lies within the coding 
pons of the genes thought to code for UNAcGCT. In all 
les except M. chelonae and M. abscessus, the transcription 
rting points are located immediately downstream of the 
IFs. In M chelonae and M. abscessus, the transcription start- 
points associated with the PI promoter are located within 
ORFs (Fig. 3). In all cases, typical -1 0  boxes were iden- 

ed but no typical -3 5  box was found (Fig. 4b). 
iach promoter of the second set, the PCLl promoters (Fig. 
, is characterized by having the conserved CLl motif con- 
lous with the —10 box. These promoters were designated P3 
our earlier paper (12). The set of -1 0  and -3 5  boxes is 
ical of promoters requiring the initiation factor sigma 70 or 
equivalent. The location of PCLl promoters is not fixed. 
: example, in M  chelonae and M abscessus these promoters 
close to the genes thought to code for UNAcGCT, whereas 
îach of the other species the promoter is located further 
mstream (Fig. 3).

The two promoters (PI and PCLl) of M tuberculosis are 
separated by 77 bp (Table 2). The promoter sequences (Fig. 4) 
do not overlap, indicating that each promoter can form an 
initiation complex with rpo independently of the other. How
ever, there may be an indirect influence of one promoter on 
the other. For example, an elongation complex formed at PI 
will transcribe the PCLl sequence, and the passage of the rpo 
complex will inactivate the promoter, thereby reducing the 
time available for it to form initiation complexes with rpo. 
Conversely, the engagement of PCLl in the formation of an 
initiation complex is expected to block the passage of upstream 
elongation complexes. These steric effects become more pro
nounced as the rate of formation of initiation complexes in
creases.

Additional promoters of fast-growing species giving rise to 
the HMPR- As illustrated in Fig. 3, the rrnA opérons of all of 
the fast growers studied have more than the two promoters 
mentioned above. M. phlei, M. smegmatis, and M. neoaurum 
have one promoter (P2), and M  fortuitum has two promoters 
(P2 and P3) located between promoters PI and PCLl. The 
extended promoter sequences of the additional P2 promoters 
are compared in Fig. 5a. The P3 promoter of M. fortuitum 
resembles the PCLl promoter (Fig. 4c) more than it does the 
P2 promoter (Fig. 5a).

Interestingly the two fast-growing species which have a sin
gle rm operon, M chelonae and M abscessus, each have five 
promoters, giving rise to extended HMPRs. In addition to PI 
and PCLl, M. chelonae has three promoters, P2, P3, and P4, 
between the two conserved elements, CLl and CL2 (Fig. 3). 
There is high homology (80% or more) among P2, P3, P4, and 
PCLl, suggesting that sequence replication has occurred. The 
four repeat (r) sequences (rl to r4), each of approximately 130 
bp, were aligned in order of their similarities with the PILEUP 
program, and the sequences of the three promoters located 
within the repeats (corresponding to transcription starting 
points 3, 4, and 5) are compared in Fig. 5b in the order iden
tified by the PILEUP program.

The rmA operon of M. abscessus also has five promoters. 
The sequence data reveal five repeat sequences (rl to r5), each 
of approximately 130 bp. The replicate sequence, r2, located 
between transcription starting points 2 and 3 (Fig. 3) was found 
to lack promoter activity even though it closely resembles the 
other promoter sequences (Fig. 5c). The replicate r2 has hex- 
amers which each differ from the -1 0  and -3 5  boxes of the 
other promoters, namely, 5' TAT AAC 3' compared with 5' 
TACAGT 3' and 5' GTGACT 3' compared with 5' TTGACT 
3' (Fig. 5c). Comparison of Fig. 5b and c reveals that the 
replicate promoter sequences of M chelonae and M. abscessus 
are very similar, as might be expected because the two species 
are known to be veiy closely related (Table 1).

The ten “additional” promoters presented in Fig. 5 have 
conserved sequence motifs other than their -1 0  and -35  
boxes in common. One motif (5' RACCRG 3') is centered 
close to position -4 6  (e.g., -4 8  to -43). Another motif (5' 
CR2_?CG) is centered on approximately position +12 (e.g., +9 
to +15). In the PCLl, P2, P3, and P4 promoters of M chelonae 
and M. abscessus, the doublet TG, which is found in positions 
-15  and -14 , may be important to function (4, 17, 19). The 
features common to all of the additional promoters, which 
span approximately 70 bp, are summarized in Fig. 5d. Pro
moter P3 of M. fortuitum (Fig. 4b) also conforms to this con
sensus promoter (Fig. 5d). The -3 5  boxes and -1 0  boxes of 
the additional promoters, like PCLl promoters, are separated 
by 18 bp in most cases. Thus in 17 promoters the separation is 
18 bp, in one promoter the separation is 17 bp, and in one 
other promoter the separation is 16 bp.
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(a )  P ro p o sed  M ycobacterial Prom oter

-60 -50 USR -40

5'  N N N N N  N N N N N N N N N N  N N N N N N N N N N

-35 box -30 
----------------Il

T T G A C T N N N N  N N N N N N N N N N  N N N N T A N N N T N N N N N N N N N N  N N N N N N N N N N N N N N N :

sigma factor binding region

Region unwound in 'open' compiex -

rpo binding region

(b) C om parison  of P 1 P rom oters 

Species tsp

F as t-g ro w ers  with two o p é ro n s 35  -i 0 box

M.ph I 283 C C G T T G T T C G T G G A G A A C C T C C G C A  I g ' t  C T  C  G G C: G C C G A G A T C G A G  A G G G

M .sm  I  ̂ 283  A ........................G G T  - •

M.fo I 283  A ........................G T T G  -

M .ne)  283 - • ■ A .................................C  - - A ........................G G T  - - C - A

F as t-g ro w ers  with o n e  operon

M .ch  1 . 183 G A C T C  G T G C T G G C G G  G G T T A G T G G C  Î G G A T G G C G i T C  A C C G A G G T A T  A C G A

Slow -grow er with o n e  operon  j
M.tU 1 283 C C G T T  G T T C G T G G A G  A A C C T G G T G A  i c T C T C G G T i G C  C G A G A T C G A A  C G G G

T C G C C T

- A A G  - - 

• A G G G  ■

- A C A  ■ -

G A A A C A T G C C  G T C T A C C T G C  G G T A A  362 

C G T A G G A A G C  A A G A C C C G T G  A C G G T  362 

C G T A A A C A G C  A G T C C G G G C C  T G C T C  362 

C G T A A G A G A C  C G G T C G A G T G  C G G C A  362

T C A T A T C G A C  C G C G G T T A C C  C G T T G t  N . . I T A G

.................................................................... ( N . . I T  A G

G T T A G G C G A C  G G T C A C C T A T  G G A T A  362

CLl

(c) C o m p ariso n  of P C L l P rom oters 

Species tsp 

F as t-g ro w ers  with two o pérons

444 A A G C A  G A A G G A C T G G  G G A C G A G G T C  

459 - G A G  - A C - A C C - G - T  C C - G A G C - A -

447 G A - A G  - C C - G  - - C C - G A G C - A -

523 - T A -  A T - A - C - A  - - A T G A T G C A A -

4: 7 G C - G G  - - G A C G - G A  - A C - G A G A A G -

F a s t-g ro w ers  with o n e  operon
M C h \  .774 C G C T G A C C A C C - C C A  - A - - C C - A A G

M .a b J  274 C G C T G A C C A A G - C C C  C - - - C C - A A G

S low -grow er with o n e  operon

M tu CLl  ;f ,l T  - T  - T  A T O  - A T  G A C C - A - - C T  - - - -

M.ph'
M.sm
M.fo
M.

M.
M,
n e}

T T G A C G C C C C  T G A T C A G A T C  G G T A

A AG •
A A G  - 

T  T G  •

' C A - A G C A

■ C C G ..................

C A A G A T - -  - A A T  

C A A  A T - T

T C A T  T  • G A 

T  C A T T  - G A

T T G  G 

T T G G

C C G G A T - T  T A T

T A G A C T

A G - • 

A G  • ■ 

A G • ■ 

A G ■ ■

C . G

G G C A C G G T T G  C C C G A A A G C A  A G C C G

. - j ......................................... C - ' A  G C  G '  537

• • • G A - * .......................T C - G - C - G G A T G A  526

A • G G A T G

T G • G C G A • 

A G -  G C G A •

FIG. 4. Comparison of promoters present in all miA opérons investigated. The numbers denote nucleotide positions given in the appropriate GenBank entry. I 
indicate identical nucleotides; dashes indicate deletions. Asterisks indicate transcription starting points (tsp) identified by the primer extension method (Fig. 1 anc 
Crosses indicate additional (usually minor) tsp. denotes a sequence of base pairs of the length specified by the subscript. The locations of the tsp are shown in 
3, Putative mycobacterial promoter elements are boxed. The promoters of M. tuberculosis were identified by Gonzalez-y-Merchand et al. (12). (a) Functional rcg 
of putative mycobacterial promoters based on the E. coli model (9, 20, 21). The regions of sigma factor 70 believed to bind to the -35 and —10 boxes are indict 
(9). Nucleotide positions arc measured from the tsp. Uncertainty about the rpo binding region is indicated by a broken line; for an explanation see the text. U 
upstream region; DSR, downstream region, (b) Pi promoters. Uncertainty about the location of -35 boxes is shown by broken lines. The termination codons of 
putative genes for UNAcGCT are underlined, (c) PCLl promoters. The P3 promoter (corresponding to tsp3) of M fortuitum, which possesses a CLl-like moti 
included for comparison. Abbreviations; M.ph, M. phler, M.sm, M. smegmatis; M.fo, M. fortuitum; M.ne, M. neoaurum; M.ch, M. chelonae; M.ab, M. absces 
M.tU, M. tuberculosis.

Relative activities of promoters. T he p rim er extension da ta  
(Fig. 1 and 2) suggest th a t the  th ree  ca tegories o f p ro m o te rs , 
P I, P C L l and P2/3/4, differ in the ir activities. T he nu m b er o f 
tran scrip ts o rig inating  from  a p a rticu la r sta rting  po in t is, d e 
pending  on stability, directly  p ro p o rtio n a l to  the  radioactiv ity  
o f the  end-labelled  p rim er extension p ro d u c t. T he relative 
activities o f the  p ro m o te rs  o f rrnA o p é ro n s grow ing e x p o n en 
tially in rich m edia  are  sum m arized  in T ab le  2. In general the  
PI and  P C L l p rom oters, which are  p re sen t in all m ycobacterial 
m iA  opérons, w ere found to  be less active th an  the  ad d itional 
p rom oters, P2, P3, and P4.

The VL region. T he V L  region, w hich ex tends from  the  3 ' 
end o f the  CL2 m otif to  the  5 ' end  o f  th e  16S rR N A  gene  (Fig. 
3), ranges in size from  66 bp (M  chelonae) to  159 bp (M. neo
aurum ). T he differences in the  sizes o f  the  V L  regions are  
reflected  in th e ir capacities to form  stem -loop  struc tu res. Pos
sible s truc tu res th a t may have b een  fo rm ed by the  tim e R N A  
polym erase had p ro ceed ed  to  the 5 ' ends o f the 16S rR N A  
genes a re  com pared  in Fig. 6. A  fea tu re  com m on to all m yco
bacteria l trn o p érons stud ied  to  d a te  (see also re ferences 14 to  
16) is helix L I, which has a pyrim idine-rich  loop o f at least 
eight residues that includes th e  conserved  m otif 5 ' Y Y Y G  3 '

(Fig. 6). T he  V L  regions o f M. chelonae and M. abscessus 
not have the  capacity  to  form  stem -loop  struc tu res d ow nstre  
from  helix L I; in con trast, the  rep resen tative  fast grov 
M. smegmatis, can form  four add itional stem -loop  structui 
and the  pa th o g en  M. tuberculosis can form  two.

T h e  secondary  stru c tu re  o f co m ponen t m otifs o f  p re -rR  
may be a lte red  as transcrip tion  p roceeds. F o r exam ple, hel 
(Fig. 6) is believed to  be m odified in m atu re  16S rR N A  ( 
th rough  base pairing  with m ore d istan t residues, nam ely, 
tw een residues 29 to  39 and 537 to  545 and betw een  resid  
19 to  21 and  908 to  910. O nce transcrip tion  has p ro cee  
beyond the 3 ' end  of the  16S rR N A  gene, a sequence 
approxim ately  50 bp, which is believed to  form  a b ihelical s 
s tru c tu re  with the  CL2 m otif and p art o f  the V L  region 
synthesized. T h e  5 ' end o f the  CL2 m otif m arks the  beginr 
and  the  5 ' end  o f helix L I m arks the  end o f this stem  (16

W e infer that because  helix LI is highly conserved it play 
essen tia l functional ro le which has yet to  be identified. A  trt 
sien t m olecu lar scaffold function  has been  p roposed  fo r at 
p a rt o f the  V L region of the m iB  op ero n  o f E. coli (36); that 
early  in the transcrip tion  o f the  op ero n  the  V L  region bit
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TABLE 2. Separation and relative activities of 
the prom oters of rmA  opérons

Species" TSP* Promoter
(separation)"

Relative abundance 
of transcripts'^

M e i 1 PI < ±
2 P2 (96) +  +
C Ll PC Ll (85) +

sm egm atis 1 PI < ±
2 P2 (94) + 4-4- + -I-
CLl PC L l (76) +

fortuitum 1 PI < ±
2 P2 (86) + + -I--I-
3 P3 (78) ±
CLl PC Ll (76) +

neoaurum 1 PI < ±
2 P2 (76) + +  + + -P
C Ll PC Ll (67) -b

chelonae 1 PI < ±
C Ll PCLl (130) +
2 P2 (126) + + -t-4-
3 P3 (127) + + + +
4 P4 (128) + + + 4-

abscessus 1 PI < ±
CLl PCLl (130) +
2 P2 (255) + +  +  +
3 P3 (130) + -b +  -|-
4 P4 (147) +  +  +  4-

tuberculosis 1 PI < ±
C Ll PCLl (77) 4-

M  phlei, M. smegmatis, M. fortuitum, and M. neoaurum are fast growers with 
rm opérons per genome. M. chelonae and M. abscessus are fast growers with 
rm operon per genome. M. tuberculosis is a slow grower with one rm operon 
genome.
TSP, transcription starting point.
Separation is expressed as base pairs between a given promoter and the 
moter immediately above it.
Data are for exponential growth in rich media (see Materials and Methods), 
ative abundance of transcripts is directly proportional to radioactivity, since 
li transcript was labelled only at the 5' end.

bteins needed for the formation of the 30S subunit which are 
sent from the mature subparticle.

DISCUSSION

The rate at which a cell can synthesize rRNA determines the 
e at which it can assemble ribosomes and synthesize pro- 
ns. The maximum rate at which rRNA synthesis can proceed 
s an upper limit on the rate at which a cell can grow, 
fcobacteria have evolved strategies for maximizing the effi- 
ncy and flexibility of rRNA synthesis with a minimal number 
rm opérons. Slow growers, such as M. tuberculosis, have a 
gle rm operon with multiple promoters. Typical fast growers 
/e two {rmA and rmB) opérons per genome, and at least one 
these {rmA) has multiple promoters. Interestingly, some 
cies, such as M chelonae and M. abscessus, have single rm 
crons but are nevertheless classified as fast growers; here we 
)w that these species appear to have acquired additional 
)moters by a process of sequence duplication. Thus myco- 
:teria have at least two levels at which rRNA synthesis is 
ulated.
n this study we have mapped the transcription starting

points of the rmA opérons of several species of mycobacteria. 
Analysis of sequences immediately upstream of these starting 
points has revealed promoter-like sequences. Although func
tional studies of mycobacterial promoters are relatively few, 
some general principles are beginning to emerge. While the 
-1 0  consensus sequence of E. coli appears to be conserved in 
mycobacterial promoters, a larger variety of sequences can be 
accommodated in the -3 5  region (2,19, 25). Organisms of the 
closely related genus Streptomyces, also belonging to the high 
G-bC branch of gram-positive bacteria, can also tolerate a 
large variety of sequences in the -3 5  regions of their promot
ers (34). The principal sigma factors of M. smegmatis, M. tu
berculosis, and M. leprae are nearly identical to the principal 
sigma factor of Streptomyces aureofaciens; while they are also 
nearly identical to the principal sigma factor of E. coli (RpoD) 
in the region responsible for binding to the —10 box, they differ 
substantially in the region involved in binding to the -3 5  box 
(2). In this study we have also found that while -1 0  consensus
like sequences could readily be identified, this was not always 
the case for the -3 5  sequence. The sequences of 25 promoters 
identified in this study are presented in Fig. 4 and 5.

Promoters PI and PCLl of mycobacterial rmA opérons ap
pear to play a pivotal role in rRNA synthesis because they are 
present in all of the slow growers and fast growers studied thus 
far (Fig. 3). These two promoters regulate the expression of 
the rmA  ̂ opérons of M. tuberculosis and other slow growers, 
whereas additional promoters are present in the rmAf opérons 
of fast growers (Fig. 3). A feature of the PI promoter is its 
location within the coding region of a gene coding for an 
enzyme (UNAcGCT) important to cell wall synthesis, which 
suggests the possibility that regulation of cell wall synthesis and 
that of rRNA synthesis are linked. The PI promoters appear to 
be weaker than those of other categories, such as PCLl and the 
additional promoters (Table 2), and features such as —35 
boxes, upstream regions, and downstream regions are more 
difficult to identify and to relate to the model promoter (Fig. 
4a).

Compared with M. tuberculosis, each of the typical fast grow
ers has an increased potential for pre-rRNA synthesis which is 
achieved by two strategies. First, each species has two opérons 
{rmA and imB) per genome; second, the rmA {rmA^ operon 
has at least one strong promoter (Fig. 5a) in addition to pro
moters PI and PCLl. M fortuitum has two additional promot
ers; one of them (P3) has more in common (45 of 70 identities) 
with promoter PCLl than with promoter P2 (33 of 70 identi
ties). In light of the evidence for promoter duplication within 
the rm opérons of M. abscessus and M chelonae (Fig. 5b and c; 
also see below), we suggest that P3 may have originated by 
duplication of PCLl and subsequently diverged. The expres
sion of both rm opérons of M smegmatis was studied previ
ously (12). The imB operon, which is located downstream from 
a gene coding for tyrosyl tRNA synthetase (27), was found to 
be regulated by a single promoter (PI). This promoter has 
features in common with the P2 promoter of the rmA opérons 
of typical fast growers, especially with the P2 promoter of the 
rmA operon of M. smegmatis (Fig. 5e). The shared features 
include 14 of 16 identities in the sequences immediately up
stream from the —35 boxes and near identical —10 boxes; 
three A • T or T • A base pairs immediately downstream from 
each -1 0  box; and very similar (6 of 7 identities) putative 
downstream regions. There is no sequence corresponding to 
the CLl motif in the rmB operon. Control of the expression of 
the rmB operon by a single promoter is in contrast to the 
multiple promoters identified in rmA opérons and may reflect 
the fact that the rmB operon is much younger than rmA and 
that promoter duplication has not yet occurred.
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(a) C o m p a r iso n  of P 2  P ro m o te rs  of fa s t-g ro w e rs  wltfi tw o  o p é ro n s

Species isp

M.ph
M.sm
M.fo
M.ne

Consensus 5' G A C C A G C C G A T  

T A A C G  C G T A A A G G G *  ■ • - C C  - - T T *

C A C A A A C C G C C T C T  G - • - ■

C T C G A  A A T C G C G C T ..............................................

G G C A T  T A G G G C T C T ............................... G - • ■

T C G  .....................  N, 5

C - - C T C A G A C G T G G  G C -  -  

• ■ - C  G A C G A A C C T C  G T A T 

• T - T  A G G C A G G C C C  G C G C  

■ - C G A A G G C A C A A A  G T T C

T A T T C T T T T G A A G T C G  3'

C A - C C A C A A G C C C A A C G C  C C C A

■ A ...............................  C C G C G G A G C G  G A G A G

........................................ - C G C G G A G C G  G G G C a

........................................ C C G C G G G G A G  A C G C G:

(b ) C o m p a r iso n  of P ro m o te r s  P 2 , P 3  a n d  P 4  of M. chelonae 

Promoter tsp

(repeal) C o n s e n s u s  5 ' G A C C A G C C A A  A A C C G G G A A T

P 3 ( r3 )  3  528 C A A G T .......................................................................................

P 4 ( r4 )  4  655....... .........................................................................................................................

P 2 ( r2 )  2  401  G • G T  C ■ • • G •

C A A G T T C  A C C G A A C  T T G A T -  C G G T T| T C C C A G C C G 3 '  *

• ■ • • ■ • • C C C G A A A G C G  C G G A A | '
tt • ;

• G ........................................ A • ■ A G ......................... g | :

- G G ...................... T T A C - - A G -  - - A - - '

(c) C o m p a r is o n  of P ro m o te r s  P 2 , P 3  a n d  P 4  of M. abscessus

Promoter Isp 
(repeat)

C o n s e n s u s 5 ' g a c c a g c c a a  a a c c g g g a a t

P 2 ( r3 )  2  531 c a a g t ........................................................................................

P 3 ( r4 )  3  659 - G  - - - G G .......................................................................

P 4 ( r5 )  4  287 • ■ G ....................................................................................................

(r2 )

(d) S u m m a ry  

Promoter

P 2  etc.

(e)

402 A G T T G A C C A G C T G - -  • C - - C T - - G C G

5 ' N N N N N  N N N N N N N N N R  A C C R G N N N W W

PI (rm  B) 

P 2  (rm  A)

USR

G A A A A T A G O C C T C T G  A C C T G G G G A T  

C A C A A A C C G C C T C T G  A C C A G C C G A T

-35 box -10 box

T T G A C T C A A G T T C A C C G A A C T T G  A T A C G G T

G .................. • - T A A C

-35 box -10 box

T T G A C T H N N N N N N N N N N N N N N N N N T A N N A T

-10 box

T T G A C 1' 

T  T G C A A

C C A  

1 C G C

G T T T C C A A G G  

G A C G A A C C T C

A C G  - 

G T A T

T A A C T T  

T A T C T T

T T C C A A G T C G  3'

..........................t  . . . C T C - G G A A G A  G C G A A | ’

■ G • !

A • • ,f|

DSR

T Y Y g R A R Y C G  C N N N N C R z - T  C G N N N N  3

A T T C C A G G T C A G A G C G A C A C G G C C C  

T A T G A A G T C G  C C G C G G A G C G G A G A G  16-

FIG. 5. Fasl growers have promoters in addition to PI and PCLl. For explanations of symbols and abbreviations, see the legend to Fig. 4. Note that the miA opcr 
of M. tuberculosis has no promoters in addition to PI and PCLl. In sections b and c, sequences were aligned by using PILEUP (see Materials and Methods). uS 
upstream region; DSR, downstream region. In sections a to e, the consensus sequence is based on the set of myeobaeterial sequences shown, (a) P2 promoters o f f  
growers with two mi opérons per genome, (b) Promoters P2, P3, and P4 of M. chelonae. These promoters, including PCLl, are loeated within the repeats (rl to ; 
whieh are found in the region of positions 278 to 762. (e) Promoters P2, P3, and P4 of M. abscessus. The repeats (rl to r5) are found in the region of positions 2 
to 891. Repeat r2 appears to be inaetive as a promoter (Fig. 2). (d) Summary sequence for promoters (see above) in addition to PI and PCLL The extended sequcn 
spans the region of a promoter believed to be engaged in the formation of an open eomplex with rpo (21). N, either A, C, G, or T; R, either A or G; Y, either C 
T; N, nueleotide present in some but not all promoters, (e) Comparison of the PI promoter of the miB  operon of M. smegmatis with the P2 promoter (see seetioni 
The numbers for the PI promoter refer to the nucleotide positions in the sequence cited by Ji ct al. (16). The broken underlining denotes the putative downstreta 
region.

M. abscessus and M. chelonae are unusual in that they each 
have a single rm  operon (7) and yet are classified as fast 
growers. Thus their potential for increased pre-RNA synthesis 
is achieved by the acquisition of additional promoters within 
the m iA  operon. Because of their distinctive features (Fig. 3), 
the im  opérons of M. abscessus and M chelonae are designated 
members of the rmÂ  subgroup; the subscript denotes an in
termediate position between the rrnÂ  opérons typified by 
M. tuberculosis and the rrnA^ opérons typified by M. smegmatis, 
etc. (Fig. 3). The rrnÂ  promoters are characterized by more 
than two promoters (for example, Pi, PCLl, P2, P3, and P4), 
by a different location for PI within the upstream ORF, by 
greater distances between promoters (approximately 130 bp, 
eompared with 77 bp for M. tuberculosis), and by an abbrevi
ated VL region (Fig. 3 and 6). In the case of both M. chelonae 
and M. abscessus, the additional promoters P2, P3, and P4 are 
very similar in sequenee to each other (Fig. 5); they are also 
related to PCLl (Fig. 4c). These sequence similarities suggest 
that the additional promoters may have arisen through succes
sive replication events, starting with the replication of PCLl. 
Promoters P2, P3, and P4, which closely resemble one another, 
have approximately equal strengths, and they initiate the ma

jority of pre-rRNA transcripts (Fig. 2; Table 2). The addition 
promoters have the principal features of strong E. coli promo 
ers (compare Fig. 4a and 5d).

The slow-growing M tuberculosis relies entirely on the » 
tivities of promoters PI and PCLl. Fast growers have add 
tional promoters with much greater relative activities than I 
and PCLl. For example, in the fast-growing M. smegmatis, f  
and PCLl contribute only about 7.5% of the total number ! 
pre-rRNA transcripts (lOa). This observation suggests that ul 
der optimum conditions for balanced growth a slow groŵ  
such as M. tuberculosis will synthesize its eomplement of ribn 
somes at less than 1/10 of the rate observed for the fast grow© 
studied. However, M. tuberculosis has approximately half ti 
number of ribosomes possessed by M. smegmatis (39). M 
m atis, when grown in a rieh medium, was found to have| 
generation time of about 2 h (10a). Thus, pro rata, M tub$ 
culosis would be expeeted to double its complement of rib( 
somes in approximately 13.4 h; the reported generation tim 
(38) is 14 to 15 hours, indicating that a high proportion of th 
cell’s capacity for ribosome synthesis is used under these cor 
ditions of growth. ■

Thus the HMPRs of the rmA  opérons of mycobacteria cor
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FIG. 6. Possible secondary structures of the regions of pre-rRNAs close to the 5' ends of 16S rRNAs. Possible interaetions with proteins such as antitermination 
iCtors are not considered. The nucleotide positions of the leader region refer to the appropriate GenBank entry; the nucleotide positions of mature 16S rRNA are 
;signated 10m, ete. The 5' ends of 16S rRNAs are boxed. Features of the leader region are identified by the prefix or subscript “L.” Lowercase letters indicate 
icleotides that are highly conserved among both fast and slow growers; bold italic letters denote nucleotides conserved in the fast growers M. phlei, M. smegmatis, 
'.fortuitum, and M. neoaurum. The conserved sequences CLl and CL2 are defined in the text (see also Fig. 3). The BoxA^ element, which is enclosed by broken lines, 
located at the 5' end of the CL2 region. In helix LI, the lowercase letters indicate the sequence YYYG, which is found in all mycobacteria studied so far (16). (a) 
. smegmatis. Structures homologous with those of M. phlei, M. fortuitum, and M neoaurum can be observed, (b) M. abscessus. A very similar structure can be derived 
r M. chelonae. (c) M. tuberculosis. Similar structures can be derived for all of the other slow growers investigated (14).

ain a wealth of phylogenetic and functional information. In 
[lis study we have demonstrated that growth rates and ribo- 
pme synthesis may be linked by a number of different strate- 
ies, including gene dosage and differential gene regulation, 
nd that evolutionary changes within the HMPRs have con- 
ibuted to increases in the efficiency and flexibility of rRNA 
f̂ nthesis. Thus the fast growers have developed ways of in- 
reasing their capacity for rRNA synthesis. An understanding 
f how mycobacteria utilize this flexibility in response to dif- 
rent conditions and stimuli should provide new insights into 

ow this important group of bacteria respond to a diverse 
mge of environmental conditions.
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