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Abstract 

Enzymes involved in the degradation of RNA 1, the antisense repressor of ColE I replication 

The copy number of ColEl-related plasmids is controlled by a small 

(108 nucleotides) antisense RNA, RNA I. The binding of RNA Ito RNA 11, the primer 

RNA for plasmid replication, prevents RNA II from folding correctly for the initiation of 

plasmid DNA replication. A host gene product, poly(A) polymerase (PAP I), encoded by the 

pcnBgene is involved in polyadenylation of RNA I (Cao and Sarkar, 1992). It is thought 

that, following cleavage by ribonuclease E near the 5' end, polyadenylation at the 3' end of 

RNA I by PAP I facilitates its decay. RNA I turnover in wild type cells is rapid, like that of 

mRNA. Degradation of RNA (both RNA I and mRNA) is affected by ribonucleases that 

include polynucleotide phosphorylase and ribonuclease E. 

Because of the multiplicity of enzymes involved in mRNA decay 

(Reuven and Deutscher, 1993), I undertook an examination of the roles of two 

ribonucleases in RNA I decay. Inactivation of an exori bon uclease, ribonuclease II, had little 

effect upon RNA I decay. In contrast, inactivation of the endonuclease, ribonuclease III, 

resulted in the accumulation of extended adenylated RNA I. The results implicate 

ribonuclease III in the disposal of adenylated RNA I which had been not truncated by 

ribonuclease E prior to adenylation. 

In order to investigate the effect of overexpressing PAP I on RNA I decay and on 

cell growth, thepciiBgene was cloned under the control of the pBAD promoter in pBAD 18. 

Overexpression of PAP I did not significantly affect RNA I decay either in ribonuclease III 

mutants or in parental strains, indicating that the degree of polyadenylation is not rate 

determining. In contrast, increased polyadenylation promoted RNA I turnover in 

polynucleotide phosphorylase mutants. 

PAP I is not the only polyadenylating activity in the cell because a second 

poly(A) polymerase (PAP II) has been partially purified by Kalapos eia/(l994). To 

identify the gene for PAP II, an experimental strategy was adopted which assumed that the 

viability of Escherichthco//depended on either PAP I or PAP II. The search for the gene for 

PAP II, using generalised transposon mutagenesis in an attempt to disrupt it 

(Kleckner eIa/ 1991), proved unsuccessful. Instead, a mutant which required FolK for 

viability at high temperature was obtained. 
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Introduction 

1. Infroduclion 

1.1 Overview 

This thesis investigates the roles of several enzymes in E co/i RNA decay using the 

decay of RNA 1, the antisense regulator of ColE 1 replication as a model system. Particular 

attention is paid to the role of poly(A) polymerase (PAP I), encoded by thepcnBgene, in 

both RNA I decay and in the cell. In this introduction I will discuss the enzymes of RNA 

decay, the replication ofColEl and the particular role of polyadenylation in both processes. 
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1.2 Ribonucleases involved in mRNA decay 

mRNA decay involves ribonucleases: endonucleases, ribonucleases that make 

specific cleavages in RNA molecules and exoribonucleases, ribonucleases that digest RNA 

molecules from their ends. It is the combined actions of endori bon ucleases and 

exoribonucleases that reduce full-length transcripts into mononucleotides (Apirion, 1973; 

Belasco and Higgins, 1988). To date, some twenty ribonucleases have been described in 

L co//(Deutscher, 1993a; Deutscher, 1993b) but only one endoribonuclease and two 3' to 

5' exoribonucleases have been shown to be involved in the degradation of bulk mRNA 

(Belasco and Higgins, 1988). The other enzymes are involved in the maturation of tRNAs 

and rRNAs from precursor molecules (Deutscher, 1988; Deutscher, 1993a; 

Deutscher, 1993b). The rest of this section is an overview of mRNA degradation in A 

with a discussion of the four major ribonucleases involved; two have previously described 

roles in RNA I decay, RNase E and PNPase, and two are possible candidates for a role in 

RNA I decay. 

1.2.1 Endoribonucleases in mRNA decay 

Riboendonucleases do not require a free terminus to exert their catalytic effects. 

Many of the known bacterial endonucleases have substrate specificities associated with 

higher—order structures rather than actual nucleotide sequences. The major endonucleolytic 

enzymes of RNA include ribonuclease E (RNase E) , ribonuclease Ill (RNase III), 
ribonuclease 111*  and ribonuclease M. 

1.2.1.1 Ribonuclease E (RNase E) 
The rae locus which encodes ribonuclease E was originally identified by a 

temperature sensitive mutation which mapped at 23.5 minutes on the E cm'/chromosome 
(Apirion, 1978) and failed to produce p5S RNA and accumulated nascent ribosomal 

9S RNA transcript (Ghora and Apirion, 1978; Misra & Apirion, 1979). 

Ono and Kuwano (1979), independently discovered the rae gene by isolating mutants with 

a three-fold increase in chemical half-life of bulk mRNA at the non-permissive temperature; 

the temperature sensitive mutation, ams (for altered mRNAstability) mapped to 24 minutes 
on the E co//linkage map (Ono and Kuwano, 1980). 

The cloning and sequencing of the amsgene (Claverie-Martin eIa/ 1991) facilitated 
work that showed that two mutations, -we-3071 (Apirion, 1978) and ams-! 

(Ono and Kuwano, 1980; now called rae-I [Babitzke and Kushner, 19911), produce alleles 

of the same gene and affect adjacent amino acids: they are only six bases apart 

(Mudd el al, 1990b; Babitzke and Kushner, 1991; Taraseviciene el al, 1991; 
Melefors and von Gabain, 1991; McDowall efaI 1993). The gene is referred to hereafter 
as ams/rae. Both arns and rae mutations reduced endonucleolytic cleavage of 9S RNA and 

T4 gene 32 mRNA and could be complemented by the same 3.7 kb fragment containing 

the a,rand rae genes (Mudd el al, 1990b). Both (//as-land 1-ne-3071 mutant strains had 
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increased mRNA chemical stability, accumulated 5S rRNA precursors and a recombinant 

plasmid carrying arnc+  complemented both mutations (Babitzke & Kushner, 1991). The 

accumulated evidence shows the importance of RNase E in rRNA processing and mRNA 

turnover. 

Ribonuclease E is the only known endoribonuclease to play a general role in the 

degradation of bulk mRNA bi vivo (Mudd et a/ 1990b; Babitzke & Kushner, 1991; 

Melefors and von Gabain, 1991). RNase E regulates its own synthesis by controlling the 

rate of decay of i-ne message by cleavages in the 5' region of the rue mRNA at position -48 

within 	the 	untranslated 	region 	(UTR) 	(Claverie-Martin 	el a/ 	1991; 

Mudd and Higgins, 1991; Jain & Belasco, 1995). 

Ribonuclease E is thought to play a role in differential stability of mRNA sequences 

in both bacteria and bacteriophages (Mudd e/a/ 1990a; Mudd etai 1990b). In bacteria, for 

example, RNase E initiates the decay of the rpsO message in the rzcO-pn,o operon by 

removing the 3' stabilising stem-loop downstream of the rpsO mRNA 

(Regnier and Hajnsdorf, 1991). RNase E also processes RNA I (Lin-Chao 

and Cohen, 1991) (Section 1.4.1). RNase E also contributes to the differential expression 

of the pco8A operon which is co-transcribed as a dicistronic mRNA-BA. 

RNase E—dependent processing is the rate-limiting step for the degradation of the upstream 

,oapB portion of the mRNA while the processed papA mRNA is more stable because of a 

terminator structure located at its 3' end and is therefore more translationally active 

(Nilsson and Vhlin, 1991). In bacteriophages, for example, RNase E—dependent cleavage 

at the 5' end of bacteriophage T4 gene 32 precursor transcript (205 nucleotides long) 

generates a more stable product (71 nucleotide species) (Mudd eIai 1988). 

The rue structural gene encodes a protein of 1061 amino acids and has a predicted 

size of 118 kDa (Casaregola eIaI 1992; 1994) but migrates as a 180 kDa polypeptide on 

SDS-PAGE (Casaregola eIai 1992). Casaregola eIa/(1992) identified the full-length gene 

of RNase E by using antibodies raised against heavy chain myosin from Saccharounyces 

cerevith-ie which detected a high molecular weight protein (HMP) (encoded by the hmp-1 

gene) in E co/it sequence analysis revealed it contained the ams/rne sequence. The slower 

than expected migration has been attributed to the three proline-rich regions and highly 

charged regions in the C-terminus (Casaregola eta/ 1992; Casaregola eIai 1994). The 

N-terminal half of the Rne protein which contains the catalytic site for RNase E 

endoribonucleolytic activity (Taraseviciene eIai 1995; McDowall and Cohen, 1996) has 

sequence 	similarity 	to 	myosin-like 	sequences 	(McDowall e/ ai 	1993; 

Casaragola eIai 1992) and contains the temperature sensitive mutations, arns-1 and 

rne-3071 (McDowall and Cohen, 1993). The C-terminal half of the Rne protein contains 

regions partially resembling RNA binding proteins, including a 70 kDa human small nuclear 

ribonucleoprotein (5nRNP) and iVearospora crassa mitochondrial ribosomal protein (MRP) 

(Claverie-Martin eiai 1991). The C-terminus contains a high proportion of proline and 

acidic residues (Casaregola ci a/ 1992; Casaregola eIai 1994) and it has been proposed to 

3 
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be required for the physical association between RNase E and PNPase in the multiprotein 

RNA degradosome (McDowall and Cohen, 1996). The sequence homology of RNase E 

with proteins other than ribonucleases may suggest RNase E has a wider biological role in 
the cell. 

Smaller proteolytic fragments (60-80 kDa) which can arise during purification of 

RNase E can exhibit endonuclease activity (Mudd & Higgins, 1993). The varying sizes of 

fragments of RNase E has been attributed to the endonuclease's sensitivity to proteolysis 

during purification (Carpousis elat 1994). For instance, the isolation of a ewe-dependent, 
endonucleolytically-active RNase K (55-60 kDa enzyme) (Lundberg eIai 1990) appears to 
reflect an RNase E degradation product generated by proteolysis occurring either 

intracellularly or during protein isolation (Mudd and Higgins. 1993; Carpousiseia/ 1994). 

After comparing the RNase E cleavage sites in pBR322 RNA I and 9S RNA, 

Tomcsanyi and Apirion (1985) proposed that RNase E recognises a RNA primary sequence 

of 10 nucleotides; for RNA 1, cleavage occurs between the fifth and sixth nucleotide from 

the 5' end of the molecule (see Figure 1.1). This proved to be simplistic because analysis of 

nucleotide sequences of rne/anzs-dependent cleavage sites allowed Ehretsmann ela/( 1992) 
to propose a consensus RNase E cleavage site sequence of RAUUW (where R=A or G and 

W=A or U) while mutational studies conducted by Mackie (1991;1992) of S20 mRNA 

decay suggest the enzyme has a preference for sites 5' to AU dinucleotides located in a 

single-stranded region but few other primary structural constraints. However, recent work 

involving selected and random alterations of the site sequence in pBR322 and pACYC 184 

RNA I showed that cleavage of RNAse E is not dependent on a simple consensus sequence 

nor does it occur at any measured distance from a particular RNA sequence or region of 

secondary structure located elsewhere on RNA I (McDowall el ai 1994; 
Lin-Chao eIai 1994). 

1.2.1.2 Ribonuclease Ill (RNase HI) 

Ribonuclease 111 was discovered by Robertson eta/(1968) in Escherihth' co//as an 
endoribonuclease that cleaves double-stranded RNA molecules to yield acid-soluble 

segments of about 10 to 18 base pairs. RNase III is primarily involved in the processing of 

30S rRNA precursors into 16S and 23S rRNAs (Dunn and Studier, 1973). The active form 

of RNase III is a dimer of two identical 25 kDA polypeptides (Robertson el a.< 1968; 
Dunn, 1976). The mc gene maps to the 55 minute region of the Escherithi~e' co/i 

chromosome (Apirion & Watson, 1975) and is the first of three genes in a multifunctional 
r/lcoperon, riic-ema-recO(Takiff eIaI 1989). RNase III can be deleted from the cell without 
any deleterious effect on cell viability (Babitzke eIaI 1993) despite RNase III's involvement 
in the maturation of rRNA and processing of several cellular mRNAs (Takiff elal, 1989). 

RNase III can recognize double-stranded RNA structures including stem-loops and 

hairpins and typically makes staggered, one or double-stranded cleavages within an internal 

non-complementary region of RNA to yield a two-base 3' overhang (for references, see 

4 
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review Court eta!:  1993). The basis of the enzyme specificity remains elusive, despite 

attempts to identify conserved elements in the primary sequence. Krinke and Wulff (1990) 

after comparing the sequence of 35 RNase III cleavage sites deduced a consensus sequence 

of A/UNAGA/UGNNCA/UUNNN*NAA/UGNNCA/UCU NNA/U. (RNase III cuts at 

sites 10 to 14 nucleotides from the 3' end of the complementary sequence - indicated by the 

in the consensus sequence - and as it cleaves both strands of a double-stranded target, 

it creates a two-base 3' overhang. The "A/U" in the consensus sequence means A or U.) 

However, examination of individual RNase III sites revealed that some only matched as few 

as five conserved base pairs to the above consensus sequence (Krinke and Wulff, 1990). 

The nucleotides within the cleavage site are not conserved (Chelladurai eta!:  1991). Also, 

the conserved CUU/GAA base-paired sequence immediately adjacent to the unpaired region 

where cleavage occurs has proved to be dispensable to th viroRNase III cleavage specificity 

and efficiency (Chelladurai e(a!:  1991). These observations concerning the lack of 

similarity between known RNase Ill cleavages sites and the non-essentiality of consensus 

sequence elements for i>i i"ro RNase III activity suggest the possibility of tertiary structure 

(in addition to duplex RNA) as another determinant in RNase III's cleavage specificity and 

cleavage efficiency. The Krinke and Wulff consensus indicates that symmetry is important, 

since it has been shown by mutational analyses that base pairs on both sides of the cleavage 

site are important for cleavage (Stark eta!:  1985) suggesting that either polypeptide of the 

RNase III homodimer may be able to recognise a sequence flanking the cleavage site. 

RNase 111 processing is important in the regulation of a small number of mRNAs in 

E iv//but the evidence suggests the enzyme is of limited importance in general mRNA 

decay (Babitzke eta!:  1993) and the stabilities of the majority of cellular mRNAs are 

unaltered in mc mutants (Apirion and Gitelman, 1980). RNase III cleavage can result in 

either stabilisation or destabilisation of mRNA depending on the specific system. The 

mRNA stability of rac-e1a-recO operon (Bardwell et a!:  1987) and iosO-pno operon 

(Portiere/a/, 1987) products are, for example, affected directly by RNase III. In these 

operons, RNase III processing removes RNA secondary structures in the 5' non-coding 

leader sequences upstream of the first translated gene, leading to destabilisation of the 

transcripts downstream of the processing site (Portier eta!: 1987; Bardwell eta!:  1987). In 

the case of the ,wzp operon, the initial cleavage by RNase 111 facilitates at least 5 further 

endonucleolytic cleavages downstream (Takata ci a!: 1987). In contrast, RNase III 

processing within the 5' non-coding regions of the 0.3 gene of phage T7 removes a 

5' inhibitory stem-loop which is immediately adjacent to a Shine-Dalgarno sequence and 

thus permits ribosome-binding and hence translation of the phage RNA to occur 

(Dunn and Studier, 1975; Studier eta!:  1979). 

RNase Ill shared 25% identity with 250 residues of the C-terminus of Pact, an 

endori bon uclease from the yeast Spombe(Iino eta!:  1991); the,oaclgene product restored 

a high proportion of double-strand-specific endonuclease activity in RNase 111-deficient cells 

(1mb eta!:  1991). Comparison of the amino acid sequences of RNase III and Pad I also 

5 
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revealed extensive homology within the carboxy-termini of both proteins to known 

double-strand RNA-binding proteins such as eukaryotic serine/threoni ne-specific protein 

kinases (for references, see review: Court eia/ 1993). 

1.2.2 Exoribonucleases in mRNA decay 

E Y)//exonucleases degrade RNA substrates processively from the 3' terminus; to 

date, no 5' to 3' exonuclease has been found in E. em'/despite the observation that many 

mRNAs are degraded in an overall 5' to 3' direction. There are two major Escherihth co/i 

exonucleases involved in bulk mRNA turnover (Deutscher, 1988). Exonucleases that cleave 

phosphorolytically to generate mononucleotide diphosphates include polynucleotide 

phosphorylase and ribonuclease PH. Exonucleases that cleave nucleolytically to generate 

mononucleotides include ribonuclease 11. 

1.2.2.1 Polynucleotide phosphorylase (PNPase) 
Polynucleotide 	phosphorylase 	(PNPase) 	(polynucleotide:orthophosphate 

nucleotidyltransferase EC 2.7.7.8) has three distinct catalytic abilities: the polymerisation 

(5' to 3') of ribonucleoside 5' diphosphates and phosphorolysis (3' to 5') of 
polyribonucleotides or oligoribonucleotides and the exchange reaction between the 

13-phosphate 	of 	ri bonucleoside 	di phosphate 	and 	free 	orthophosphate 
(Littauer and Soreq, 1982). The phosphorolytic degradative activity of PNPase is favoured 

under normal conditions in the cell. The exoribonuclease catalyses the reversible 

phosphorolytic reaction of single-stranded, long-chain poi yri bonucleotides with 3' hydroxyl 

groups by a processive mechanism yielding mononucleoside 5' diphosphates 
(Grunberg-Manago, 1963). The reaction is as follows: 

RNA+nPi — n(nucleoside-5'-diphosphate) Phosphorolytic reaction 

The reverse reaction of PNPase, template—independent RNA biosynthesis from nucleoside 

diphosphates, occurs when the intracellular pool of orthophosphates is low. PNPase will 

degrade any polynucleotide, including unstructured RNAs and homopolymers, irrespective 

of sequence or base composition, although the progress of the enzyme is impeded when it 

encounters secondary structure in the RNA substrate (McLaren ci al, 1991; 
Littauer and Soreq, 1982). PNPase is unable to degrade RNA molecules with 3' phosphate 

groups (Littauer and Soreq, 1982). 

PNPase is a multisubunit enzyme composed of two subunits, a & 13 . The catalytic 

a -subunit has a molecular weight of 77 kDa, though it migrates as an 86 kDa protein when 

determined by SDS-PA gel, probably due to acidic clusters of residues (Burton ela/ 1988; 
Soreq and Littauer, 1977). PNPase is active as a homotrimer formed by the association of 
three cc-subunits (Portier, 1975a; Soreq and Littauer, 1977). The 13-subunit is 48 kDa in size 

and does not appear to participate in PNPase catalytic activity (Portier, 1975b). The 

N. 
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pnp gene, encoding the cc-subunit maps to 69 minutes on the Escher/chii co//chromosome 
and is co-transcribed with the rcOgene, which lies immediately upstream and encodes the 
ribosomal protein S 15 (Regnier eiriZ 1987). 

The two proteins are differentially expressed following processing of the rpsO-pizp 

cotranscript by RNase E and RNase III (Portier eIai 1987; Regnier and Hajnsdorf, 1991). 
The initial processing step in the decay of pnp mRNA is made by RNase III at two sites 
upstream from the pnp gene (Portier el al, 1987) and RNase E initiates rapid decay of the 
rpsO message by making two cuts 37 nucleotides apart at the base of the 3' terminal 

stem-loop structure of the transcription terminator (Regnier and Hajnsdorf, 1991). PNPase 

can negatively autoregulate itself at the translational level by specifically recognising 

pnpmRNA after it has been previously 5' cleaved by RNase 111 and acts as a translational 

repressor, enhancing the degradation ofpn,omRNA (Robert Le-Meur and Portier, 1994). 

Sequence analysis of the oz' gene (Regnier et a/ 1987) revealed within the 
C-terminus of the cc-subunit a stretch of 69 amino acids that have 42% identity with four 

homologous stretches of the middle and C-terminal region that form the RNA-binding site of 

the ribosomal protein SI of the 30S ribosomal subunit (Subramanian, 1983). 
Regnier ,--/a/, 1987 have proposed that the homologous stretches form a RNA binding 

pocket when in trimeric formation, allowing PNPase to bind and move along a 
polynucleotide substrate like a creeper. It is thought that the N-terminus of the cc-subunit 

represents the catalytic domain while the C-terminus of the molecule forms part of the RNA 
binding domain of PNPase (Regnier eio/ 1987). 

PNPase has been shown to be the primary enzyme involved in the removal of 

substrates with polyadenosine tracts (O'Haraeiai 1995). PNPase is found in a multiprotein 

complex with RNase E (Carpousis ci al, 1994; Py c/ a/ 1994; Miczak eiai 1996). 
Causton eia/( 1994) identified the exoribonuclease impeding factor (ElF) which specifically 

impedes the processive activity of PNPase at 3' stem-loops structures. However, the identity 

of the polypeptide corresponding to ELF was found to be RhIB helicase (Py eiai 1996). 
RhIB helicase helps unfold 3' stem-loops, given ATP (Py eiaI 1996). RhIB helicase only 
impedes degradation by PNPase in the absence of ATP (Causton ci ai 1994; 
Py eia1 1996). 

1.2.2.2 Ribonuclease II (RNase II) 

Ribonuclease II is a monomeric 3' to 5' exoribonuclease and like PNPase, its activity 

is sequence—independent. It irreversibly hydrolyses single-stranded, long chain unstructured 

RNA molecules to yield nucleoside-5'-monophosphates from the 3' end, finally releasing a 

2-3 nucleotide oligomer when it reaches the 5' end. Cannistraro and Kennell (1994) 

proposed RNase II binds the substrate polynucleotide at its "anchor" site about 17 to 27 

nucleotides upstream from the 3' end. The catalytic site hydrolyses the 3' terminal 

dinucleotide linkage and pulls the 3' end through the catalytic site until the pulling force 

overcomes the strong ionic interactions between the substrate and RNase II's anchor site; the 
7 



Chapter I 	 Introduction 

subsequent enzyme—substrate dissociation occurs every 12 nucleotides and the processive 

mechanism restarts if the substrate is of sufficient length and possesses a free 3' end 

(Coburn and Mackie, 1996). RNase Ii's processive activity produces a limit digest of 1 to 4 

nucleotides which can be explained if RNA Ii's specificity for ribose is not for the cleavage 

bond per se but for the ribo-bonds three or four nucleotides upstream 

(Cannistraro and Kennell, 1994). 

The rnb gene, encoding RNase II, is located at 28 minutes in the 	 co/i 

chromosome and was first cloned in 1983 by Donovan and Kushner. The rith structural 

gene has been sequenced by Zihao eta/(1993); it encodes a protein of 598 amino acids, with 

a calculated molecular mass of 67 583 daltons (Zilhao eIai 1993). The protein has been 

predicted to be hydrophilic with a short hydrophobic region at the C-terminal end 

(Zilhao eIa< 1993). The enzyme requires both magnesium and potassium to activate it; 

high ionic concentrations of calcium inhibit RNase II activity (Guptaeiai 1977). 

The 3' terminus of mRNA contains structural determinants, such as 

Rho-independent terminator sequences or REP (repetitive extragenic palindromic) sequences 

(for review: Higgins eta/ 1993) which can protect upstream sequences from the predation 

of 3' exonucleases. The processive, sequential degradative activity of RNase II is impeded 

by RNA secondary structure to a greater extent than that of PNPase (McLaren e-1 al, 1991). 

Also, RNase II appears to impede 3' to 5' exonucleolytic degradation by PNPase by binding 

to 3' terminal hairpin loop structures (Hajnsdorfeiai 1994a; Pepe ci al, 1994); 

accumulation of stable rpsOmRNA and chemical stability of rMcOmRNA is dramatically 

reduced in ams r,th and arns pnp rith strains (which are deficient in RNase II) 

(Hajnsdorf eIciJ 1994a). Another example of RNase II protection involves the antisense 

RNA that regulates Tn/alSlotransposition; RNA-OUT is stabilised 3-fold against PNPase 

attack by RNase II binding at the 3' end of transcripts (Pepe eIa< 1994). 

E col/mRNA turnover is primarily hydrolytic (Chaney and Boyer, 1972) and this 

tallies with the observation that about 90% of exoribonucleolytic activity inEstherekiáco// 

can be attributed to RNAse II, while PNPase constitutes the remainder 

(Deutscher and Reuven, 1991). 

E. co//strains that harbour mutations in either PNPase or RNase It have the same 

half-lives for the degradation of bulk mRNA as the wild-type. However, double mutants 

(pnp r,th('Is)) are inviable (Donovan & Kushner, 1983; Donovan & Kushner, 1986) and at 

the restrictive temperature, intermediates of mRNA decay accumulate (Arraiano eIai 1988; 

Donovan and Kushner, 1986). The results imply that exonucleolytic degradation of mRNA 

is not rate-determining but serves to remove intermediate fragments generated by 

endonucleolytic cleavage. In triple mutants deficient in both exonucleases and RNase E, the 

general rate of mRNA decay is slowed to almost a third at the non-permissive temperature 

and specific transcripts such asomRNA and nusA(N utilisation substance) mRNA are 

stabilised at least 2.5 fold compared to wild-type (Arraianoeiai 1988). The results 

suggest that RNase 11, PNPase and RNase E act synergistically to promote mRNA decay. 
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1.3 Antisense control of ColE1 plasmid replication 

The regulatory role of RNA repressors, more commonly known as antisense RNAs, 

in gene expression in both prokaryotes and eukaryotes is well known (for review: 
Green eIai 1986). In bacteria, the best characterised antisense RNA—mediated regulation 

system is that of the RNA l—RNA II system that regulates the replication of ColE I and 
related cherihi-zcoI/pI asm ids. 

1.3.1 ColE! replication 

ColE 1 belongs to a family of small (6.6kb), multicopy plasmids which have been 

extensively studied (for reviews: Cesareni etai 1991; Eguichi eIa< 1991). 
DNA replication of ColE I is initiated with the formation of a replication primer 

RNA, RNA II (Tomizawa & Itoh, 1982) (Figure 1.0). hi 'iro studies have revealed that 
replication can be carried out entirely by bacterial host enzymes, with at least DNA 

polymerase I, ribonuclease H and RNA polymerase being required. No CoIEI protein is 
necessary for th i'í'ro replication. The RNA 11 is transcribed by the host RNA polymerase 

and begins 555 base pairs upstream of the origin of replication (oriV) (with respect to the 

direction of initial DNA synthesis). To become an active primer, the elongating RNA 11 must 
form a persistent hybrid with the DNA template strand. To do this RNA II must attain 

specific secondary and tertiary structures which form as the RNA is synthesised. The RNA 

strand of the hybridised transcript is cleaved by ribonuclease H, generating multiple 3'-OH 

ends within the origin. These 3'-OH ends serve as primers for the inception of DNA 

synthesis by DNA polymerase I. After primer extension of some four hundred 

deoxyribonucleotides, plasmid replication is completed by DNA polymerase Ill 
(Itoh & Tomizawa, 1980). 

The first 110 nucleotides of RNA II transcribed by RNA polymerase are able to fold 

into a structure with three stem-loops (stem-loop domains: I, 11 and III) (Figure 1.1). The 
events 	involved 	in 	this 	complicated 	process 	are 	as 	follows 
(Masukata and Tomizawa, 1986). The original conformation is transient and as RNA II 

synthesis continues, stem-loop III elongates into a more stable palindromic structure known 
as stem-loop IV that is stabilised by hydrogen bonding between a and B domains 

(Wong and Polisky, 1985; Tomizawa, 1986). If the B domain is allowed to remain paired 
with the a stretch, the primer precursor adopts the necessary secondary and tertiary structure 

for persistent hybrid formation with the template DNA at the origin, thus permitting 

RNase H cleavage and subsequent addition of deoxynucleotides by DNA polymerase I to 

processed primer termini (see Figure 1.0). 

The formation of the persistent hybrid requires hydrogen bonding to occur between a 

G-rich loop in a region of RNA II transcript 265 nucleotides upstream of the origin and a 

complementary C-rich stretch on the DNA template strand upstream of the origin 

(Masukata and Tomizawa, 1990). The RNA—DNA interaction prevents the nascent RNA II 
from being released from the template. 
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Figure 1.0 Control of primer maturation by RNA I of plasmid ColE I. The upper part of 

the figure illustrates the genetic map of tile region essential for initiation of ColE I DNA 

replication and its control. The lower part of the figure shows the inhibitory effect of 

RNA I upon DNA synthesis and CoIEI copy number. The figure was adapted from 

Gerhart c/a/( 1994) and Polisky (1988). 
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1.3.2 Control of ColEl copy number by antisense RNA, RNA I and Rom 
protein 

The frequency ofColEl replication is mainly controlled by the interaction of RNA II 

with a small, antisense RNA repressor, RNA I, (Tomizawa el al 1981; 
Tomizawa& Itoh, 198 1) which hybridises to RNA 11 (Figure 1.0). RNA I is 

108 nucleotides long and is transcribed from a promoter 445 bp upstream of the replication 
origin, from the opposite strand of DNA to that which encodes the primer RNA 

(Itoh & Tomizawa, 1980). Thus, it is complementary to the 5' end of RNA 11. RNA I has a 
tightly folded conformation consisting of three stem-loops and an unpaired 5' region nine 

nucleotides long (Figure 1.1). 

The initial transient contact between RNA I and the nascent RNA II configuration of 

three stem-loops is known as the "kissing" reaction (Tomizawa, 1984). The interaction 

involves reversible, complementary base pairing between the loop regions of RNA I and 

RNA II. The pairing prevents the formation of stem-loop IV because stem-loop III of 
RNA I is partially complementary to the 5' side (a) of stem-loop IV of RNA II. This allows 
the 13 domain to interact with the downstream complementary sequence (y) of RNA II, 
forming the stable By conformation (Figure 1.0). This renders the primer RNA II 

incompetent for persistent hybrid formation with template DNA and thus prevents DNA 

leading strand synthesis and hence, plasmid replication (Tomizawa & Itoh. 1981; 

Tomizawa, 1984; Wong and Polisky, 1985; Masukata & Tomizawa. 1986; 

Tomizawa, 1990a). 

RNA I i>z v1"ro can only exert its inhibitory effect on subsequent primer formation 

when elongating RNA 11 is between 100 and 300 nucleotides long (Tomizawa. 1986); 

outside of this window of opportunity, the replication primer is refractory to RNA L's 

inhibitory effects. Rom (described below) promotes the binding of RNA I to RNA II 

transcripts longer than 200 nucleotides but suppresses binding to shorter transcripts 
(Tomizawa, 1986) 

RNA L's negative regulatory efficacy is complemented by a plasmid—specified 

protein Rom (for RNA One modulator) (Tomizawa & Som, 1984), whose gene maps 

immediately downstream of the origin. ColE! derivatives that lack the rom gene show a 
two-fold increase in plasmid copy number (Twigg & Sherratt, 1980). The 63 amino acid 

protein enhances the stability of the RNA I/RNA II complex by accelerating the rate of 

transition from the "kissing" complex (Tomizawa, 1990b) to the persistent pairing between 

RNA I and RNA II that will lead to inhibition of primer formation. 
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Figure 1.1 The sequence and secondary structure of RNA I. The secondary structure of 

RNA I was determined by Tamm and Polisky (1983). The bold characters indicate the 

ribonuclease E cleavage specificity sequence and arrow shows actual scissile bond 

cleavage by the endonuclease (Tomcsanyi and Apirion, 1985). The stem-loop domains of 

RNA I are labelled numerically according to notation devised by 

Tomizawa and Itoh (1981). 
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1.4 Poly(A) polymerase I has a role in plasmid copy number maintenance 

Poly(A) polymerase I (PAP I) catalyses the template—independent sequential addition 

of AMP to the 3'-terminal hydroxyl groups of RNAs in the following overall reaction: 

RNA+nATP—nPPI+RNA(A)n 	 Polyadenylationreaction 

PAP I activity was first discovered and partially purified from Escheri~hi~i co//by 

August eta/(1962). The structural gene for PAP I was identified by reverse genetics 

(Cao & Sarkar, 1992) and by immunological strategies (Masters ci al, 1993). PAP I is 
encoded by the ,ocnB locus which maps at 3.4 minutes on the E co/i chromosome. The 

pcizB(for plasmid copy flumber) gene had been shown to be involved in the control of copy 

number of C0IE1-type plasmids (Lopilato ci at: 1986; Liu and Parkinson, 1989; 
March eiai 1989). The copy number of such plasmids inpcnB point mutants was reduced 

to approximately 20% of normal (March e/ai 1989). The plasmid copy number was further 

reduced to 5-10% of normal when pcnB was deleted from the chromosome 

(He eIai 1993; Masters eiai 1993). 

After Lopilato --/a/ (1986) identified the ,ocnB gene, Liu and Parkinson (1989) 

cloned and sequenced the gene. Liu and Parkinson suggested PcnB was a 48 kDa 

(410 residues) globular protein, from the predicted amino acid sequence. When the 

N-terminus of PAP I purified from extracts of E co//was sequenced and used to design 

primers to locate the corresponding coding region by PCR, Cao and Sarkar (1992) found 

that PAP I was encoded by 1xwB and that the start site suggested by 

Liu and Parkinson (1989) was too far downstream (see Section 1.6). After cloning of 

,ocnBin an expression vector, Cao and Sarkar (1992) found that the purified PAP I was 

slightly larger (at 53 kDa) than reported by Liu and Parkinson (1989). 

PcnB shows a preference for ATP as a substrate and requires the presence of 

divalent cations, with optimum activity at both 10mM Me and 2mM Mn2 

(Cao and Sarkar, 1992). Its activity is dependent on the presence of a RNA substrate; 

tRNA was ten-fold more effective as a substrate for PAP I than poly(A) 

(Cao and Sarkar, 1992). Many of the aforementioned properties of purified E co//PAP I 

are also shared by reported eukaryotic poly(A) polymerases (Gershon ci a/ 1991; 
Lingner c/at: 1991; Raabe c/at: 1991); other similarities are that both types of purified 

enzymej high ionic strength, with molecular masses of approximately 55 kDa; purified 
E c-o//PAP I and purified eukaryotic PAP both possess a pH optimum near pH 8.8 and are 

template—independent with respect to addition of adenylate residues to a RNA primer. 

PAP I has a highly basic amino acid composition, characteristic of proteins that 

interact directly with nucleic acids. Masters eia/(1990) reported PcnB to have strong local 

similarities to another E w//protein, tRNA-nucleotidyltransferase-CCA (26% identical and 

50% similar residues); similarity was greatest in the amino-terminal half of each protein, at 

what could be the RNA binding site. Liu and Parkinson (1989) demonstrated by transposon 
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insertions and deletions that truncations in the N-terminus lead to a decrease in plasmid copy 

number but up to 20% of the C-terminus is dispensable. Cao and Sarkar (1992) truncated 
the pcizB gene from either end of the open reading frame and found that deletions in the 

N-terminus abolished PAP I expresion while up to 12% of the amino acid residues could be 

removed from the C-terminal end without severe loss of PAP I activity. These results 

suggest that the N-terminus carries the crucial functional domain of PAP I. 

The similarity between PAP I and tRNA nucleotidyltransferase-CCA led to the initial 

suggestion that PAP I might act in CoIE1 plasmid replication by interfering with 

RNA E/RNA II duplex formation, because RNA I and the 5' portion of RNA II can adopt 
stem-looped configurations reminiscent of the cloverleaf structure of tRNAs. However, 
He eia/( 1993) demonstrated that the presence of PcnB did not affect RNA l/RNA II duplex 
formation 1,z w'ro, nor did it affect transcription from the RNA I promoter. 

In 1992, Cao and Sarkar demonstrated that PAP I activity was encoded by thepcnB 

locus, implicating polyadenylation by PAP I as the possible mechanism involved in ColE I 

plasmid copy number control. PcnB promotes the post-transcriptional 3' adenylation of 
RNA I (Xu et al, 1993; He 9/ a/ 1993). He el al (1993) showed that PcnB could 
polyadenylate RNAs m iii-  RNA I was a poorer substrate compared to CopA, the 
antisense inhibitor of RI replication. In strains deleted forpcizB, the copy number of RI was 

reduced (Masters e1ai 1990; Masters eta/ 1993) suggesting that PcnB is involved in the 
copy number maintenance of the IncFl I plasmid family. However, the replication of F and 

P1 plasmids and other iteron-containing plasmids have not as yet been found to be affected 
by mutations in ,octth' (Masters 91 a/ 1993). Perhaps this is because these plasmids' 

replication frequencies are controlled by iteron—protein interactions and not by antisense 
RNA, like the ColE 1 and IncFI I replicons. 

1.4.1 The rate of decay of RNA I controls ColE! replication 

RNA us constitutively produced and is unstable, with a chemical half-life of about 

two minutes during exponential growth (Brenner and Tomizawa, 1991; Lin-Chao and 
Cohen, 1991; He aIai 1993). The transiency of the antisense RNA permits the cell to 

respond to the rapid changes in replication frequency that are necessary to correct deviations 
from the appropriate copy number. 

The decay of antisense RNA I is initiated by endoribonucleolytic cleavage by 
ribonuclease E (RNase E) (Tomcsanyi and Apirion. 1985; Lin-Chao and Cohen, 1991), 
encoded by the rue gene (for RNase ). RNA I contains at its 5' proximal end the proposed 
ten nucleotide recognition sequence of RNase E (Tomcsanyi and Apirion, 1985) (see 
Figure 1.1). (Later work showed no clear determinant could be established for RNAse E 

cleavage specificity - see Section 1.2.1.1). Partially purified RNase E cleaves the 108 

nucleotide pppRNA I th vitra, between the 5th and 6th nucleotides from the 5' end of the 
molecule, yielding a 103 nucleotide cleavage product, pRNA 1-5.  (Later work showed no 
clear determinant could be established for RNase E cleavage specificity - see 
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Section 1.2.1.1). Bouvet and Belasco (1992) showed that RNase E requires the presence 

of an unpaired 5' terminus, since the addition of a synthetic stem-loop to the 5' terminus 

inhibited  eiidoiiitcicol yt Ic cleavage. 

The 103 nucleotide RNA species was found to bind poorly with wild-type RNA 

/21 :1/rd (Tomizawa. 1984,   Tainm and Polisky. 1985) leading to the idea that the 

5' terminus live nucleotides, removed by RNase E processing, are necessary for RNA l's 

antisense regulatory activity. However. Lin-Chao and Cohen ( 1991 ) demonstrated that a 

mutationally generated (RNase E-independent) homolog of pRNA I, pppRNA I. was 

able to repress 12i i/i 'o priming of plasmid RNA Il_s. pppRNA 1-5  was degraded much more 

slowly than pRNA l ,2, :½- and tinder slow growth conditions, an observed 10-fold 

increase in the half-life of pppRNA 1_5 was accompanied by an identical decrease in the 

plasmid COPY  number (Lin-Chao and Cohen, 1991). This evidence suggests that the 
Ct 

regulation of plasmid replication is largely determined by the rate of degradatioipRNA I 

rather than the previous idea that the 5' end of RNA I is required (Tomizawa, 1984-, 

Tarnm and Polisky. 1985). Therefore, cleavage by RNase E converts full length 

RNA I, RNA I 	, into the relatively unstable pRNA 1_5 and consequently relieves 

repression of replication. 

Whereas pRNA 1-5  is rapidly degraded in a /xwg+ background, its half-life increases 

10-fold in xwBmutants (Xu efo/ 1993; He eio/ 1993). The intracellular accumulation of 

decay intermediates capable of repressing DNA replication implies that PAP I is required for 

their degradation after RNase E-mediated cleavage (Xu e/oi 1993; He e/oi 1993). 

A significant reduction in the rate of breakdown of RNA I coupled with an increase 

in the length and percentage of poly(A) tails on RNA I is observed in E co/icells deficient in 

PNPase, implicating this 3' exonuclease in the degradation of polyadenylated RNA I 

(Xu and Cohen, 1995; Cohen, 1995). More than 80% of adenylated RNA I species were 

digested by PNPase to TCA soluble decay products, compared with only 30% when the 

3' ends were not adenylated (Xu and Cohen, 1995). These observations suggest that 

polyadenylatioii by PAP I facilitates the access to RNA I by 3' exonucleases such as PNPase 

(Cohen. 1995) (Figure 1.2). 
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Figure 1.2 Proposed model showing steps in the li/inyl decay of RNA I. Adapted from Cohen (1995). 

RNA I is the antisense RNA repressor of replication of CoE I--type plasniids. Diagrams present a 

simplified version of RNA I showing some nncleotidcs at the 3' and 5' ends. 

A. Decay of RNA I in the presence of poly(A) polynierase I. (I) In the presence of poly(A) polymerase I 

(encoded by the xiiIJgene) (Cao and Sarkar. 1992), RNA I is 3' polyadenylated (Xii c"i -i/ 1993) and 

rihonuclease F ( RNase F) cuts at the recognised cleavage site (Fomcsanyi and Apirion, 1985) (see 

Figure I. I ) at the 5' end of the primary transcript. (2) The polyadenosine tails on the resultant RNase F—

generated decay intermediate provide a platform for exonucleol ytic attack by 3' exonucleases such as 

PNPase (Xii and Cohen. 1995) which are components of the RNA degradosome (Carpousis '/ ti/i 1994: 

Py ci (i/ 1994: Miczak ci (f/ 1996). (3) PNPase. combined with the helicase in the degradosome. digests 

RNA I in the 3' to 5' direction through the hairpin loop structures that would otherwise impede its 

processive activity ( McLaren ci(i/. 1991). 

13. Reduced decay of RNA I in the absence of poly( A) 1)01  ymerase I. ( I ) RNase F cuts non-adenylated 

RNA I (2 ) RNA I molecules cleaved by RNase F and lacking polvadenosine tails are chemically stable th 

i-in(Ile cia/i 1993: Xu (/1-1/ 1993). 
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1.5 Post-transcriptional polyadenylation of mRNAs by poly(A) polymerase I 

Despite the isolation of prokaryotic poly(A) polymerase activity in 1962 by 

August eta/and multiple sightings of poly(A) tails on RNAs isolated from E. co/i (for 

references see: O'Hara etai 1995), it was long assumed that 3' polyadenylation of mRNA 

had major physiological significance only in eukaryotes. However, the identification of 

pmB as the structural gene for PAP I (Cao and Sarkar, 1992) has allowed workers to 

reassess the importance of polyadenylation as a physiological process in bacteria. RNA was 

isolated from cells deficient in the 3' exori bon ucleases, polynucleotide phosphorylase 

(PNPase) and ribonuclease II (RNase II) and cloned cDNAs were made complementary to 

polyadenylated /pp (membrane lipoprotein) mRNA. Subsequent sequence analysis revealed 

3' polyadenylate moieties on the mRNA (Cao and Sarkar, 1992a). The poly(A) tracts were 

attached to specific positions in Ipp mRNA which did not correspond to runs of 

deoxyadenylate residues in genomic DNA and thus were not encoded by the Em//gene but 

synthesised post-transcriptionally. Two classes of polyadenylated /pp mRNA were 

identified: poly(A) tails were attached either to the primary /j' transcript following the 

Rho-independent transcription site or to a shortened transcript which lacked the 3' terminal 

stem-loop (Cao and Sarkar, 1992a). 

Aside from PAP l's role in the regulation of DNA synthesis of ColE 1 and IncFl 1 

plasmids, it appears to contribute to host mRNA decay because the loss of PAP I activity has 

a number of repercussions on mRNA structure and stability. The length and number of 

poly(A) tails on pRNA 1-5  was increased in E 	// cells defective in PNPase 

(Xu and Cohen, 1995), but in the absence of PAP I, no poly(A) tails was found on the 

pRNA 1-5.  Similarly, the lengths of poly(A) tails on total mRNA in wild-type E co//cells 

are between 10 and 50 nucleotides, but in the absence of PNPase and RNase E and with 

reduced RNase II activity, both the frequency and length (up to 100 nucleotides) of poly(A) 

tails increased (O'Hara etaI 1995), whereas without PAP I, few polyadenylated species 

were observed in these ribonuclease deficient strains (O'Hara eIai 1995). Deletion of the 

structural gene for PAP I (pcnB) reduced the number of 3' terminal poly(A) sequences by 

more than 90% (O'Hara eIa/ 1995). The reduction in polyadenylation was correlated with a 

general increase in mRNA structural integrity. However, whereas PAP I had a strong effect 

on the turnover of RNA I (He ci al, 1993; Xu ci a1 1993; Xu and Cohen, 1995), the 

effects on the turnover and patterns of decay of "io (lipoprotein), ompA (outer membrane 

protein A) and iriA (thioredoxin) mRNAs were minimal, though the accumulation of these 

mRNAs lacking the 3' extensions was observed (O'Hara eIai 1995). In contrast, mutants 

defective in PNPase and RNase II and RNase E as well as PAP I showed significantly 

prolonged chemical half-lives of these mRNAs, and changed decay patterns (O'Hara e/a< 

1995). The changes were not uniform across the mRNAs studied, with /pp  mRNA being 

much more strongly affected than irxA mRNA. Also, ,cOmRNA was significantly 

stabilised in cells lacking PAP I, RNase E, PNPase and RNase II (Hajnsdorfeiai 1995). 
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The frequency of polyadenylated RNA in wild-type bacteria is estimated to be 1.3% 

of total pulse-labelled RNA (Cao and Sarkar. 1992). The fraction of RNA observed to be 

polyadenylated is increased 5-fold, to 6%, in the absence of both PNPase and RNase II 

(Cao and Sarkar. 1992a). Also, polyadenylate moieties of up to 23 nucleotides in length 

were attached to /pp mRNA isolated and sequenced from PNPase and RNase 11 deficient 

strains (Cao and Sarkar, 1992a). These observations, coupled with the significant increases 

in chemical stability of individual mRNAs in cells with inactivated PNPase, RNase 11 and 

RNase E (O'Hara el a/ 1995; Hajnsdorf el a/ 1995) provides weight to the idea that 

polyadenylation by the pcnB-encoded PAP I increases the susceptibility of mRNA to 

nucleolytic decay by the 3' exonucleases, PNPase and RNase 11, presumably by providing 

them and/or the degradosome with an improved target for attack. 

1.5.1 Polyadenosine—dependent mRNA decay 

The rapid decay of messenger RNA plays an important role in determining the levels 

of gene expression in prokaryotic organisms. The degradation of mRNA involves the 

concerted action of endonucleases and 3' to 5' exonucleases (Apirion, 1973; Belasco and 

Higgins, 1988) but the details of this process remain unknown. The two 

3'-5' exonucleases, PNPase and RNase 11, are responsible for bulk turnover of mRNA by 

processive 	degradation 	from 	the 	3' end 	to 	produce 	mononucleotides 

(Donovan & Kushner, 1986). However, many mRNA messages possess RNA secondary 

structures at their 3' ends, such as the stem-loops of Rho-independent transcription 

terminators, which impede the action of these exonucleases and so stabilise upstream RNA 

th yivo(McLaren el e// 1991; for review: Higgins el al 1993). The degradation of many 

messages is initiated by endonucleolytic cleavage at or near the 5' end of the transcript (for 

review: Nierlich and Murakawa, 1996). Ribonuclease E (RNase E) is the only known 

endori bon uclease to have a general, rate-determining role in the degradation of bulk mRNA 

rn ivo(Mudd eIa< 1990a; Mudd eIai 1990b: Babitzke and Kushner. 1991). 

The addition of 3' poly(A) tracts by PAP I provides a mechanism for 

3' exoribonuclease to bypass the blocking effect of stem-loops at the 3' terminal ends of 

mRNA because, presumably, the 10 to 40 nucleotide polyadenosine tails are more attractive 

targets for binding by 3' exonucleases than the original short, single-stranded regions at the 

bases of the 3' stem-loop structures (O'Haraeia/ 1995; Cohen, 1995) (Figure 1.2) 

Xu and Cohen (1995) showed that the activities of PNPase and RNase E may be 

functionally linked since, inp,'mutants, RNase E cleavage is decreased in conjunction with 

the expected decrease in 3' exoribonucleolytic (PNPase) activity. Moreover, 

RNase E—cleavage at the 5' proximal end of RNA I promotes PNPase activity. In fact, 

PNPase and RNase E have been found to be physically associated in a multiprotein complex 

purified from E /i'cells (Carpousis eta/ 1994; Py efa< 1994). Carpousis eia/(1994) 

purified RNase E to near homogeneity by chromatography and subsequent centrifugation on 

glycerol gradients; PNPase was found to have co-purified and co-sedimented with the 
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isolated RNase E. Carpousis eta! (1994) also showed by immunoprecipitation that 

antibodies against RNase E co-precipitated PNPase (85 kDa) together with the full-length 

RNase E protein (180 kDa). Py eta!(1994) adopted different experimental procedures and 

purified PNPase (based on its RNA-binding activity), finding that RNase E co-purified with 

it. Similarly, anti-PNPase antibodies co-immunoprecipitated RNase E (the 65 kDa 

proteolytic fragment generated by proteolysis from the full length protein) and PNPase 

(64 kDa). Both Carpousis eta/(1994) and Py eta!(1994) identified additional proteins that 

coprecipitated with PNPase and RNase E. Carpousis eia!(1994) reported three additional 

polypeptides of 75 kDa, 50 kDa and 48 kDa. Py eitil(1994) found,by immunoprecipitation 

using antibodies against PNPase, that three additional polypeptides of 104 kDa, 74 kDa and 

49 kDa co-immunoprecipitated with RNase E and PNPase. Py etai'(1994) estimated the 

multiprotein complex to be approximately 500 kDa in size, by gel filtration. Anti-PcnB 

antibodies did not detect PAP I in the purified complex (Binnie and Py, unpublished; 

described in Py c/al;  1994) and antibodies raised against GroEL, which had been reported 

to co-purify with RNase E (Sohlberg c/ al; 1993), did not find GroEL in the purified 

complex (Py c/al;  1994). Miczak eia!(1996) confirmed the association of PNPase with 

RNase E and also isolated other proteins from the RNase E—containing multiprotein 

complex, purified from E. cc!! by antibody-agarose column chromatography of epitope-

tagged Rne protein. N-terminal sequencing and Western blot analysis allowed the additional 

polypeptides to be identified as DnaK (69 kDa), RhIB RNA helicase (50 kDa) and enolase 

(49 kDa). The identities of RhlB RNA helicase and enolase were corrobated by 

overexpression of the respective proteins reacting to antibodies raised against the 50 kDa and 

48 kDa polypeptides isolated from the multienzyme protein complex (Py ci al;  1996). 

N-terminal sequencing by Blum eta/(1997) confirmed the identity of DnaK. Blum eta! 

(1997) also showed that another 70 kDa component of the multiprotein complex co-purified 

with the N-terminal histidine-tagged RNase E fraction on an affinity column; N-terminal 

sequencing revealed it to be polyphosphate kinase. 

The multiprotein complex containing at least RNase E, PNPase, RhlB helicase, 

enolase, DnaK and polyphosphate kinase has been called a RNA degradosome 

(Py c/al;  1996). The physical association between RNase E and PNPase suggest that this 

endonuclease and exonuclease act cooperatively in the processing and degradation of RNA 

(Carpousis c/al;  1994; Xu and Cohen, 1995). RNA degradation may be initiated by the 

binding of PNPase to the poly(A) tail of a potential substrate (Cohen, 1995). The close 

proximity of RNase E allows the initiation of message decay to occur by endonucleolytic 

cleavage (Xu and Cohen, 1995) and by permitting PNPase to degrade RNA in a 3' to 5' 

direction near RNase E—generated 5' ends (Xu and Cohen, 1995). RhlB RNA helicase may 

act in the degradation of mRNA by unravelling highly-structured RNA secondary structures 

that impede the activity of PNPase (Py ci al; 1996). PNPase and RhlB can degrade a 

rna!E-1,a/FREP stem-loop in the presence of ATP and these activities of the degradosome 

(le. PNPase and RhIB) can be abolished when incubated with antibodies raised against RhlB 
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(Py ela/ 1996). Alternatively or additionally, Miczak ela/(1996) have speculated that the 

RhIB RNA helicase may unwind specific double-stranded regions of RNA to allow 

endonucleolytic cleavage of single-stranded RNA by RNase E. RhIB is a member of the 

DEAD-box protein family which possess the characteristic Asp-Glu-Ala-Asp (DEAD) 

sequence motif and ATP—dependent helicase activity (Fuller-Pace, 1994). Polyphosphate 

kinase (PPK), encoded by the ppf gene, catalyses the reversible polymerisation of the 

terminal phosphate of ATP into long chain polyphosphate (for review: Kornberg, 1995). 

PPK may act in the RNA degradosome by degrading polyphosphate in the presence of ADP, 

thus generating ATP for RhIB's unwinding activity and simultaneously removing ADP, 

which like other NDPs can decrease PNPase's nuclease activity (Blum ei' ai 1997). 
Polyphosphate inhibition of the RNA degradosome can be reversed by the addition of ADP 
th iro and ppA-  deletion mutants show increased ompA mRNA stability th vivo 

(Blum efal 1997). Note that short polyphosphate chains are synthesised even in ppA-

mutants by an alternative pathway (Kornberg, 1995). The 48 kDa enolase had been 

previously identified as the 48 kDa B-subunit (non-catalytic) of PNPase 
(Carpousis elat 1994). Enolase catalyses the conversion of 2-phosphoglycerate to 

phosphoeno4yruvate, which is essential in glycolysis, but the functional significance of 

enolase in RNA turnover has yet to be determined. The significance of DnaK's chaperone 

activity in mRNA turnover also remains obscure. 

The model of RNA degradosome activity proposed by O'Hara eia/(1995) suggests 

that the polyadenosine tail can anchor the RNA degradosome at the 3' end of the potential 

mRNA substrate. With the polyadenosine tail acting like a hinge, the RNase E within the 

RNA-protein complex can cleave the mRNA upstream of the stem-loop producing a discrete 

decay fragment from the 3' end of mRNA. The fragment can be degraded by further 

endonucleolytic activity and by exoribonucleolytic degradation by PNPase and RNase II. 

This mechanism for the breakdown of mRNA molecules predicts that the shortening of 

mRNA at the 3' end produces discrete decay products. This can be observed in the decay of 
IrA-A mRNA (Arraiano el al, 1993) and Cal (chloramphenicol transacetylase) mRNA 

(Meyer and Schottel, 1992). Subsequent rounds of endonucleolytic cleavage generate new 

3' termini which can be polyadenylated and allow binding of another RNA degradosome. 

This model of O'Hara et al (1995) predated the discovery of RhIB helicase (and PPK) in the 

degradosome, so that it is certainly incomplete but it may represent an important mechanism 

for particular mRNAs. 
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1.6 The molecular organisation of the pcnB locus 

The pcizB gene maps to the 34 minute region on the E co/i genetic map (see 
Figure 1.3) (March eIa< 1989). It is flanked at the 3' end by thej2ilKlocus which encodes 

7,8-di hydro-6-hydroxymethyl pterin-pyrophosphokinase, an 18 kDa protein required for 

folic acid biosynthesis. Thej/Ktranslation initiation codon was originally thought to be 

8 nucleotides downstream from the pcnB stop codon and it was preceded by a potential 

Shine-Dalgarno site which overlapped the pczB stop codon (Liu and Parkinson, 1989). 

Together with the observation that the probable pcnB promoter might be fairly strong 

because its predicted -35 and -10 regions (Figure 1.4) closely resembled the consensus 

sequences, Liu and Parkinson (1989) predicted path'could be part of a polycistronic unit. 

After examining the region 3' to thefi/Ktermination codon, Talarico ei-i/(1992) found 

three tracts which could form inverted repeats characteristic of transcription terminators and 

they suggested that ,ocnB and folK were part of the same operon. Recently, 

Blattner eta/(1997) submitted an entry into the EMBL/Genbank database which suggests 

that the last 75 bases of the pcnB sequence are 12 bases longer than in the previous ,06-n.8 

sequence of Liu and Parkinson (1989). The corrected nucleotide sequence and 

corresponding amino acid sequence according to Blattner eluz/(1997) are shown in 

Figure 1.4. According to the new path' sequence the folK translation initiation codon 

overlaps the 1xwB stop codon. Also, the ATG codon ofjilKfo1lows a potential ribosome 

binding site (Figure 1.4). Thus, the TGA/ATG overlap ofpcnBandfo/Kstrongly suggests 

ptwBis translationally coupled tofo/Kand that pcith'andfo/Kare transcribed on the same 

polycistronic mRNA. Upstream ofpcflBis "gil' (g/IX-like), an open reading frame whose 

product has not yet been characterised but which bears similarity to the N-terminal portion of 

E co/i glutamyl-tRNA-synthetase (encoded by the g/tXgene). There is no evidence to 

suggest that either FolK or "gxl" are concerned with the maintenance of plasmid copy 

number, or with RNA processing. 

An element of ambiguity surrounding the precise location of PcnB's transcriptional 

and translational start sites has existed since PcnB was cloned and sequenced by 

Liu and Parkinson (1989). Liu and Parkinson tentatively proposed a start codon from 

which translation would yield a 48 kDa PcriB protein (Figure 1.4). However, 

Cao and Sarkar (1992) reported that the poly(A) polymerase I they isolated and 

N-terminal-sequenced contained amino acids well upstream of Liu and Parkinson's AUG 

codon (starting with a lysine residue: see Figure 1.4). The AAG codon for lysine has never 

been found to serve in translational initiation, so they suggested translation starts upstream 

of the AUG codon, in the pcnB open reading frame determined by 

Liu and Parkinson (1989), at a putative UUG translation start site situated 17 amino acids 

upstream of the lysine residue (see Figure 1.4). Since their proposed translation start codon 

was upstream of their observed N-terminus, they proposed that their purified PAP I was the 

product of either th vi'ro cleavage or th i'ix-'o post-translational modification. The UEJG 

codon rarely serves in translational initiation in E co/i though certain RNA processing 
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genes including polynucleotide phosphorylase do utilise it (Regnier eIaI 1987). However, 

the uncertainty has been recently resolved by Binns N (PhD thesis, to be submitted) who has 

demonstrated, by site-specific mutagenesis, that the translation start-codon is the ATI 

codon, 7 amino acids downstream of Cao and Sarkar's proposed translation start codon 

(Figure 1.4). 
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Figure 1.3 The 3.4 minute region of the En"heth/i,'i (o//genome (courtesy of Binns N). 

w 
4- 
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Figure 1.4 Nucleotide sequence of the i (o///'(w7I locus with the deduced translation 

product given in the single letter code below the DNA sequence. The -35 and -10 regions 

of the putative promoter are overlined, the probahle,mw/IShine-Dalgarno (S.1).) site for 

translation initiation is in bold and the bold isoleucine (I) residue is the translation start 

site proposed by I3inns N (PhD thesis. to be submitted). The stop codon is denoted by a 

solid circle near the 3' end of the sequence (Blattner ef o/, 1997). The underlined 

methionine (M) residue is the translation start site proposed by Lill and Parkinson (1989). 

The underlined lysine (K) represents the first residue of the experimentally determined 

N-terminal sequence of PAP I by Cao and Sarkar (1992) and the single underlined TUG 

codon represents their proposed translation start codon. Near the 3' end of (lie xiilI 

locus, the//Kinitiatioii codon is denoted by overhead asterisks and the putative S.D. for 

j/Kis in bold. 
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TTCCATTCTCATCCCTCATCCTGACCTATCATTACCCGCTATTTTTTTCTCCTCTGATCTCACA 72 

CTACCGAGGTCTACTATTTTTACCCCAGTCCCTTTTTTGCCGCGGTCCTCCCCCGAGCGCGAC 144 
pcnBS.D. 	I F T R V A N F C R K V L S N E E S E 19 

CCTGAACACCCACTCGCCCGTCCACAGGTCACCCTCATCCCGCCTGAGCAGCATGCTATTTCCCCCGAT 216 

A E Q A V A R P Q V T V I P R E Q H A I S R K D 43 

ATCAGTGAAAATGCCCTGAAGGTAATGTACAGGCTCAATAAAGCGGGATACGAAGCCTGGCTGGTTGGCGGC 288 

I S E N A L K V M Y R L N K A C Y E A N L V C C 67 

GGCGTGCGCGACCTGTTACTTGGCAAAAAGCCGAAAGATTTTGACGTAACCACTAACGCCACGCCTGAGCAG 360 

G V N D L L L C K K P K D F D V T T N A P P E Q 91 

CTGGCGAAACTGTTCCCTAACTCCCCCCTGGTCGGTCCCCCTTTCCCTCTCGCTCATCTAATCTTTGCCCCG 432 

V A K L F R N C R L V C R R F R L A H V N F C P 115 

GAGATTATCGAAGTTGCGACCTTCCGTGGACACCACGAAGGTAACGTCAGCGACCGCACGACCTCCCAACGC 504 

E I I E V A T F R C H H E G N V S D R T T S Q N 139 

CCGCAAACGCCATCTTCCTCCCCCACCATTTTCCGCTCCATCGGCACGCCCAGCCCCCCGATTTC 576 

C Q N G M L L R D N I F C S I E E D A Q R R D F 163 

ACTATCAACAGCCTCTATTACACCCTAGCCCATTTTACCCTCCCTCATTACCTTCCCGGCATCGGATCTG 648 

T I N S L Y Y S V A D F T V R D Y V C C M K D L 187 

AAGGACGGCGTTATCCGTCTGATTGGTAACCCGGAAACGCGCTACCGTGAAGATCCGGTACGTATGCTGCGC 720 
K D C V I N L I C N P E T R Y R E D P V R N L R 211 

GCGGTACGTTTTGCCGCCAAATTGGGTATGCGCATCAGCCCGGAAACCGCAGAACCGATCCCTCGCCTCGCT 792 

A V R F A A K L C H R I S P E T A E P I P N L A 235 

ACCCTGCTGAACGATATCCCACCGGCACGCCTGTTTGAAGAATCGCTTAAACTGCTACAAGCGGGCTACGGT 864 

T L L N D I P P A N L F K E S L K L L Q A C Y G 259 

TACCAAACCTATAACCTGTTCTCTCAATATCATCTCTTCCAGCCGCTGTTCCCCACCATTACCCCCTACTTC 936 
Y E T Y K L L C K Y H L F Q P L F P T I T R Y F 283 

ACGGAAATGGCCACAGCCCCATCGAGCCGATCATTCCACCTGCTGJGTACCGATACCCGTATCCAT 1008 
T E N C D S P M E R I I E Q V L K N T D T N I H 307 

AACGATATCCCCGTCAACCCAACCTTCCTCTTTGCCGCCATGTTCTGGTACCCACTCCTCGACACCGCACAC 1080 
N D N N V N P T F L F A A M F W Y P L L E T A Q 331 

AACATCGCCCAGGAAAGCGGCCTGACCTATCACGACGCTTTCGCGCTGGCGATGAACGACGTGCTGGACGAA 1152 

N I A Q E S C L T Y H D A F A L A H N 0 V L D E 355 

CCCTCCCCTTCACTCCCAATCCCCAAACCTCTCACCACATTCCCCCCATATCTGCCACTTCCACTTCCCT 1224 

A C R S L A I P K N L T T L T R D I N Q L  Q L R 379 

ATCTCCCCTCCTCACCCTACGCCCATCCAAACTCCTCCACCATCCTGTTCCGTCCCCCTTATCACCTG 1296 
M S R R Q C K N A N K L L E H P K F R A A Y D L 403 

TTCCCCTTCCGAGCTCACTTCACCCTICCCTCAACTCCACCCTCTCCTC?JTGCTCCCCTCACTTCCAC 1368 
L A L R A E V E N N A E L Q N L V K N N C E F Q 427 

CTTTCCCCGCCACCACACCPCGCATCCTCCCACCTCCATGCAACCCTCACCCCGTCCTCCTACT 1440 
V S A P P D Q K C N L N E L D K E P S P R N R T 451 

folK S.D. 	ff 
CCTCCTCCACCCAAACCCCCACCACGTCCTGAGGGTACCCCATCACACTCGCCTATATTG 	 1500 
R R PR K RAP N RE CT A 	 488 
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1.7 Poly(A) polymerase H (PAP II) 

PcnBdeletion mutants grow normally on rich media, suggesting that PAP I has no 

essential host activity (Masters e-/al,  1993; Liu & Parkinson, 1989). Note, that ,wwh' 

deletion mutants are temperature sensitive on minimal agar but this can be reversed byfo/K 

complementation (Masters ef o/ 1993). In addition, the mean level of mRNA 

polyadenylation is reduced by less than 50% according to Kalaposeia/(1994), although 

O'Hara eia/( 1995) disagreed quantitatively, reporting that the deletion ofpcnB results in a 

reduction of more than 90% in the number of 3' terminal polyadenylate residues on mRNA. 

These observations suggested the existence of more than one poly(A) polymerase In E. 

A systematic search for other PAPs using E co/i strains deleted for PAP I and 

polynucleotide phosphorylase allowed Kalapos eia/(1994) to identify and purify a second 

poly(A) polymerase (PAP II). PAP II is a smaller protein than PAP I, with an estimated 

molecular weight of 35 kDa. The enzymatic properties of PAP It were found to be similar to 

those of PAP I except that PAP II preferred to polyadenylate existing poly(A) tracts rather 

than tRNA primers th viro and was more thermolabile (Kalapos e/az 1994). The gene for 

PAP 11 has recently been cloned and sequenced (Cao e/a/ 1996). Overexpression of PAP II 

leads to the formation of inclusion bodies whose solubilisation and renaturation yield 

polyadenylating activity (Caoe/'ii 1996). The PAP 11 protein has been purified by 

Cao ela/(1996). It has a highly basic amino acid composition and its N-terminus has a high 

proportion of hydrophobic residues suggesting that PAP II may be membrane associated. 

Despite the absence of sequence similarity to PAP I or any other known protein, PAP II 

possesses two putative zinc fingers in the N-terminal domain. Their exact role in poly(A) 

polymerase function remains unclear. 
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2. zIla/eri'a/s and kiethods 

2.1 Microbial elements and General media 

2.1.1 Bacterial strains 

Bacterial strains used in this study are listed in Table 2.1.1. Bacteria were either 

maintained on L-broth agar plates stored at 4°C, or for longer term storage, in frozen storage 

buffer at -70°C (Section 2.2.3). 

Bacteria were routinely grown as liquid cultures at 37°C (or 30°C for temperature 

sensitive strains). Usually fresh overnight cultures that had been inoculated from a single 

colony were diluted back the following day and grown as required. 

Thymine (10 [tg/ml) was added to the growth medium of strains containing the 

ihyA7!5allele. 
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Table 2.1.1 Eccher/chi-i co//strains 

Strain Relevant 	genotype Source 

DHSa Ø80d/acZLM 15, A(/aZ)4-aiçF,U 169, -e,-Al, e'zdA!, Gibco BRL 

/zsdR!ArK, mK), supE44, ?C, ihi!, gj'rA9ó, re/A! 

C600 ihil, /eiiBó I//ri', lacY!, ioi;A2/ sapE441; mcrA Laboratory stock 

MG 1693 thA715 Kushner SR 

MM38 ai'67d 	/euBó, meiB!, pyr 	,,-al-6 lac-El, xW-Z McAteerS 

siepE4 	4çt, JliuA2, 	'jrA, rps1-104 (S/i'), z(h,o- I, 

hisO7, ijx-! 

MM38 ams-! MM38 a,izr-/(Ts) Laboratory stock 

MM38 i%pcnB MM38 Apath:  Kan  r McAteerS 

MM38pizp-7 MM38 pnp-7:ai'G McAteer S 

MM39recA MM38recA:./z/c McAteerS 

MM38 rnb-296 MM38 r1zb296pyrF:71z5(Kanr) McAteer S 

MM38 rn/i-500 MM38 r,th-500(Ts) This work 

MM38 Arith MM38 rithA::Tetr McAteerS 

MM38 Alm -Jó' MM38 Arfl(-JcS'::Kan1  McAteer S 

MM38 Arnc-35' MM38 Arnc-J8pizp-7 McAteerS 

MM38 Arne me- MM38 Arnc-3á'rne-307!(Ts) McAteer S 

307/ 

MM38 r,ze-3071 MM38 rize-3071(Ts) Tet' McAteer S 

MM38zera MM38zira This study 

MM38-87 MM38 Y.wzthi-T,,/0 7'/ pMAK'xw (Cm/pcizB-fiu/K) This study 

SKI 105 MG 1693 /rp oyrF..y z5(Kanr) Kushner SR 

SK5689 MG 1693 r1th-500(Ts) Kushner SR 

SK5762 MGl693pn,o-7r,th-500 pDK39 (Cmpr  r,7h-500 Kushner SR 

SK6632 MG 1693 r,th500pizp200Cmpr X Kushner SR 

SK6639 MG 1693 pap200Cmpr X-  Kushner SR 

SK6639p),rP SK6639pwF..7/z5(Kanr) This study 

W31 10 i nv: im'D-rrnzSupO Laboratory stock 

2.1.2 Bacteriophages 

Bacteriophages used in this study are listed in Table 2.1.2. Phage lysates were 

stored at 4°C as broth suspensions to which a few drops of chloroform had been added to 

prevent microbial growth. 
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Table 2.1.2 Bacteriophages 

- 	Bacteriophage 	 Description - 	 -- 	 -Source 	- - - - 

XNK 1323 	 mini- In /()ie 11P,11 .- A1 S transposase 	Kleckner evil( 1991) 

NK 1324 	 iiiini:Fn /(i-w//'P/(,(-AI S transposase 	Kleckner val( 1991 

PIke 	 Generalised transduchig phage 	 I .aboratory stock 

Pt GC248 I 	 .011::111.5 	 Laboratory stock 

2.1.3 Plasmids 

Plasmids used in the course of this study are listed in Table 2. I .3. 

Table 2.1.3 Plasmids 

Plasniid 	-- - - - 	 Description - 	 - 	Source/Reference 

pBAI) 18 	 ColEl based replicon. ''HAl)  11pstreLi1i of Gu7,nian '/€i/( 1995) 

l)olYlinker. 4.4 kh. Ainpr 

p13AI)pcn 	 pBAI) 18 + 1.4 kb /;(w//inscrt. Amp" 	This work 

pE 13 	 pl3R322: 2.7 kh &mil II mvl" fragment Leach I) 

inserted in let gene AmV  Vets 

p13 R3 25 	 pM 131 replicon. A101)r.  ('111pr. 1 etF 	 Bolivar( 197,S) 

pDK39 	 ('1)r ,w/?')'1 	 Yancey & Kushner (1990): 

Donovan & Kushner ( 1996)   

pJ F I I 811 F 	 ('01 El 	replicon. 	 upstream 	of 	lTurste (I i/( 1988) 

polylinker. 5.1 kb. Ainpr 

pJM5 13 	 pI3R328: 	A1111)r.  Cnip5. lets. AL?.'RI- 	MarchJf3 

/ii.1IIl. replaced with 5.2 kb ltcoRl-1 liudIll 

fragment from XI IS 

pJM5I6 	 pJM5I3: Amps. Cps, 1et5./.vw1;: 2.5 MarchJI3 

kh internal deletion 

pKAK7 	 mpt ArnpF 	 Donovan and Kushner( 1983) 

pMAK705 	 pS(' 101 replicon is for replication. 	 Hamilton ('/(77(1984) 

lac with a polvlinker downstream. 5.5 kb. 

pMAKpcn 	 pMAK705 + 2.7 kb1iw/P-//A insert 	McAteerS 

p[iS 	 ColE I 	replicon. P1,1C  with polylitiker Talarico ('/(7/(1992) 

downstream. //A . 5 kb. Anipr 
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2.1.4 Growth media and buffers 

Growth media and commonly used solutions are listed in Tables 2. 1.4 and 2.1.5. All 

solutions were kept at room temperature unless otherwise stated. L-broth and L-agar were 

routinely used for all bacterial manipulations, except where stated. 

RNase-free water (DEPC-H20) used for procedures involving RNA was prepared 

by supplementing sterile, distilled water with 0.1% (v/v) DEPC (diethyl pyrocarbonate), 

incubating overnight at room temperature and then autoclaving to destroy the DEPC. DEPC 

inactivates ribonucleases present in untreated water. 

Table 2.1.4 Growth media 

Growth medium 	 Composition 

Lbroth 	 Difco bacto tryptone 	 10- 

Difco 

0g

Difco bacto yeast extract 	 5 g 

NaC1 	 5g 

pH to 7.2 with NaOH 

Distilled water to I litre 

L-agar 	 L-broth + 15 g Difco agar per litre 

L top agar 	 L-broth + 6.6 g Difco agar per litre 

VB minimal media 	 20x VB salts 	 24 ml 

20% carbon source 	 5 ml 

Supplements as required 

Distilled water to I litre 

VB minimal agar 	 As VB minimal media + 15 g Difco agar per litre 

20x VB salts 	 M-604.71-10 	 4 g 

Citric acid 	 40- 0 

KH2PO4 	 4000a 

NaNH4HPO4.41-120 	 70(y 

Distilled water to I litre 
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laI)Ic 2.1.5 General SOT titiolis 

- - - Solution 	 - 	Composition 	- 	-- 

Bacterial huller 	 K  12l'()4 	 3 

Na2llP()4 	 7 g 

NaCl 	 4 g 

MgS0.7II() 	 2 g 

Distilled water to 1 litre 

Ethidiuni l)FOI1II(IC SOltltI()Ii 	10 ing/tul 	ktlU(litIIll bromide 

l)i ssol 	ed in FE buffer 

Stored at 4°C 

Phage 1)11 11cr 	 Na 211110,1 7 g 

KlI7I'O1 3 g 

NaCl 5 g 

0. I M MgSO4 10 nil 

0.1 M Uzi  Cl2 ID ml 

1% gelatin solution I 	ml 

Distilled water to I litre 

I 	M Sodium phosphate huller I M Na21  I I'04 	 68.4 ml 

(1)11 7.2) 	 I M Nal l2IO4 	 31.6 ml 

Distilled water to I litre 

R Nase A solution 	 ID nie/tol R Nase A 

heat treated to inactivate I)Nasc 

Stored at -20°C 

TAE buffer 	 !f;2,•/-//ie .i'/i,iio,,. 

40 nif'vl Tris-acetate 

2 ill  ED FA 

$YIu ( O//( .,i/( / . k//filth,?. 

iris base 	 242 g 

Glacial aceticacid 	 57.1 ml 

0.5 M EDTA (1)11 8.0) 	 100 ml 

Distilled water to I litre 
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Solution 	 Comnnciti.in 

lOx TE buffer 	 10 mM Tris-HCI (pH 8.0) 

I mM EDTA (pH 8.0) 

I Ox TBE buffer 	 Workitig jo/u/ion: 

89 mM Tris base 

89 mM boric acid 

0.2 mM EDTA 

IL cone. .cioe% ,coluIthn: 	 54 g 

Tris base 	 27.5 g 

Boricacid 	 20 ml 

0.05 M EDTA (pH 8.0) 

Distilled water to I litre 
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2.1.5 Minimal medium supplements 

Amino acid supplements were stored as stock solutions of pure amino acids at a 

concentration of between 2-10 mg/ml depending upon the solubility of the particular amino 

acid. The final concentration of the amino acids in the medium was usually 

20-100 tg/ml. If a rich minimal medium was required, vitamin-free casamino acids 

(ctCAA) were used. The stock concentration of aCAA was 100 mg/mI and the final 

concentration in the medium was typically 1-5 mg/ml. uCAAs lack tryptophan and this was 

added to ctCAA medium if the bacterial strain to be used was auxotrophic for this amino 

acid. 

Purines and pyrimidines were added to minimal media when required. Thymine and 

uracli were stored at 2 mg/ml in water and their final concentration in minimal medium was 

usually 20-40 [tg/ml. 

The only vitamin supplement used in this work was thiamine hydrochloride 

(vitamin B 1). This was stored as a I mg/mi solution in water and its final concentration in 

minimal medium was 2 ig/mi. 

2.1.6 Selection of antibiotic resistance 

Antibiotics were added to the media at the concentrations listed below (Table 2. 1.6) 

when required. All antibiotics were used in both complex and minimal media with the 

exception of rifampicin, which was used to prevent RNA synthesis. All antibiotics were 

stored at -20°C. 

Table 2.1.6 Antibiotics and their working concentrations 

Concentration of 	Final 

Antibiotic 	Abbreviation 	Solvent 	stock solution concentration 

(mg/ml) 	in media 

Ampicilliri Amp H20 	 100 	 50-100 

Chioramphenicol Cmp Ethanol 	 20 	 25 

Kanamyci n 

sulphate Kan H20 	 25 	 25-50 

Rifampicin Rif Dimethyl- 	 100 	 25 

formami de 

Tetracycline 

hydrochloride 	Tet 	50% ethanol 	 10 	 10 
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2.2 Bac/enal techniques 

2.2.1 Growth curves 

Strains were grown at 37°C (or 30°C for temperature sensitive strains). When cell 
cultures reached an optical density (540 nm) of approximately 0.3, they were diluted 1: 10 
into prewarmed medium at 37°C (or at the appropriate non-permissive temperature for 

temperature sensitive strains). Cells were kept in log phase growth, at the permissive and 

non-permissive temperature (if appropriate), by 1: 10 dilution into fresh prewarmed medium. 

The generation times were determined in L-broth at the permissive and 

non-permissive temperature (if appropriate). 1 ml samples were withdrawn, typically, every 

20 minutes; mass-doubling times were determined spectrophometrically by monitoring 
optical density at 540 rim. 

2.2.2 Preparation of competent cells by the "CaCl2 method" and 
transformation with plasmid DNA 

Competent E cm'/cells was prepared by the method of:pmvtJcd_by IR Oliver 

(formerly of Masters' group). A fresh overnight culture of the strain (grown from an isolated 

colony and under selection, if appropriate) was used to inoculate fresh L-broth containing 

20 mM MgCl2 (alternatively, fresh L-broth containing 20 mM Mg504) by diluting 1 in 50 

and then grown at 37°C (or 30°C for temperature sensitive strains) with vigorous shaking 
and good aeration until the 0D540 was between 0.5-0.6. The culture was chilled on ice, 
transferred to a universal bottle and centrifuged at 4000 xg for 10-15 minutes at 4°C. The 

supernatant was discarded and the bacterial pellet was resuspended in half the original 

culture volume of ice-cold 0. 1 M MgCl2. The cells were pelleted again at 4000 xg for 

10-15 minutes, the supernatant removed and the bacterial pellet resuspended in one 

twentieth the original volume of ice-cold 0.1 M CaC12. Usually, the cell suspension was 

transferred to a sterile universal bottle and kept on ice for at least 30 minutes; sometimes the 

cell suspension was kept on ice overnight, since this gave the highest transformation 

efficiency. At this point, the competent cells could be frozen at -70°C, or could be used at 
once for transformation. 

Cells to be saved for future transformations were pelleted using a bench centrifuge at 

full speed for 10 minutes at 4°C, the supernatant discarded and the cells resuspended in one 

twentieth the original volume of 0.1 M MOPS (pH 6.5), 50 mM CaCl2, 20% glycerol. The 

suspension was kept on ice for 10 minutes, then 0.2ml and 1 ml samples were aliquoted into 
labelled sterile 1.5 ml Eppendorf tubes and stored at -70°C. 

The plasmid DNA (typically 10-100 ng in <100 [tl) was added to 0.1 ml aliquot of 
competent cells in a microcentrifuge tube, mixed gently and stored on ice for 30 minutes. 

After this time, the mixture was heat-shocked for 5 minutes at 42°C to foster plasmid entry 

into the competent bacterial cells. The cells were then transferred to ice for 2 minutes before 

the addition of 0.9 ml L-broth containing 0.36% glucose. They were then incubated at 37°C 
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for 60 minutes to allow expression of plasmid encoded antibiotic genes. Finally they were 

pelleted in a microcentrifuge at full speed for 5-10 minutes and resuspended in 100 tl of 
L-broth containing 0.36% glucose. 100 tl of this mixture was then spread onto 

antibiotic-containing plates and incubated at 37°C (or 30°C for temperature sensitive 

plasmids) until bacterial colonies appeared. Whenever a transformation was performed an 

aliquot of competent cells lacking plasmid DNA was used as a control. 

2.2.3 Frozen storage of bacterial strains 

Strains of E co/i including strains harbouring plasmids, which might be of use in 

the future were stored at -70°C without suffering a significant loss of viability. A fresh 

Sml overnight culture was prepared, with antibiotic selection if required. This was 

centrifuged at 4000 rpm for 10-15 minutes, the supernatant discarded and the cells 

resuspended in 0. lx the original volume of Frozen Storage Buffer. The cells were then left 

on ice for several hours before storage at -70°C. 

Frozen storage buffer: 	50% bacterial buffer 

50% (v/v) glycerol 
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23 Bacteriophage techniues 

2.3.1 Preparation of X plate lysates 

Cells were grown in L-broth containing 20 mM MgSO4.7H20 and 

0.2% (v/v) maltose at an appropriate temperature until they reached mid-log phase. 200 d 
aliquots were then mixed with 106  X phage and incubated at 37°C for 5 minutes. 3 ml molten 

L-top agar containing 20 mM MgSO4.7H20 and 0.2% (v/v) maltose were then added. The 

mixture was poured onto an L-agar plate, left to set and incubated overnight or until visible 

lysis occurred. 5 ml of phage buffer were then added to the plate and the layer of top agar 

scraped off into a sterile 250 ml beaker. A few drops of chloroform were added and the 

beaker was incubated at room temperature with gentle swirling for 20 minutes. The contents 

of the beaker were poured into a Universal bottle and centrifuged at 4000 rpm for 10 minutes 

in a bench centrifuge. The supernatant was transferred to a fresh Bijoux bottle and stored 

over a few drops of chloroform at 4°C. 

2.3.2 Preparation of bacteriophage P1 plate lysates 

Cells were grown in L-broth containing 2.5 mM CaCl2 at a suitable temperature, 
without agitation, until they reached late-log phase. Ix io - lx 106  phage were added to 
I ml cells and incubated at 37°C for 30 minutes to allow phage adsorption. 3 ml molten 

U-top agar containing 2.5 mM CaCl2 followed by 3 ml LB containing 2.5 mM CaCl2 were 

added to the infected cells and mixed by inversion. The mixture was poured onto an L-agar 

plate and swirled around to ensure an even setting. The plate was placed top up rather than 

inverted when incubated overnight at an appropriate temperature. The lysis of the infected 

cells should produce a clear lawn. 3 ml LB containing 2.5 mM CaCl2 were then added to the 

plate and the top agar scraped off into a sterile 250 ml beaker. 300 tl chloroform were added 

to the slurry and incubated at 30°C for 20 minutes with constant shaking. The 

chloroform/slurry was decanted into a Universal bottle and centrifuged in a bench centrifuge 

for 10 minutes. The supernatant containing the P1 lysate was decanted into a Bijoux bottle, 

100 t1 chloroform added to prevent bacterial growth, mixed and left to stand for several 

hours at 4°C to allow the chloroform to settle before the P1 lysate was used in transductions. 

2.3.3 Bacteriophage P1—mediated transduction 

The recipient strain of £ co//was grown up to late exponential phase in L-broth 

containing 2.5 mM CaCl2 during the day. The cells were collected by centrifugation and the 

bacterial cell pellet resuspended in one fiftieth the original volume of fresh L-broth 

containing 2.5 mM CaC12. 0.1  ml aliquots of this concentrated culture were mixed with 

either 0.1 ml of phage P1 stock or dilutions of the phage stock; typically, 0.1 ml of 

10x dilution of the phage stock and 0.1 ml of lOOx dilution. These were incubated for 

10 minutes at 37°C. After incubation, I ml phage buffer was added to the cells and they 

were then centrifuged and resuspended in a volume of L-broth no greater than 0.5 ml. 
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100 lii  aliquots of the cells were plated out either on appropriate L-broth agar plates or on 

minimal agar plates. Plates were incubated at 37°C (or 30°C for temperature sensitive strains) 

until colonies appeared. 
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2.4' Geiieiril procedures for ,uiclei;~' acid iiiarni,u/atàrn 

2.4. 1 De pro teinisation by phenol/chloroform extraction 

To 	a vol time of nucleic acids in aqueous solution, an equal Vol time of 

phenol/chloroform was added and mixed either by repeated gentle inversions (high 

molecular weight samples) or by vortexing. The phases were separated by centrifugation 

(12 000 rpm. 4°C. tO minutes) and the aqueous phase transferred to a fresh tube. This 

extraction was repeated until the interface after extraction was clean. A final extraction with 

an equal vol time of chloroforni Was performed to ensure complete removal of phenol. 

2.4.2 Precipitation of nucleic acids 

The precipitation of DNA or RNA from aqueous solution was performed by addition 

of 0.1 volumes of 3 M sodium acetate (p11 5.2) with either 2-3 volumes of 100010 Et011 or 

0.6-0.8 vol times of 1 00% isopropanol. Typically, the nucleic acids were precipitated at 

-20°C for at least I hour or at -70°C for 30 minutes, pelt eted by cent ri fugat ion (I 7 000 rpm, 

10 minutes), washed twice with 70% ethanol and dried tinder vacuum. The DNA or RNA 

was then dissolved in TE buffer or DEPC-1120 (Section 2. I .4) depending on subsequent 

manipulations. 

2.4.3 Estimation of the concentration of nucleic acids 

Ultraviolet spectrophotometry was used to assess the concentration and purity of 

nucleic acids diluted IOU fold and 1000 fold in aqueous solution. Table 2.4. I lists the typical 

relationships between nucleic acid concentration and the absorbance of the sample at a 

wavelength of 260 urn. DNA purity was determined by measuring absorption at 260 nm 

and 280 urn. DNA was judged to be free of contaminating protein if the A260:A28() ratio was 

greater than or equal to 1 .8. and for RNA if this ratio was larger than or equal to 2.0. 

Table 2.4.1 Absorbance of nucleic acid solutions and their inferred concentrations 

Nucleic acid 
	

Absorbance (A260 iin) 
	

Coiicentiatio,r (ug/nil) - - 

Double-stranded DNA 
	

5() 

Single-stranded DNA 
	

40 

Single-stranded RNA 	 I 	 40 
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2.5 12V4 /eehn,iiiec 

2.5.1 Large—scale plasm Id preparatiun 

A single colony of the plasmid-carrying bacterial strain was inoculated into 5 nil of 

L-broth with the appropriate selection and incubated overnight at 37°C with vigorous 

shaking. I ml of this culture was then used to inoculate 50() ml of Lhroth with similar 

selection, in a 2 litre flask, which was then incubated at 37°C overnight, again with vigorous 

agitation. The culture was chilled on ice, transferred to two 250 nil centrifuge bottles and 

centrifuged in a Sorvall S U perspeed centrifuge at 5000 rpm for 10 minutes at 4°C. The 

bacterial pellets were then each washed in 100 ml of 'FE buffer, pooled to give a total volume 

of 200 ml, and recentri luged as above. The resultant cell pellet was resuspended in 5 ml of a 

solution containing 50 mM Tris-1-I0 (pH 8.0). 25% sucrose and transferred to it 50 ml 

centrifuge tube. I ml lysozyme (20 mg/ml) were added, the solution mixed thoroughly, and 

incubated on ice for 10 minutes. I ml of 0.5M EDTA (pH 8.0) and 0.8 ml of R Nase A 

solution (10 mg/ml) were then added and the solution incubated for a further 10 minutes on 

ice. Finally 5 ml of a lysis solution containing 100 mM Tris-110 (p11 8.0). 125 mM ED'I'A 

and 0.2% (w/v) Triton X- 100 were added, the solution mixed thoroughly and incubated on 

ice for another 10 minutes. The resulting suspension was then centrifuged using a Sorvall 

SS-34 rotor at IS 000 rpm for 20 minutes at 4°C. The plasmid—containing supernatant could 

now be subjected to isopycnic gradient ultracentmifugation to separate plasmid and 

chromosomal DNA. 

CsCI (17.1 g) was dissolved in the supernatant in a 25 ml measuring cylinder. 

0.342 ml volume of(l 0 mg/ml) ethidium bromide was added and the total volume made up 

to 23 ml with TE buffer. According to the manufacturer's instructions, this gave a solution 

of density 1.55 g/ml and ethidium bromide at a final concentration of 200[(g/nil. The 

solution was then transferred to two 11.5 ml Sorvall Ti-50 crimp-seal centrifuge tubes, 

balanced to within 0.05 g and then centrifuged in a Sorvall 50-B or 55-B ultracentrifuge at 

38 000 rpm for 60 hours at 20°C in a Ti-SO rotor. At the end of the run the tubes were 

carefully removed from the rotor and the DNA bands could be visualised using an UV lamp. 

The lower (denser) plasmid bands were removed from the tubes using a syringe fitted with a 

wide-bore needle. The two samples were then pooled and the ethidium bromide extracted at 

least five times with isobutanol (isohutanol stored over CsCl—saturated TE). The sample was 

then dialysed against several changes of TE buffer (1:2500) at 4°C over a period of 48 hours 

to remove the CsCI. The plasmid DNA could then he removed from solution by 

precipitation. 

2.5.2 Small—scale plasnild preparation 

The alkaline I ysi s method of B i rn boi in and Dol y (I 979), with modifi cat ioils. was 

used for preparing plasmid DNA. 5 ml of L-broth containing the appropriate selective 

antibiotic were inoculated with a single colony of the strain bearing the plasmid of interest 
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and incubated overnight with continuous shaking at 37°C (or at 30°C for a temperature 

sensitive strain or plasmid). The culture was harvested by centrifugation at 5000 xg for 

15 minutes in a benchtop centrifuge. The supernatant was then removed and the bacterial 

pellet resuspended in a plastic microcentrifuge tube with 100 tl ice-cold Resuspension 

buffer and left for 5 minutes at room temperature. To the cell suspension. 200 tl of Lysis 

solution were added and mixed by gentle inversion of the tube two or three times. 

Immediately 150 tI ice-cold 3 M sodium acetate (pH 5.0) were added to the solution and 

then vortexed vigorously for at least 10 seconds in an inverted position. The mixture was left 

on ice for at least 30 minutes before centrifuging in a microcentrifuge for at least 

10 minutes, in order to pellet the precipitated chromosomal DNA and insoluble cellular 

debris. The supernatant was transferred to a fresh microcentrifuge tube and an equal volume 

of phenol/chloroform was added, mixed by vortexing and centrifuged in a microcentrifuge 

for 10 minutes. The upper aqueous phase was transferred to a fresh tube and the plasmid 

DNA could then be recovered from solution by precipitation with 2 volumes of ethanol or 

isopropanol for, typically, overnight at -20°C or 10 minutes at -70°C. In this case, no extra 

salt need be added in order for precipitation to occur. The tube was then centrifuged for at 

least 10 minutes at room temperature, the organic solvent removed and the pellet washed in 

I ml 70% ethanol by vortexing and centrifuging for 5 minutes. The ethanol was discarded 

and the pellet dried in a vacuum dessicator. The final pellet of nucleic acid was resuspended 

in TE buffer containing 20 [tg/ml RNase A. It was usually observed that 5 ml of overnight 

culture yielded approximately 3-5 tg plasmid DNA. 

Resuspension solution: 	 1% glucose 

10 mM EDTA 

2 mM Tris (pH 8.0) 

Lysis solution: 	 1 M NaOH 	 0.2 ml 

10% (w/v) SDS 	 0.1 ml 

Distilled H2Oto 1 ml 

2.5.3 Preparation of chromosomal DNA 

A Bijoux bottle containing 5 ml L-broth, inoculated with a single colony of the strain 

of E co//from which chromosomal DNA was required, was grown overnight at 37°C (or 

30°C for temperature sensitive strains) with vigorous shaking. Half of this culture was used 

to inoculate 100 ml of L-broth, which were again incubated at a suitable temperature 

overnight with constant agitation. The culture was then chilled on ice, transferred to 

4 Universal bottles and centrifuged for 15 minutes at room temperature in a Sorvall 

centrifuge. The supernatant was removed and the bacterial pellet was resuspended in 20 ml 

STE. I ml 10% (w/v) SDS solution and I ml 4 mg/ml proteinase K solution were added to 

the resuspended cells, mixed extremely gently and incubated at 50°C for 6 hours without 
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shaking. To this solution an equal volume of phenol: chloroform: isoamyl alcohol (25:24: 1) 

was added, the suspension mixed gently by inversion and allowed to stand at room 

temperature for 10 minutes. This was centrifuged in a Sorvall centrifuge at 5000 xg for 

15 minutes to separate the aqueous and phenolic phases. The upper aqueous phase was then 

carefully removed, avoiding the protein interface. The nucleic acids in the aqueous phase 

were precipitated by adjusting the sample to 0.2 M sodium acetate (pH 5.5) and gently 

layering 2 volumes of ice-cold ethanol on top. The DNA was collected at the 

aqueous—ethanol interface by spooling it out with a sterile glass rod. The spooled DNA was 

washed in 70% ethanol, briefly air dried and dissolved overnight in 10 ml TE at room 

temperature. To this solution 0.1 ml 10 mg/ml RNase A was added and the mixture 

incubated at 37°C for 1 hour. 500 tl 10% (w/v) SDS and 250 tl proteinase K solution 

(4 mg/ml) were then added and the mixture incubated at 50°C for 1 hour without agitation. 

The sample was extracted with phenol: chloroform: isoamyl alcohol (25:24: 1) and the DNA 

precipitated and spooled out of solution as described before. After washing in 70% ethanol, 

the DNA was dried briefly in air and left to dissolve completely in I ml TE for 1-3 days. 

The yield of DNA was determined by UV spectrophotometry (Section 2.4.3); typically, a 

100 ml culture would yield 500 tg of chromosomal DNA. 

STE: TE buffer 

10 m NaCl 

2.5.4 Digestion of DNA with restriction endonucleases 

The endonuclease cutting of DNA was typically performed in a final volume of 

20 t1. These contained 1-10 tg total DNA and the appropriate restriction buffer at 

lx concentration (from either Boehringer Mannheim or New England BioLabs or Promega, 

depending on the enzyme source). The restriction enzyme was usually present in a two to 

fivefold excess, ie. 2-5 units per microgram of DNA. The digests were made up to their 

final volume using distilled water. For restriction enzymes requiring BSA, this was added in 

accordance to the manufacturer's instructions, usually at 10 tg/ml. The complete restriction 

digests were incubated at the recommended temperature (usually 37°C) for 

1-3 hours. The products of the reaction were either directly analysed by agarose gel 

electrophoresis (Section 2.5.7), or phenol extracted, ethanol precipitated (as described in 

Sections 2.4.1 and 2.4.2) and dissolved in a suitable volume of TE buffer for further 

manipulations. 

Diçesiiwz ofL?A/A eceg 2 	enzymes. If the enzymes had a compatible buffer then 

both enzymes were added in equal concentration to the reaction mixture. 
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2.5.5 Dephosphorylation of DNA 

DNA fragments used for ligation (Section 2.5.6) were often treated with phosphatase 

to remove the 5' phosphate group. The DNA products of restriction digestion 

(Section 2.5.4) were phenol extracted, ethanol precipitated and redissolved in an appropriate 

volume of TE buffer. The dephosphorylation reaction was typically performed in a final 

volume of 10 tl. These contained 0.5 - 1 pg total DNA, calf intestinal phosphatase buffer at 

Ix concentration and 1 .tl calf intestinal phosphatase. For DNA fragments with 5' 

overhangs, the reaction was incubated for 30 minutes at 37°C, or 50°C for blunt-ended DNA 

fragments. At the end of the incubation, the phosphatase was removed in the following 

manner: 5 mM EDTA was added and the mixture incubated for 1 hour at 65°C. The aqueous 

solution was then extracted with phenol/chloroform (Section 2.4.1) and the DNA ethanol 

precipitated (Section 2.4.2) before further manipulation. 

2.5.6 Ligation of DNA 

The ligation of DNA fragments was typically performed in a final volume of 10 p.1. 

These contained 0.5 - I p.g total DNA, Boehringer Mannheim ligation buffer at 

lx concentration and T4 DNA ligase. For sticky-end ligations, a 2— to 20—fold molar excess 

of insert DNA over vector DNA was used whilst for blunt-ended ligations, equal molar 

quantities were used. T4 DNA ligase (0.2 units) was used for ligation of cohesive DNA 

termini, and 1 unit for the ligation of blunt-ended molecules. The digests were made up to 

their final volumes using lx TE buffer when required. The reactions were incubated 

overnight at 16°C. Between 5 p.1 and 10 p.1 of the reaction mixture were then used to 

transform competent cells of an appropriate strain of E eoii 

2.5.7 Agarose gel electrophoresis 

DNA was size fractionated by submarine electrophoresis through agarose gels. 

Agarose gel electrophoresis was run in an apparatus supplied by BRL. Agarose gels were 

made up by melting the appropriate amount of agarose in Ix TAE buffer by second-party 

boiling, allowed to cool to approximately 60°C and cast in the appropriate gel trays with 

combs inserted. The concentration of agarose to be used depended upon size of the 

fragments to be separated. For fragments of 300 bp to 1.5 kb 1.5% agarose was used, 

between 1.5 kb and 4 kb, 1% agarose and above 4 kb. 0.7% agarose. One of two gel tray 

types were used: mini-gels (4.5 cm x 7 cm) and midi-gels (11 cm x 14 cm). Once set the 

DNA samples containing 1 x Tracking dye were loaded into wells near one end of the tray. 

The samples were always loaded into dry wells before adding running buffer, and running 

in electrophoresis tanks with the gels only just immersed in lx TAE buffer. Electrophoresis 

was usually performed overnight at a constant current between 15 mA and 25 mA for midi-

gels or at 60 mA for approximately two hours for mini-gels. After completion of 

electrophoresis (gauged by marker dye migration), gels were stained in water containing 

2 p.g/ml ethidium bromide for at least 15 minutes with constant shaking and subsequently 
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destained in fresh water for at least 15 minutes twice. The DNA could then be visualised by 

UV transillumination and the picture of the gel recorded either by photography using 

Polaroid film or digitally captured using the program GRAB-IT TM
(Ultra-Violet 

Products Ltd) running on a 486 co-processor PC with 256-colors, 1 Mb VGA display card 

installed. 

5x Tracking dye: 	xylene cyanol FF 	40 mg 

bromophenol blue 	40 mg 

0.5 M EDTA pH 8.0 	10 ml 

solid Ficoll 400 	 3 g 

50x TAE buffer 	 2 ml 

Made up to 20 ml with distilled water 

2.5.8 Isolation of DNA from agarose gel slices 

DNA was isolated from agarose gels using one of two methods: 

(i) the Geneclean method or alternatively (ii) the QiAquick Gel Extraction method. 

(i) The Geneclean® II system (Bio 101 Inc) involves the use of Glassmilk®, a silica 

matrix capable of binding single and double stranded DNA in high-salt conditions but not in 

low-salt solutions. The following procedure was based on the instructions provided in the 

Geneclean® II kit (Bio 101 Inc, 1989). The gel was illuminated by long wavelength UV and 

the fragments of interest excised in the smallest possible volume of agarose using a scalpel. 

Gel slices were placed in microcentrifuge tubes and their weights determined. Three volumes 

of 6 M Nal were added to the agarose slice (approximately I gm of agarose equals 1 ml Nal) 

and incubated at 50°C for at least 5 minutes to allow the agarose to dissolve completely; the 

mixture was shaken every other minute to encourage dissociation of the agarose. The 

Glassmilk® was vortexed in a horizontal position prior to use. 5 tl of the glassmilk 

suspension was added to the solution; an additional 1 Ld for each 0.5 tg DNA present in 

Nal solution was added if necessary. The glassmilk and Nal mixture were thoroughly mixed 

and incubated for at least 5 minutes, with mixing every 2 minutes to facilitate binding of the 

DNA to the silica particles. The silica matrix was pelleted by microcentrifugation for five 

seconds. The pellet was washed three times with 0.2 ml - 0.7 ml New Wash® (an 

alcohol—based wash buffer supplied with the kit), centrifuging and resuspending the pellet 

each time. After the final wash, the tube was spun again for a few seconds and the last 

remnants of wash solution removed with a fine tipped pipet. The DNA was eluted from the 

glassmilk pellets by resuspending them in TE buffer equal in volume to the amount of 

glassmilk originally added, incubated at 50°C for 2 - 3 minutes and centrifuged for 

30 seconds before the DNA—containing eluate was transferred to a fresh tube. A second 

elution was performed to increase the amount of DNA recovered. The DNA in TE buffer 

could be either stored at -20°C or used immediately for DNA manipulations. 
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(ii) The QIAquickTM Gel Extraction Kit is a product of Qiagen. The QlAquick system 

involves the use of spin-columns containing a silica-gel membrane which adsorbs DNA in 

the presence of high salt while contaminants pass through the column and impurities are 

washed away. The protocol described here was adapted from the QlAquick Spin Handbook 

(Qiagen, Jan 1997). Buffers QXI and PE are solutions provided in the QlAquick- kit. The 

appropriate DNA band was located on the ethidium bromide stained gel under UV 

transillumination and excised with a minimal amount of agarose using a scalpel. The gel slice 

was weighed in a microcentrifuge tube and 3 volumes of Buffer QX 1 to 1 volume of gel 

added (approximately 100 mg of agarose equals 100 tl Buffer QXI). The mixture was 

incubated at 50°C for 10 minutes or until the gel slice had completely dissolved, with mixing 

every 2-3 minutes during incubation to promote solubilisation of the gel. After incubation, a 

check was made that the mixture was still at pH~7.5 (the Buffer QXL is yellow at pH:r.7.5 

and orange or violet at high pH). If the mixture was at a higher pH, 10 tl of 3 M sodium 

acetate (pH 5.0) were added to restore the mixture to approximately neutral pH. One volume 

of isopropanol was added to the sample and mixed before applying the sample to the 

QlAquick column, held in a collection tube, which was then centrifuged at 10 000 xg in a 

bench microcentrifuge for 1 minute. The resultant flow-through was discarded and the 

column placed back in the collection tube. The wash solution, Buffer PE was applied to the 

QlAquick column in 0.75 ml volume and left to stand for 2-5 minutes before centrifugation 
at 10 000 xg for 1 minute. The flow-through was discarded as before and the spin column 

again centrifuged at 10 000 xg for 1 minute to remove all traces of Buffer PE. The DNA was 

then eluted from the QlAquick column by addition of 30-50 p110 mM Tris-HCI, pH 8.5 or 
water, left to stand for 1 minute, and then centrifuged for 1 minute at 10 000 xg. The DNA 

was stored at -20°C prior to manipulation. 

2.5.9 Labelling DNA oligonucleotides by 5' end labelling 
Specific oligonucleotides bought from the Oswel DNA Service or from 

PE-Applied Biosystems UK were labelled with 32P as described by He eia/(1993). The 
end-labelling reaction was set up as follows and incubated at 37°C for 1 hour: 

lOx Kinasing buffer 	 1 p1 

10 mg/ml Bovine serum albumin 	I p1 

60 ng DNA oligonucleotide 	 I p1 

DEPC-H20 	 3 tl 
(10 pCiIp1) [y-32PI ATP 	 3 p1 

T4polynucleotidekinase 	 I p1 
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lOx Kinasing buffer: 	0.5 ml Tris HCI (pH 7.6) 

0.1 M MgCl? 

50 mM DTT 

1 mM sperm idine 

1mMEDTA 

End-labelled DNA was separated from unincorporated nucleotides using NAP-5 

columns (Sephadex G-25 DNA Grade) from Pharmacia. NAP-5 columns were first primed 

by applying 200 tl DEPC-H20 to the column after the storage buffer had been allowed to 

flow through. 200 tl DEPC-H20 were added to the end-labelled reaction mixture before 

being added to the column and the resultant eluate collected in a microcentrifuge tube. Before 

the complete passing of the eluant through the column, another 200 tl DEPC-H20 were 

applied to the column and the new eluate collected in a fresh microcentrifuge tube. It was 

ensured that the Sephadex column never dried out. This was repeated 9-10 times resulting in 

a collection of tubes containing approximately 200 id fractions. The fractions/eluates that 

comprised the first peak of high counts were pooled and used for Northern or Southern 

hybridisations. 

2.5.10 DNA sequencing techniques 

DNA sequencing was performed using the Pharmacia T7 Sequencing Kit. The kit is 

based on the chain-terminating dideoxynucleotide sequencing method developed by 

Sanger e/ a/ (1977). In the original procedure, primer extension was catalysed by the 

Klenow fragment of E. ca// DNA polymerase 1. In the kit, however, the Klenow enzyme 

has been replaced by T7 DNA polymerase, which has the advantage of creating longer 

chain-terminated fragments with a more even distribution of label between fragments. The 

major practical difference in using T7 DNA polymerase is that the primer extension reactions 

are performed in two stages, a labelling reaction and a termination reaction. The two stages 

are required because the enzyme uses dideoxynucleotides very readily, and therefore in order 

to allow the synthesis of long chain-terminated fragments, dideoxynucleotides are excluded 

from the first stage of the reaction, being added for the second. Even so, the time required 

for the reactions, using the T7 enzyme is considerably less than for those using Klenow 

enzyme. 

(i2A1rnea/i>zg afprimeriasing/e-slra,zdediemp/aie. The DNA templates used in the 

sequencing reactions were all single-stranded M13 DNAs and were purified as mentioned 

previously. The concentration of the template was adjusted to I .ig/t1 in TE buffer. In most 

cases the Universal Primer supplied in the kit was found to be suitable. The primer is 17 bp 

long and is at a concentration of 0.80 p.M. 
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The following were added to an Eppendorf tube on ice: 

template DNA (1 g/tl) 	 2 tl 

primer (0.80 [tM) 	 2 Ld 

annealing buffer 	 2 Ld 

water 

The contents of the tube were mixed well and incubated at 60°C for 10 minutes. The 

tube was then left at room temperature for at least 10 minutes; if the rest of sequencing 

reaction was to be performed at a later time then the tube could be stored at -20°C until 

required. 

(i) Sequenci'ig reacithri. For each template to be sequenced, four microcentrifuge 

tubes were labelled 'A', 'C', 'G' and 'T' respectively and 2.5 III of the corresponding 

dideoxynucleotide mix added to each tube. To the tube containing the annealed template and 

primer the labelling mix, (1.375 tM each dCTP, dGTP and dYfP in solution), T7 DNA 

polymerase and labelled dATP were added as follows: 

annealed Template and Primer 	 14 p.1 

labellingmix 	 3 p.1 

[a-35S1 dATP aS 	 I p.1 (=10 p.Ci) 

diluted T7 DNA polymerase (1.5 units/p.l) 	2 p.1 

The labelling reaction was incubated at room temperature for 5 minutes. While this 

was proceeding the previously dispensed sequencing mixes were incubated at 37°C for one 

minute in a water bath. After the 5 minute incubation of the labelling reaction, 4.5 p.1 was 

added to each of the prewarmed sequencing mixes and returned to the water bath for a 

further 5 minutes to allow each chain-termination to occur. Finally, 5 p.1 of Stop Solution 

were added to each reaction, which could then be stored at -20°C until required for 

electrophoresis. When the samples were needed for loading onto the sequencing gel they 

were heated to 80°C for 2 minutes to denature the DNA. Immediately after this incubation 

1.5 p.1 to 2.5 p.1 of each sample was loaded on to the gel. 

(For more details concerning the composition of compenents refer to the instructions of the 

Pharmacial7 Sequencing Kit.) 

Anneal ingbuffer: 	 1 M Tris-HCl (pH 7.6) 

100  MM MgCl2 

160 m  DTT 
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Stop Solution: 	 0.3% Bromophenol Blue 

0.3% Xylene Cyanol FF 

10 mM EDTA (pH 7.5) 

97.5% deionized formamide 

(th)12'V4 seqiienciigge/e/eeirophoresi.r DNA sequencing was performed on a 6% 

polyacrylamide gel using a 30 x 40 cm BRL sequencing apparatus. The glass sequencing gel 

plates were thoroughly cleaned with ethanol and chloroform, assembled uisng 0.2 mm 

spacers and taped together carefully to minimise the possibility of leakage. 
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The gel was prepared by adding together the following: 

bis-acrylamide (filtered, 40% w/v) 	15 ml 
urea 	 43 g 

water 	 35 ml 
IOxTBE 	 lOmi 

The urea was allowed to dissolve with the aid of magnetic stirring. Once dissolved, I 

ml of a 10% ammonium persuiphate solution was added followed by 35 tl of TEMED. The 
mixture was stirred slowly for a few seconds and was then poured between the sequencing 

plates. The flat edge of a 60-well shark-tooth comb was pushed between the plates to form 

the top of the gel. Clingfilm was wrapped around the exposed areas of the gel and each edge 

of the gel plates was clamped with bulldog clips. The gel was then set aside for at least 10 

minutes to allow polymerisation. Once set, the bulldog clips, tape and comb were removed 

and distilled water was squirted along the top of the gel. The shark-tooth comb was then 

replaced with the points downwards just touching the top surface of the gel. The gel was 

then clamped into the sequencing apparatus and lx TBE solution poured into the top and 

bottom reservoirs. The gel was then pre-run at about 66 W (--1500 V) for I hour. After this 

the gel was ready to be loaded with the sequencing reactions. The samples were loaded in 

the order G, A, T and C immediately after denaturing the DNA (see above). The gel was 

then electrophoresed at 66 W until the blue dye ran off the end of the gel. Once 

electrophoresis was complete the glass plates were removed from the apparatus and the top 

plate very carefully removed. The bottom plate (with the gel attached) was placed in a fixing 

bath containing 10% methanol and 10% acetic acid in water for 20 minutes. The plate and 

gel were then removed and two damp sheets of blotting paper placed on top of the gel 

followed by two sheets of dry blotting paper. Even pressure was applied and the papers 

peeled off the glass plate taking the gel with them. The gel and paper sandwich were then 

dried in a vacuum gel-drier for 1 hour at 80°C. When dry the gel was placed in an 

autoradiography cassette and allowed to expose at ambient temperature. In most cases a 

good signal was achieved after 24 hours. 
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2.5.11 Amplification of DNA using the Polymerase Chain Reaction 

In i'iroamplification of a target sequence of DNA was effected by the application of 

the polymerase chain reaction: repetitive enzymatic polymerisation of DNA, primed from 

oligonucleotides which anneal to sites flanking the target sequence. Plasmid DNA was used 

as a template and specific oligonucleotides primers were obtained commercially (either from 

Oswel DNA Service or from PE-Applied Biosystems UK). A typical reaction for a plasmid 

template was as follows: 

DNA template (I tg4d) 1 	tl 

3' primer (l0opmoles) I 	l 

5' primer( lOOpmoles) 1 	tl 

25 mM MgCl2 I 	tl 

lOx PCR buffer 5 ltl 

IOxBSA 5t1 

100 tM dNTPs (dATP, dCTP, dTTP, dGTP) @ I p1 

Taqpolymerase (5 U/tl) I 	lii 
Water 29 tl 

The reactions were performed in a computer-controlled, thermal cycling heating 

block, Hybaid TM  OmniGene (Hybaid). The cycling conditions unless otherwise indicated 

were Stage I (for 1 cycle) 192°C, 4 minutes ('denaturing step'); 40°C, 30 seconds 

('annealing step'); 72°C, 1 minute ('extension step')], Stage 2 (for 28 cycles) 192°C, 

1 minute; 40°C, 30 seconds; 72°C, 1 minutel and Stage 3 (for 1 cycle) [92°C, 1 minute; 

40°C, 30 seconds; 72°C, 5 minutes  and a cooling stage, Stage 4 130°C, 25 minutes). 
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26 RIVA techn47ues 

2.6.1 Determination of chemical decay of RNA I 

The protocol used to study the chemical decay of RNA I was based on that used by 

He eta/(1993). The chemical degradation of RNA I in bacterial strains was measured by 

time-course analysis. Samples were removed at time intervals up to an hour before and at 

time intervals after inhibition of further RNA synthesis by rifampicin (0.25 mg/ml) addition 

to the bacterial culture. Total RNA from these samples was isolated as described below. I ml 

Stop solution was added to the 5 ml bacterial aliquot and the mixture was centrifuged for at 

least ten minutes. The pellet was resuspended in 0.25 ml 0.36% glucose and transferred to 

microcentrifuge tubes. Cells were lysed by boiling for 45 seconds after the addition of 

0.5 ml hot Lysing solution. The samples were extracted twice with equal volumes of 

phenol: chloroform, as described in Section 2.4. 1, and the aqueous phase was precipitated as 

described in Section 2.4.2, except that DEPC-water was used to dilute the ethanol. The 

RNA pellet was dried under vacuum and finally dissolved in 45 tl of 0.1% DEPC-water. 
in Ot 

RNA samples that didapear as discrete bands after size fractionation through RNA 

polyacrylamide gel electrophoresis (Section 2.6.2) were deemed insufficiently "clean". Such 

samples were treated by addition of 0.5m1 0.5M EDTA to RNA in 

DEPC-H20 followed by extraction with phenol: chloroform and the aqueous phase 

precipitated as described above. 

Lysing solution: 	1% SDS 

0.2 M NaCl 

20 mM Na2EDTA 

DEPC-H70 to the required volume 

Lysing solution was heated to 95°C before use 

Stop solution: 	5% phenol 

95% ethanol 

2.6.2 RNA polyacrylamide gel electrophoresis 

The extracted RNA was size fractionated by electrophoresis through 0.5-0.75 mm 

thick, 8%-10% polyacrylamide (PA) gels under denaturing conditions using, typically, 

apparatus supplied by Hoefer Scientific Instruments. The gel plates were assembled 

according to the manufacturer's recommendations with the following modification: either 

0.1 % agarose was laid across the bottom of the gel plates or the bottoms of the gel plates 

were taped tightly to prevent leakage of the acrylamide gel mix. The composition of the 

denaturing acrylamide gel mix depended on the desired acrylamide concentration used to 

resolve RNA mixtures. The required volume (typically 50 ml) of denaturing acrylamide gel 

mix was prepared in a beaker. The gel was poured between the glass plates with a pipette 
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and the teflon comb was then inserted to form the wells and the gel allowed to polymerise 

for 15-40 minutes in a horizontal position; cooler temperatures increased polymerisation 

time. After polymerisation, the comb was removed and the wells rinsed with ethanol. The 

rest of the gel apparatus was assembled according to the manufacturer's instructions, filling 

the electrode chambers with lx TB E buffer to 75% of their maximum capacity. 

Before loading of the denatured RNA samples, the wells were flushed with lx TBE 

using a syringe to remove any urea that might have leached into the wells. Thus samples 

were loaded into wells when wet. To 10-20 tl RNA samples in microcentrifuge tubes an 
equal volume of RNA loading buffer was added. The RNA in the mixture was denatured by 

heating the tubes at 95°C for 1-2 minutes before immediate cooling on ice prior to loading 

with a syringe. The samples were at first electrophoresed at 200-300 V with constant 

cooling until the samples, as indicated by the marker dyes, had migrated to about one inch 

below the bottom of the wells; they were then electrophoresed at 51-70 V for 17-18 hours 

with constant cooling. After electrophoresis was completed (when the xylene cyanol (light 

blue colour) dye had migrated to the bottom of the gel), the gel apparatus was disassembled 

and the denaturing gel used to make a Northern Blot. 

Recipe for denaturing 8% PA gels: 

40%(w/v)acrylamide-bisacrylamide 	 10 ml 
Urea 	 21.02g 
IOxTBE buffer 	 5 m 

Urea was dissolved at 68°C. Distilled water to 50 ml. 

Left on ice for at least 30 minutes before addition of the polymerising agents: 

0.01 tl 10% ammonium persulphate and 0.0075 i1 TEMED per ml of 
denaturing gel mix. 

Recipe for denaturing 10% PA gels: 

40%(w/v)acrylamide-bisacrylamide 	 12.5 ml 
Urea 	 21.02g 
l0xTBEbuffer 	 5 m 

Reminder of preparation as for 8% PA gels. 

RNA loading buffer: 	Deionisedformamide 

Bromophenol blue 

Xylene cyanol 
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2.6.3 Northern Blotting procedures 

Northern Blot analysis was performed as described by Blomberg eta/(1990) with 

some modifications. 

(") Tranfer of A'J'VA from po/vacrylamide ge/s to n Vlofl RNA from the chemical 

determination assay or RNA extraction procedure was transferred from the gel to a solid 

membrane by a wet blot technique using a BioRad TransBlot Cell which consists of a cell 

and a hinged, duotone (subfusc and vitreous) folder. 

A BioRad Zeta-Probe GT nylon membrane or a Boehringer Mannheim nylon 

membrane cut large enough to have a 1 cm border around the gel, and six sheets of blotting 

paper cut to a size slightly smaller than a 'page' of the hinged, duotone folder, were 

prepared. The membrane and blotting paper were saturated with 0.5x TBE. Three sheets of 

blotting paper were placed on top of the "brillo" support of each half of the hinged folder. 

The nylon membrane was placed on top of the three sheets of blotting paper on the vitreous 

side of the hinged folder. The gel was placed on top of the nylon membrane, taking care to 

exclude any air bubbles. The folder was closed and placed in the transblot cell so that the. 

nylon membrane (and thus the vitreous side) was oriented nearest the anode. The cell was 

filled to the top with 0.5x TBE buffer and run either at 80 V for 4-6 hours with constant 

cooling or at 20-30 V overnight without cooling. After electroblotting, the nylon membrane 

was either UV irradiated to crosslink DNA to the filter, using a Stratagene UV Stratalinker at 

1200 tjoules, 214 nm, or the DNA was fixed to the nylon support by baking at 95°C under 

vacuum for 1-2 hours. 

(,/) Ifvbrid/s'aiioii of label/ed probe to ii vloii memhraizes Hybridisation was 

undertaken in Techne hybridisation bottles in a Techne 1-lybridiser HB-ID oven. The nylon 

membrane was pre-hybridised in 10 ml Hybridisation buffer for at least 30 minutes at 50°C. 

The labelled probe (Section 2.5.9) was added to 10 ml of fresh Hybridisation buffer and 

incubated for at least 5 hours with the membrane to permit hybridisation. The probe was 

decanted into a Universal bottle and stored at -20°C for future use. The filter was washed 

with at least 10 ml Wash Solution for at least 20 minutes at 50°C. This was repeated thrice. 

The membrane was stored in a polythene bag. Autoradiography with Cronex® X-ray film 

was performed for various lengths of time at -70°C; exposure of the film to the membrane 

was dependent upon the strength of the signal. The quantification of the hybridisation 

signals was done using a Molecular Dynamics Phospholmager 400S attached to a 386 co-

processor PC. 

Hybridisation Buffer/Wash  Solution: 

I M Sodium phosphate buffer (pH 7.2) 50 ml 

20% (wlv) SDS 35 ml 

0.5 M EDTA 200 ltl 
DEPC-H20 14.8 ml 
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2.6.4 Stripping of probes from nylon membranes (Northern Blots) 

Upon occasion, it was deemed desirable to either use a second probe or to re-probe 

blots with fresh probes. Before this could be done, the previous labelled probe must be 

removed. The blot was incubated with "NB-stripping" solution at 65°C for 1-2 hours. 

"NB-stripping" solution: 	I M Tris-HCI (pH 8) 	0.5 ml 

0.5 M EDTA 	 0.4 ml 

20% (w/v) SDS 	 0.2 ml 

DEPC-1-120 	 98.9 ml 
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3. iWetato/ic slatiiñ'y of RIVA I in /zhonuc/ease mutants 

3.1 Introduction 
RNA I, although untranslated, bears similarity to mRNA in the manner of its decay. 

Like mRNA, RNA I in wild-type cells undergoes rapid chemical decay with a half life of 

approximately 2 minutes (Lin-Chao & Cohen, 1991). In common with some messages its 

degradation is dependent upon cleavage by RNase E (Lin-Chao & Cohen, 1991) and 

digestion by PNPase (Cohen, 1995; Xu & Cohen, 1995). Polyadenylation is also directly 

involved in both mRNA and RNA I degradation (Sections 1.4 and 1.5). The lack of PAP I 
leads to accumulation of RNA I cut at the 5' proximal RNase E—site and consequent 

inhibition of plasmid replication (He efa/ 1993; Masters efa/ 1993; Xu eIa/ 1993; 
Xu & Cohen, 1995). 

As discussed previously in Section 1.4, a large number of ribonucleases with distinct 

substrate specifities and functions have been identified (Deutscher, 1993a; 

Deutscher, 1993b). Many of these ribonucleases, especially the exori bon ucleases, show 

overlapping specificities for potential RNA substrates (Kelly and Deutscher, 1992; 

Reuven & Deutscher, 1993). The functions of endonucleases rarely overlap and generally 

mutations affecting particular endonucleases have more deleterious consequences for the cell 

in comparison with exoribonucleases (for references see Deutscher (1993a)). Although each 

mRNA has presumably a favoured pathway of decay, the cell can remove mRNA by 

multiple decay pathways and in the event that a particular ribonuclease is inactivated, 

back-up pathways can compensate. though not always as efficiently. Thus, RNA I, like 

mRNA, will decay in the absence of the favoured nuclease albeit more slowly. 

This study examined the role of RNase II in RNA I decay. RNase II is one of the 
two known major 3'-5' exonucleases in the cell that decay mRNA and it is responsible for 

90% of exoribonucleolytic activity in E co/i(Deutscher and Reuven, 1991). The absence of 
rpsO mRNA with polyadenosine tails from strains lacking RNase E and RNase II or 
RNase E and PNPase (Hajnsdorf el al, 1994a) suggests that PNPase and RNase II are 

both capable of degrading poly(A) tails. This observation, coupled with the fact that cells 

lacking either PNPase or RNase II are viable (Donovan and Kushner, 1986), indicates that 

either exonuclease can carry out the function of the other and raises the possibility that 

RNase II can play a role in RNA I decay. (Note, that polyadenylation did not significantly 

affect RNase E—mediated degradation of ipsO mRNA but it was suggested either that 
polyadenylation affected the decay of individual ipsO mRNA fragments after RNase E 
cleavage (Hajnsdorf et a< 1994a) or that polyadenylation destabilised the full-length 
rpsOmRNA transcript, 	so allowing RNase E attack (Hajnsdorfeiai 1995); but the fact 
that polyadenylation does modify the stability of mRNA is interesting in itself). 

This study also examined the possible role of RNase III in RNA I turnover. 

RNase III is known to be involved in antisense RNA decay. For example, the antisense 

RNA, CopA, inhibits replication of plasmid RI by binding with CopT, a leader RNA 
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segment of .re,oA mRNA which encodes the replication initiator protein. 

(Blomberg eIa< 1990). The hybridised duplex is cleaved by RNase III. RepA expression 

is increased four-fold in czc mutants when compared to wild-type levels 

(Blomberg efai 1990). Although a loose consensus recognition sequence for RNase Ill 

has been suggested (Krinke and Wulff, 1990) it remains difficult to identify a substrate on 

the basis of sequence. RNase Ill is known to require double—stranded structures 

(Robertson el al, 1968; see also Court el a! (1993); Matsunaga c/ al, 1996). RNA l's 

cloverleaf structure could therefore be susceptible to endonucleolytic cleavages by 

RNase III. 

The following work was part of an effort to provide information on the sequence of 

ribonucleolytic activity in the RNA I degradative pathway. This was achieved by studying 

the chemical stability of this antisense RNA in a set of mutants deficient in various 

combinations of nucleases. 
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3.2 Construction of ribonuclease mutants 

Isogenic strains deficient in RNase E (a//Is-i', also known LZf iwe-1, or .me-JO/I), 
PNPase (pap2, RNase 11 (rtth29óor A17th-201) and RNase Ill (Ar,zc-3c were constructed 

in the MM38 background by S McAteer. These mutants were designated as MM38 arns-!, 

MM38pi.o-2 MM38 rith-296and MM38 /tr,th, MM38 Arnc-18and MM38 i-lie-307! The 

1-lib-29áandpnp-7alleles are null mutations (Nikolaev e/a/ 1976; Babitzke etai 1993) 

whereas the rne-3071 and arns-! alleles encode thermolabile enzymes 

(Ono and Kuwano, 1979; Apirion and Lasser, 1978). The Arizc-J8 allele is a deletion—

insertion mutation (the mutant retains the first 71 of the 227 amino acid residues found in 

RNase III) (Babitzke el al, 1993). The r,th-201 allele is an absolute deletion mutant 

(Piedade e/a1 1995). (Babitzke elal, 1993; Piedade eIa< 1995). Strains containing various 

permutations of the z%r,zc-3 rne-3071 and piip-7 mutations were constructed by 

Sean McAteer and were designated as follows: MM38 Arne-38 1-fle-3071 and 

MM38 Ar1zc-38 p,zp-Z MG1693 and derived strains, SK5689 (1-lth-50(4 and 

SK5726 (r,th-5OOp,'ip-2, were provided courtesy of SR Kushner. 

P1-mediated transduction was used to introduce the rith-500"/n à'ro ts" allele into 

MM38 (Figure 3.0). The r,th-fOOmutation confers no phenotype but rthp,'zp mutants are 

inviable (Donovan and Kushner, 1983; 1986). It is known that the rn/igene is 80% linked to 

the pyrF gene (Arraiano el a/ 1988), the pup gene is 70% co-transducible with argG 

(Reiner, 1969) and the irpE gene is within 1 minute of the ruth gene. The 	i gene 

(chloramphenicol acetyl transferase) was the marker for the temperature sensitivepu0-200 

allele (Yancey and Kushner. 1990). 

The initial step in constructing MM38 1wb-.500 involved linking the rith-500 

mutation to a selectable marker (pyrI:Tn..i). This initial step consisted of two separate parts. 

The first part was to make MM38 (which requires uracil because of apyrEmutation) Ura+ 

by P1 transduction using a W31 10 lysate (uera); ara was needed to permit subsequent 

confident scoring for the inheritance ofpvrE:Tn5: such strains would be ura and Kanr.  The 

second part involved using P1 grown on an SKI 105 (trpEi'yrE:TnM to transduce 

MM38 Ura and isolate I1p-pvr/?:Tn5(11p eurir Kanr)  progeny. The rnb-fOOmutation was 

then introduced into the MM38 genetic background by using an SK5689 lysate (r,th-50(4 to 

transduce MM38 UraTrpKanr  and then isolating TrpKan5  progeny. Verification of the 

putative MM38 r,'th-500 mutants relied on the fact that rith puo mutants are inviable 

(Donovan and Kushner, 1983; 1986). SK6639 (pio-206) was first made PyrF by 

P1 transduction using a SKI 105 lysate (iupEpmf:Tni); Kanr  Ura progeny were isolated. 

An SK6639pyrF lysate (pi4o-200 pyrE:Tni) was then used to transduce separate Trp 

putative r,th-500 transductants and Cmpr  Arg progeny isolated. The resultant 

ruth-fOOpuzp-200progeny were screened for temperature sensitivity at 42°C and 44°C. 

A Kanr  determinant in the ApcwB gene (Masters eIa< 1993) was used as a selectable 

transduction marker. It was used to transduce the 4oc1,7,8mutation into the bacterial strains 
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described in this study. Kanr  transductants were selected in the presence of 50 [tg/ml 

kanamycin to avoid selection of spontaneous Kanr  progeny. 
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MM38 

P1 W31 10 

select Ura+;  

MM38 Ura isolated 

P1 SK1l05(trpEpvr:T 

IF 

select Kanr;  screen Trp, Ura; 

candidate MM38 UraTrpKanr  isolated 

P1 SK5689(r,th-JOaTs) 

select Ura+;  screen  Kans, Trp+ 

candidate MM3 8pyrE"pyrErith-5OO 

Check forrth-50transducing with a P1 grown on apyrFj;np strain. 

First, SK6639 (pflp-205 x Pt SKi 105 (IrpEpyrf:Tni): 

select Kanr;  screen Ura; SK6639 (pyrJ':Tn5p1z10-200) isolated. 

Pt lysate then made on SK6639 	rJ:Tn5p10-206) 

P1 SK6639 (pw-Fp1,?p-20 

select Cmpr,  Arg; resultant MM38 candidate /m&-500(Ts) ,zrnp -200 

screened for temperature sensitivity at 42°C and 44°C 

Figure 3.0 Construction of MM38 r,th-500 
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3.3 Growth properties of ribonuclease mutants 

The effect on growth of a particular mutation can serve as a crude measure of how 

essential a gene's product is for overall cell survival. The growth of strains deficient in 

RNase E (am,r-!or r,ie-3071), RNase II (1-,7h-500or /7th-2P6or A,-,7h-201) and RNase III 

(/trtzc-3, in the absence and presence of PAP I, were determined as described in 

Section 2.2. 1. 
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3.3.1 Growth of arns-J and rne-3971 mutants, in the absence and presence 

of pciil? 

Table 3.0 The generation times of MM38 and ams-/(rne-/,1, rtze-307/ and AxwB mutants 

at 30°C and 42°C. The results are means±range for duplicate experiments. 

Time (minutes) at 

Doubling time 	 which cessation of 

(minutes) 
	

growth occured after 

Strain 
	

30°C 
	

42°C 
	

iture 	shift 

MM38 (parent) 
	

54±7 
	

26±2 
	

N/A 

MM38 L1/7c/lB 
	

56±0.3 
	

28±3 
	

N/A 

MM38 a//zr-! 
	

66±5 
	

74±4 
	

254 

MM38 rize-307/ 
	

60±2 
	

38±7 
	

N/A 

MM38Apc,zBaiiz-! 	 65 	 73±2 	 188 

M M3 8 4'xwBrize-307/ 	 55 	 38 	 175 

Each of the bacterial strains studied grew at 30°C (Table 3.0 and Figures 3.1 to 3.3). 

Both the parent strain, MM38, and theperiBdeletion mutant, MM38 4ocnB, grew well at 

42°C (Figure 3.1). MM38 rne-3071 and MM38 a/c-/ grew for approximately 3.5 cell 

doublings (average doubling time of 74 minutes for MM38 ams-1; average doubling time of 

38 minutes for MM38 rne-307/) following the shift to 42°C (Figures 3.2A and 3.3A). 

Thereafter, MM38 me-107! grew slightly more slowly (Figure 3.3A) while MM38 am's-1, 

after dilution of the culture once it had reached an optical density of 0.3 (for experimental 

details see Section 2.2.1), grew even more slowly at the non-permissive temperature 

(Figures 3.2A). For both MM38 rne-3071 and MM38pcnB rne-3071, a striking lag was 

observed before log growth occurred at 30°C (Figure 3.3). The double mutants, 

MM38 4ocith' ,-ne-3071 and MM38 4rnwB am's-!, showed no difference in their growth at 

42°C (Table 3.0). MM38 4ocnBrne-307! grew for approximately 3.5 cell doublings but 

after dilution it failed to continue to grow (Figure 3.3B). For MM38 ApetiB am's-!, growth 

ceased after approximately 3 hours at 42°C (Figure 3.2B). 

The doubling times of the me-/mutants (le. both am's-/and rne-307!) at 30°C and 

42°C (Table 3.0 and Figures 3.2A and 3.3A) are similar to their 4oc,zB counterparts 

(le. MM38 ApwB am's-/or MM38 4ocwB me-307!) at the same temperatures (Table 3.0 

and Figures 3.2B and 3.3B) until the cessation of growth at 42°C occurred for the 

ApcnBrne-!mutants. The introduction of the ApcnBmutation into both a,ns-!and 1-ne-3071 

mutants appeared to reduce the time before the cells ceased to grow after being shifted to the 

non-permissive temperature (Table 3.0). The growth of am's-i mutant ceased after 

254 minutes at 42°C, while in contrast, the ApctzB am's-i mutant grew for a shorter period 

of time at 42°C, ceasing to grow after 188 minutes (Table 3.0 and Figure 3.2). The r,ie-107/ 
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mutant grew relatively slowly at 42°C but in the 4ixwB rne-3071 mutant, growth ceased 

after 175 minutes at the non-permissive temperature (Table 3.0 and Figure 3.3). 
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Figure 3.1 Growth of MM38 (parent) (A) and MM38 4owB(13) at 30°C and 42°C. Cells were grown 

in Luria broth as described in Section 2.2.1. When cell cultures reached an OD540nm of 0.3, portions 
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Figure 3.2 Growth rate of arns (rue-i') mutants in either a pwB+  background (A) or a pcizB deletion 

background (B) at 30°C and 42°C. Cells were grown in Luria broth as described in Section 2.2.1. When 

cell cultures reached an OD540nm  of 0.3, portions were shifted to 42°C; shift occurred at 266 minutes for 
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Figure 3.3 Growth rate of rne-3071 mutants in either a ,m-wB background (A) or a pwB deletion 

background (B) at 30°C and 42°C. Cells were grown in Luna broth as described in Section 2.2.1. When 

cell cultures reached an OD540nm  of 0.3, portions were shifted to 42°C; shift occurred at 411 minutes for 

MM38 r1;,e-3071(A) and 320 minutes for MM38 4ocnB r,ze-3071(13). Points for MM38 rne-3071 and 

MM38 4'x-izBr,ze-iO7/are from a single experiment. 
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The ams-!and rne-3071mutations are alleles of the same chromosomal gene and the 
two mutations are separated by only 6 nucleotides; both cause conservative amino acid 

substitutions within the N-terminal domain of RNase E (McDowall efa/ 1993). 
From the growth curve results as expected the ams-/ protein appears to be 

temperature sensitive (Figure 3.2). The anzc-/mutant exhibited extremely slow growth and 

cell death at 42°C which agreed with previous results (Ono and Kuwano, 1979). The 

rize-307/mutant did not exhibit temperature sensitivity because its growth was not studied at 

its non-permissive temperature of 43°C (Apirion, 1978; Apirion and Lasser, 1978). The fact 

that the rne-307/ mutant grew (albeit more slowly compared to the parent strain) at a 
temperature when the was-1 mutant was temperature sensitive may suggest the arns-1 

mutation in RNase E appears to alter the ribonuclease's structure or function more severely 

compared to the 1-ne-3071 mutation. The effect of the rae-3071 mutation was only 
detrimental to the cell in a ApcwBbackground at 42°C (Figure 3.313). The more severe nature 

of the a/as-/mutation compared to the rae-307/mutation has been observed when Lin-Chao 

and Cohen (1991) demonstrated that the a,r-/ mutant showed increased RNA I stability at 

a temperature permissive for ,we-Y071mutant. In contrast, some phenotypes of the 1-11e-3071 

and the arns-1 mutations are similar; for example, both show similar increases in mRNA 
half-lives for individual transcripts (Mudd era/ 1990b). 

The failure of the peaB deletion on its own to affect cell growth (Figure 3. 1 B) 

confirms previous observations that PAP I has no essential role in the cell 

(Liu and Parkinson, 1989; Masters efa/ 1993). It suggests that the cell can compensate for 

the loss of PAP I, whereas even the partial loss of RNase 13 activity, at 30°C in the 

temperature sensitive mutants,has a detrimental effect on growth (Figure 3.3). This may be 

another illustration of RNase E's importance to the cell; other findings of RNase E's crucial 

role in the bacterial cell include the observation that the only rae mutations that have been 
obtained are conditional lethals and the riiegene is toxic to the cell when present in multicopy 

(Claverie-MartineIai 1989). 

The pcaBmutation showed a significant effect on growth when the rne-307!/ams-1 

mutation was also present. For instance, the absence of PAP I appears to reduce the time 

4ocnB rae-3071 and ApwB a/as-1 mutants survive at the non-permissive temperature 

(Table 3.0). It is known that the absence of PAP I slows RNA decay (O'Hara eIai 1995; 
Hajnsdorf el a/ 1995) and the a1ns-1/rae-3071 mutations decrease the rate of RNA decay, 
both for bulk mRNA (Ono and Kuwano, 1979; Mudd eta< 1990b; 
Babitzke and Kuhsner, 199 1) 	and 	individual 	transcripts 	(for 	examples, 	see 
Section 1.2.1.1). Perhaps, the lethality associated with strains lacking PAP I and RNase E 

could be due to the failure to metabolise properly unwanted RNAs,which potentially interfere 

with cell metabolism by competing with functional mRNAs,or could be due to the lack of 

processing of mRNAs coding for important cellular enzymes rather than the lack of general 

decay of mRNA. 
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Both amr-I/rne-3071 mutations affect 9S rRNA processing 

(Apirion and Lasser, 1978; Mudd el al, 1990b). The absence of RNase E, besides 

accumulating 9S rRNA precursors, leads to cell death; the 'we-J07lmutation was identified 

by Apirion (1978) on the basis of itsability to synthesise5S rRNA at the non-permissive 

temperature. The failure to produce 5S rRNA could prevent formation of functional 50S 

subunits for the L co/i 70S ribosome. However, protein synthesis appears to continue 

normally for several hours after shift to the non-permissive temperature in arnc-! mutants 

(Ono and Kuwano, 1979; 1980). This suggests, despite the inactivation of RNase E, 

enough new SOS subunits can be generated for protein synthesis in arns-! mutants at the 

non-permissive temperature. An alternative explanation for the lethality of RNase E mutants 

could be related to its possible role in bacterial cell structure (Casaregola el al, 1992; 

Section 1.2.1.1). 
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3.3.2 Growth of rith mutants, in the absence and presence of pcNB 

The /,h-500 allele encodes a thermolabile RNase II which is rendered mostly 

inactive at 44°C (Donovan and Kushner, 1986). The r,'th-29óallele is a null mutation 

(Nikolaev eIai 1976) and the L4L."th-201 mutant has the gene deleted from the chromosome 

(Piedade el a/ 1995) 

Only the r,th-fOOallele gives a thermolabile product, but the other strains were also 

examined at 44°C to allow comparison. MM38 rith-2.9óshowed a clear reduction in doubling 

time at 30°C and 44°C (Table 3.1 and Figure 3.6A) when compared to the parent strain, 

MM38 (Table 3.1 and Figure 3.4A) or the rith-fOOmutant, MM38 rith-500(Table 3.1 and 

Figure 3.5A). The rnb-20/mutant, MM38 Arith also grew more slowly at 30°C (Table 3.1 

and Figure 3.7A) than the parent strain or the rnb-500mutant but at 44°C, the growth rate 

was not as strikingly reduced as the 1-1th-296 mutant. However, MM38 Ar,th showed an 

initial lag phase that was not detected for either MM38 rith-29ó or MM38 r,th-500 

(Figures 3.5A to 3.7A). MM38 rith-fOO had a similar growth rate to the parent strain at 

either temperature (Table 3.1 and Figure 3.5A). 

Table 3.1 The generation times of MM38 and 1-1th-500, r,th-296, zlr,th-201 and 4oe77B 

single and double mutants at 30°C and 44°C. The results are means±s.e.m. (n=3) for MM38 

and MM38 ApcwBand for the rest, means for single experiments. 

Doubling time (minutes) 

Strain 
	

30°C 	 44°C 

MM38 (parent) 48±2.7 25.8±0.7 

MM38 4ixwB 53.4±3.3 28.9±0.8 

MM38 ,-,th-500 46 25 

M M3 8 2ipcnBrith-500 55 30 

MM38 r,th-296 67 40 

M M 3 8 4octzBrith-296 75 44 

MM38Llrnb 67 28 

MM38ApwBArith 	 64 	 29 

The growth curve results for the ribonuclease II mutants (Table 3.1 and Figures 3.5 

and 3.7) show different effects on growth at 30°C and 44°C depending on which rith 

mutation was studied. The r/,,h-fOOmutation had little effect on growth even at 44°C, as also 

reported by Donovan and Kushner (1986). The r/z/7-29ámutant grew more slowly than the 

parent strain in agreement with results from Nikolaev eia/(1976). The Alith-201 mutant 

showed at 30°C an initial lag phase but growth thereafter was only slightly slower than for 

the parent strain, which also agrees with observations made by Piedado etaI(1995). The lag 

phase of a Arith-201 mutant might be caused by neighbouring genes being affected by the 

deletion of the i-nh promoter region and the rith gene from the chromosome 
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(Piedade etai 1995). Evidently, despite the observation that ribonuclease II is responsible 

for 90% of the exoribonucleolytic activity in the cell (Deutscher& Reuven, 1991), the 

existence of alternative decay pathways in the cell can compensate for its absence without 

any appreciable decrease in viability (Kelly and Deutscher, 1992). 

The effect of deleting PAP I had at most a marginal negative influence upon growth 

on r,'th-500and r,th-29ómutants at 30°C and 44°C (Table 3.1). The lack of PAP I had no 

effect on the r,th-20!mutant background (Table 3.1). This is in contrast with the significant 

reduction in growth with strains lacking both PAP land RNase E (Section 3.3.1). Perhaps, 

this is a reflection that both PAP I (Liu and Parkinson, 1989; Masters eta!, 1993) and 

RNase II (Donovan and Kushner, 1983; 1986; Zilhao ci a/ 1995) are not essential for cell 

viability. Presumably, enough functional overlap exists between PAP I and PAP II 

(Section 1.7) and between RNase II and PNPase (Sections 1.2.2.1 and 1.2.2.2) for the cell 

to survive under the conditions tested. 
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Figure 3.4 Growth rate of MM38 (parent) (A) and MM38 ApwB(B) at 30°C and 44°C. 

Cells were grown in Luria broth as described in Section 2.2.1. When cell cultures 

reached an OD540nm  of 0.3, portions were shifted to 44°C; shift occurred at 210 minutes 

for both strains: MM38 and MM38 4ocnB. Points for MM38 and MM38 4rnwB are 

from a single experiment. 
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Figure 3.5 Growth rate of 1-1,?b-i720 mutants in either a pCiZB+  background (A) or a 

pcnB deletion background (B) at 30°C and 44°C. Cells were grown in Luria broth as 

described in Section 2.2. 1. When cell cultures reached an OD540nm  of 0.3, portions were 

shifted to 44°C; shift occurred at 174 minutes for both strains: MM38 rnb-500and 

MM38 ApenB1-11h-5O0 Points for MM38 rftb-fOOand MM38 ApcflBr/th-500are from 

a single experiment. 
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Figure 3.6 Growth rate of rnb-2.9ámutants in either ape-w,04-  background (A) or apcnB 
deletion background (B) at 30°C and 44°C. Cells were grown in Luria broth as described 

in Section 2.2.1. When cell cultures reached an OD540nm  of 0.3, portions were shifted to 

44°C; shift occurred at 230 minutes for MM38 ,-,th-296 (A) and 290 minutes for 

MM38 ApenB r,th-296(B). Points for MM38 ,r,th-296 and MM38 ApwB r,th-29óare 
from a single experiment. 
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Figure 3.7 Growth rate of Ar,th-201 mutants in either a pcwK background (A) or a ,rxwB deletion 

background (B) at 30°C and 44°C. Cells were grown in Luria broth as described in Section 2.2.1. When 

cell cultures reached OD540nm  of 0.3, portions were shifted to 44°C; shift occurred at 405 minutes for 

both strains: MM38 Ar,th and MM38 4,'x7iB Al-lib. Points for MM38 Artib and MM38 ApcwBArith are 

from a sin2le experiment. 
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3.3.3 Growth of rizc mutants, in the presence of PAP I 

The ribonuclease 111 mutant, MM38 Arflc-I, grew more slowly than the parental 

strain, MM38 (Table 3.2 and Figure 3.8). 

Table 3.2 The generation times of MM38 and MM38 A1-zzc-38at 37°C. The results are 

means±s.e.m. (n=3) for the parent strain, while for the Lirnc-38 mutant, results are 
means±range (n=2). 

Doubling time (minutes) 

Strain 	 37°C 

MM38 (parent) 	 32±0.8 

MM38 z.4tr,7c-33 	 67±14 

As expected, the ri-ic gene can be deleted without major harm to growth 

(Babitzke eIai 1993). Babiztke el 11/(1993) suggested that while significant changes in 

rRNA processing associated with the loss of RNase lUdid not affect cell growth, changes in 

mRNA turnover however, as seen as in rne-!orp/zp rith mutants did affect cell viability 

(Ono and Kuwano, 1979; Arraiano e/aI 1988; Donovan and Kushner, 1986). Evidently, 

like for mRNA decay, compensatory pathways exist for rRNA processing. 
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Figure 3.8 Growth rate of MM38 A,-1z,---IN and MM38 (parent) at 37°C. Cells were 

inoculated from stationary phase into Luria broth, 37°C at 0 minute. They were grown as 

described in Section 2.2.1. Points for MM38 and MM38 A,nc-38 are from a single 

experiment. 
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3.4 Chemical stability of RNA I in ribonuclease mutants 

In order to produce RNA I for stability measurements a CoIEI-related plasmid, 

piFi I8HE (Ampr),  pBR325  (Ampr, Cmpr, Tetr) or pBAD18 (Ampr) was used to transform 

the bacterial strain to be used, except for SK5726 which already contained 

pDK39 (Cmr rith-5O4. The presence of pDK39 is required for SK5726 to survive, even at 

the permissive temperature (Yancey and Kushner, 1990; Donovan and Kushner, 1986). 

The rate of degradation of RNA I was measured in E. co/i strains carrying various 

combinations of mutations in ribonucleases known to be involved in mRNA decay (Section 

1.2). The determination of the decay of RNA I involved the use of rifampicin which arrests 

transcription initiation but does not interfere with elongation of already initiated transcripts. 

The sampling and analysis of total RNA is described in Section 2.6.1. 

Oligodeoxyribonucleotides specific for RNA I were used to visualise the separated RNA I 

and the control RNA, tRNAser  on Northern Blots; they were devised by 

Dr. Uta Binnie (Masters' group). The probe for RNA I was UB-2: 5'-GAT CAA GAG 

CTA CCA ACT CTT-3' and the probe for tRNAser  was SS-2: 5'-CCGGT AGAGT 

TGCCC CTACT CCGGT TTTAG-3'. UB-2 is complementary to stem loop II of RNA I 

(Figure 1.1). The probes specific for RNA I and tRNAser  were obtained labelled with 

[y 32Pj-ATP and T4 polynucleotide kinase as described in Section 2.5.9. The band 

intensities of the resulting autoradiograms were quantified using a Phosphorlmager 

densitometer. The diminishing band intensities are the result of RNA I decay 

(autoradiograms of Figure 3.9, Figures 3.11 to 3.22) which is rapid in the parent strain 

(Fig 3.9A). In the mutants strains lacking particular enzymes, the diminishing band 

intensities provide an indication of the rate of removal of material by compensating/back-up 

enzymes, if any, in the system. The relative intensities of RNA I and tRNAser  can be 

compared within a given Figure, but not between Figures because of differences in probe 

labelling. The RNA I half-lives were estimated from semi-log plots of total peak areas 

integrated from scans (Figure 3.9, Figures 3.11 to 3.22). An example of such a plot from 

which the RNA I half-life was estimated is shown in Figure 3.10. In the figures and 

discussion, full length RNA I is written as RNA 1108  while the product of 

RNase E-cleavage, pRNA 1-5  is written as RNA 1103.  The subscript represents the number 

of nucleotides in the respective species. 

The sizes of RNA I species were calibrated using unprocessed 108—nucleotide 

RNA I and a mutationally truncated RNA I variant (pppRNA 1103) synthesised th 1'12'roas 

standards (Xu el al, 1993). Xu et a/(1993) found that RNA I species from pcnB cells 

were, although somewhat heterogeneous, on average the same length as RNA I transcribed 

in iri', this was also reported by Lin-Chao eia/(1992) and He eia/(1993). Primer 

extension analysis of RNA isolated from1rnwB strains also revealed processed RNA I that 

were shortened from their 5' end (Xu eIai 1993). In addition, using PCR amplification 

methods, Xu eia/(1993) demonstrated RNA I species isolated from apcnB+  strains either 
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had adenylate residues present at RNA l's natural terminus (ie. the 3' end of a 108—

nucleotide primary transcript) or had adenylate residues added posttranscriptionally after 

truncation by PNPase (Xu and Cohen, 1995). Recently, RNase E was found to shorten 

poly(A) tails attached to the 3' end of RNA I th iro (Huang et ai 1998) and so 

presumably, RNA I species isolated from pcnB+ rne+ strains would also contain adenylated 

RNA I processed by RNase E's exonucleolytic activity. 

InpcwB mutants, no RNA I species longer than the unprocessed 108—nucleotide 

RNA I could be detected and instead, RNA I species of about 6-10 nucleotides shorter than 

the 108—nucleotide RNA I transcripts were observed (Xu eia/ 1993); this was also reported 

by He en-i/(1993). Primer extension analysis of RNA I from the,xwB strain revealed that 

the 5' end of RNA I was the same as the 5' terminus of the 108—nucleotide primary 

transcript (Xu c/ a< 1993). RNA I species from pwB mutants were found by primer 

extension analysis and capping studies to be RNA I derivatives with nucleotides lost at the 

5' end (Xu eiai 1993). 

Therefore, the band denoted as RNA 1108  in Figures 3.11 to 3.22, Figures 4.9 to 

4.12 and Figures 4.16 to 4.17 actually consists of a collection of processed and unprocessed 

species (Xu eiai 1993); the band marked as RNA 1103  in Figures 3.11 to 3.22, Figures 4.9 

to 4.12 and Figures 4.16 to 4.17 consists of a heterogeneous mixture of processed RNA I 

species. 
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3.4.1 Stability of RNA I in mutants deficient in RNase E, in pcizB deletion 
and pciilJ strains 

In MM38, the RNA 1108  species can be observed before and after the addition of 

rifampicin (Figure 3.9A). The half life of RNA 1108  is approximately 2 minutes (Table 3.3). 

With pcith' deleted, the RNA 1103,  produced by RNase E cleavage of RNA 1 108, 

accumulates in the cell (Figure 3.913); the half-life of RNA 1103 is at least 30 minutes 

(Table 3.3). 

In the RNase E mutant, MM38 ams-1, the RNA 1103  which is faintly detectable at the 

permissive temperature (-60 minutes) is no longer visible at the restrictive temperature 

(Figure 3.1 IA) and only RNA 1108  can be seen (Figure 3.1 IA). The half-life of RNA 1108 

is 5-fold greater than in the am.r strain (Table 3.3). At 42°C, in the double mutant 

ApczBams-!, very distinct hybridisation signals indicative of RNA 1108  and RNA 1103  can 

be seen (Figure 3.1113), although RNA 1108  is not detectable until after RNase E has been 

inactivated by the shift to 42°C (Figure 3.1 113, -45 minutes). The half-life of RNA 1108  at 

42°C was at least 20 minutes and that of RNA 1103  at least 30 minutes, in 

MM38 4oc7& a/us-! (Table 3.3). Indeed no further RNA 1103 may be produced after 

RNase E—inactivation (-45 minutes onwards in Figure 3. II B), but the material synthesised 

at 30°C largely survives for a further 90 minutes. 

Small degradation products of approximately size 60-70 (detected by UB-2) can be 

also seen in MM38 4ptwBmutants (Figure 3.913). They do not seem to be present at 30°C 

(Figure 3.913, -60) and only start to accumulate at 42°C. 

Table 3.3 The half-lives of RNA I in MM38 mutants of ams-!and 4ocwBafter addition of 

rifampicin (0.25 mg/ml) at 42°C. These values were determined by densitometric scanning 

of autoradiographs, as described in Section 3.4, of gels shown in Figures 3.9 to 3.11. 

Half-lives of RNA I species (minutes) 

Strain 	 RNA 1108 	 RNA 1 103 

MM38 (wild type) 	 2 	 2 

MM384ocwB 	 2 	 >30 

MM38 (Ims-! 	 10 	 - 

MM38ApcflBarns-! 	 20 	 >30 

The RNA 1108 band is much fainter than the band marking the RNA 1103 species in a 

ApwB strain (Figure 3.913) when compared to the penB strain (Figure 3.9A). This is 

because of two reasons: the total amount of RNA I is reduced in 4rnwBmutants because the 

copy number is decreased and as RNA 1103  is stabilised but not RNA 1108  in 4owBmutants 

(Table 3.3), the ratio of RNA 1103 to RNA 1108 will be greatly increased. The multiplicity of 

RNA I species detected for MM38 ApcwB (Figure 3.913) agrees with observations by 

W.  
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Xu eial(1993) that accumulation of RNA I species in ApciiB mutants consists of RNA I 

transcripts of 103 nucleotides or shorter in length (see Section 3.4 for more details). 

The full length RNA I of 108 nucleotides is the predominant species in MM38 and is 

unstable, with a half-life of about two minutes (Table 3.3 and Figure 3.9A). This value 

agrees reasonably with already published results: 1.7 minutes reported by Heeia/(1993), 

2.0 minutes reported by Lin-Chao and Cohen eta/(1991) and 2.7 minutes provided by 

Bouvet and Belasco (1992). 

In contrast, the half-life of the RNase E-cleaved RNA I. RNA 1103,  inpcnBdeletion 

mutants is prolonged to at least 30 minutes (Table 3.3). The prolonged half-life of RNA 1103 

was also observed with already published results: greater than 16 minutes reported by both 

Xu era/(1993) and He cia/(1993). The greatly increased half-life of RNA 1103  in pcizB 

deletion mutants suggests that polyadenylated RNA 1103  may be degraded far more 

efficiently than the non-adenylated form (Xu el al 1993; He eIa/ 1993). As a result of 

PAP l's effect on the degradation of RNA I decay intermediates, Xu eta/(1993) proposed 

that this potentially explained the decreased copy number of CoEl plasmids observed in 

pcnB mutants (Lopilato el a/ 1986; Liu and Parkinson, 1989; March c/ a/ 1989; 

Masters eIai 1990). 

In the aazs-1 single mutant, with inactive RNase E, no RNA 1103  species were 

observed at the non-permissive temperature (Figure 3.1 IA). This is expected because 

RNase E is responsible for removing 5 bases from the 5'-end of RNA Ito form RNA 1103. 

The half-life of the full-length RNA I transcript is increased five-fold in the i-ims-/ mutant 

compared to the wild-type strain (Table 3.3). The short half-life of RNA 1108  in the 

wild-type and penBdeletion backgrounds is in contrast with the longevity of RNA 1108  in 

the ams-1 mutant. confirming that RNase E rapidly processes all available RNA I and may 

carry out the favoured or initial step in RNA I decay (Lin-Chao and Cohen, 1991). 

In contrast, the pattern of RNA I decay in the xwB arns-! double mutant differed 

from that in thea,ns-1 single mutant at 42°C. When the double mutant was shifted to the 

non-permissive temperature, the pre-existing RNA 1103  remained just as stable as in the 

fj+ 4oc1z8 strain, and far more stable than in the wild-type background, presumably 

because it exists in a non-polyadenylated state, confirming PAP I's importance for the rapid 

degradation of this species (He eia/ 1993; Xu eta/ 1993). When RNase E is inactivated by 

elevation of temperature, the stability of the unprocessed 108 nucleotide molecule is 

increased from the ains-!single mutant's half-life of 10 minutes to at least 20 minutes in the 

ApenBams-! double mutant (Table 3.3). Since the rate of chemical decay of RNA 1108 

remains measurable, other ribonucleases must be capable of RNA I degradation albeit much 

less efficient than RNase E. The results suggest that PAP I is important in facilitating the 

action of alternative ribonucleases in the RNA I decay pathway, since they appear to function 

less well in its absence. 
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Figure 3.9 Measurement of the rate of RNA I decay in wild-type and xiiB deletion 

strains, carrying piFi I 8EH. MM38 (parent) (A) and MM38 A1xwB(B) cells were grown 

exponentially at 30°C and shifted to 42°C for an hour before treatment with rifampicin 

(0.25 mg/ml). Aliquots were withdrawn for semi-quantitative Northern Blot analysis at 

the times indicated. The figures show autoradiogratns of filters probed for RNA 

RNA I ini and tRNApr. 
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Figure 3.10 The decay of RNA 1108  and RNA 1103  in MM38 and MM38 ApctzB 

(Northern Blots shown in Figure 3.9) are depicted graphically. The relative amounts of 

RNA I, when quantified as described in Section 3.4, are plotted as a function of time after 

rifampicin addition. To calculate the "normalised ratio RNA I/tRNA" the ratio between the 

RNA I signal and the tRNA signal at time 0 (Figure 3.9) was set to unity. 
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Figure 3.11 Measurement of the rate of RNA I decay in -iiizr-/ 1/rm-'-/' mutant, in the 

presence and absence of PAP I. carrying pJFI 18E1-1: MM38 t-im.r-/ (A) and 

MM38 A'cii/? 7IMF-/ (B) Cells were grown eponentialIy at 30°C and shifted to 42°C 

for an hour before treatment with rifampicin (0.25 mg/mI). Aliqtiots were withdrawn for 

semi-quantitative Northern Blot analysis at the times indicated. The figures show 

autoradiotrams of filters probed for RNA 1108, RNA 1103 and tRNAser. 
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3.4.2 Stability of RNA I in mutants deficient in RNase II 

One of the major exonucleases of mRNA decay, polynucleotide phosphorylase 

(PNPase) has been demonstrated to have a role in the degradation of RNA I 

(Dr. Uta Binnie, Masters' group; Cohen, 1995; Xu & Cohen, 1995). It seemed reasonable 

to investigate whether the other major exonuclease in the cell, RNase 11, also has a role in 

RNA I decay (see also Section 3.1). The chemical stability of RNA I in RNase 11 mutants of 

the MG 1693 (Section 3.4.2.1) and the MM38 (Section 3.4.2.2) genetic backgrounds was 

studied, in the presence and absence of PAP I and PNPase. 
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3.4.2.1 Stability of RNA i in mutants of the MG1693 genetic background 

carrying various combinations of pnp and rn4 in the absence and presence 

of pcizB 

The chemical stability of RNA I in strains carrying various combinations of 4rn77B, 

rnb-500andp,7p-7mutations was measured in a MG 1693 genetic background. Temperature 

sensitive strains were shifted to the non-permissive temperature of 44°C and grown for an 

hour to allow the temperature sensitive mutation to be expressed before the addition of 

rifampicin and sampling. 

Table 3.4 The half-lives of RNA I in r,th-5OO pnp-7and 4,'cnB mutants after addition of 

rifampicin (0.25 mg/ml) at 44°C. These values were determined by densitometric scanning 

of autoradiographs, as described in Section 3.4, of gels shown in Figures 3.12 to 3.14. The 

results are means for single experiments. 

Half-lives of RNA I species (minutes) 

Strain 	 RNA 1108 	RNA 1 103 	ext RNA 1 103 	RNA 160.70 

MG 1693 (wild type) 	 2 	
* 	 - 	 - 

MGI693pcnBA(Apwh) 	 2 	 >60 	 - 	 >60 

SK5689(rn/-50(4 	 2 	 - 	 - 	 - 

SK5689pcnBA 	 2 	 >60 	 - 	 >60 

(4owB r,th-50(4 

SK5726(r,th-500,onp-4 	 t 	 3.7 

SK5726pcnBA 	 - 	 48 	 - 	 >60 

(4'xwB p,th-50() p,ip-; 

*: Band was too faint to be measured accurately (Figure 3.12A). 

Putative extended RNA 1103: band covers positions normally occupied by RNA 1108  and RNA 1103 

No significant difference in the stability of RNA 1108  was noted between the wild-

type, MG1693 (Figure 3.12A) and the isogenic single rnb-500mutant, SK5689 (1nb500 

(Figure 3.13A); the half-life of the full-length transcript was 2 minutes (Table 3.4), as in 

MM38 (Table 3.3). The half-life of RNA 1103  could not be readily measured for MG1693 

(Figure 3.12A) because the band denoting that RNA I species was too faint. The half-life of 

RNA 1103  could not be readily measured for SK5689 (1-lth-50 (Figure 3.13A) because the 

band could not be easily separated from the RNA 1108  band. There was no significant 

difference observed for the 108- and 103- forms of RNA I between the pcwB deletion 

mutant, MG1693pcnBA (Apenh) ( Figure 3.1213) and the double mutant, SK5689pcnBA 

(Apc1z81-zth-506) (Figure 3.1313). In both, the RNA 1103 was very stable, with a half-life of 

at least sixty minutes (Table 3.4) whereas RNA 1108  was rapidly removed with a decay rate 

similar to that observed for the wild-type strain (Table 3.4). In thepenBdeletion mutants, 
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small degradation products of approximate size 60-70 nucleotides accumulated when the 

mutants were shifted to the non-permissive temperature (Figures 3.1213 to 3.14B). 

The double mutant of ,th-500and pnp-Z  SK5726, revealed hybridisation signals 

indicative of extended RNA I, before and after addition of rifampicin (Figure 3.14A). This 

extended RNA I species has a half-life of 3.7 minutes. The RNA I species in SK5726 is 

likely to be adenylated RNA 1103  (compare with the Figure for MM38rith-5001_71ip-7 

Section 3.4.2.3, Figure 3.1813). AptwB ilib-500pnp-7triple mutant extracts contained no 

RNA 1108; RNA 1103 was very stable,with a half-life of 48 minutes (Table 3.4 and 

Figure 3.1413). 
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Figure 3.12 Measurement of the rate of RNA I decay in a wild-type strain and pczB 

deletion strain. MG 1693 (parent) (A) and MGI693pcnBA (4ixm (B) cells carrying 

pJFI I 8HE were grown exponentially at 30°C and shifted to 44°C for an hour before 

treatment with ri fam pi CI U (0.25 in g/rn I ). Aliquots were withdrawn for semi-quantitative 

Northern Blot analysis at the times indicated. The figures show autoradiograrns of filters 

probed for RNA I , RNA  1103  and tRNA51. 
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Figure Figure 3.13 Measurement of the rate of RNA I decay in a ,77/;-.5129 mutant. in the 

presence and absence of PAP I. SK5689 (r.'th-Jd 	(A) and SK5689pcnBA 

(ii1'-w8 /7il;-..fO(4 (B) cells carrying pJFI 1811E were grown exponentially at 30°C and 

shifted to 44°C for an hour before treatment with ri faniiicin (0.25 mg/ml). Aliquots were 

withdrawn for semi-quantitative Northern Blot analysis at the times indicated. The figures 

show autoradiogranis of filters probed for R NA l 	, RNA 1103  and tRNA er. 
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Figure 3.14 Measurement of the rate of RNA I decay in a ith-.$9Omp-7iiitttaiit. in the 

presence and absence of PAII I. SK5726 (rith-500 piip-7 (A) and SK5726pcnBA 

(B) carrying pDK39. (Tells were grown exponentially at 30°C 

and shifted to 44°C for an hour before treatment with ri fampici ii (0.25 mg/ml). Aliquots 

were withdrawn for semi-quantitative Northern Blot analysis at the times indicated. The 

figures show autoradiograms of biters  probcd for RNA I , RNA 1103  and tRNAser. 
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3.4.2.2 Stability of RNA I in rnñ mutants of the MM38 genetic background, 
in the absence and presence of pcnB 

RNA I decay rates and decay patterns in strains carrying various combinations of 

4ocn,8 i-ith-5O2 rith-296 and Al-lib-20/alleles in the MM38 genetic background were also 

studied (Table 3.5; Figures 3.15 to 3.17). Only the iwb-500 allele produces temperature 

sensitive enzyme but the other strains were also examined at 44°C to enable comparison 

between all three r,thalleles studied. 

The chemical stability of RNA 1108  in MM38 r,th-500, MM38 iwb-296 and 

MM38 Arrn&(Figures 3.15A to 3.17A) was not significantly different to the value measured 

in the parent strain, MM38 (Table 3.5). (The picture for MM38 rth-5OO(Figure 3.15A) is a 

composite of two different blots). 

The decay pattern was basically similar for the three ribonuclease If mutants in the 

absence of PAP I (MM38 zipcnB rnb-500 Figure 3.1513; MM38 4o6nB ,r,th-296E 
Figure 3.1613; MM38 4ocnB z%r,zh Figure 3.17B); in all three, the RNA 1103  was very 

stable with a half-life of at least 25 minutes. However, while a half-life of approximately two 

minutes was measured for RNA 1108  in MM38 4owB r,th-500 and MM38 ApcnB1-1th-296 
(Table 3.5 and Figures 3.1513 and 3.16B), RNA 1108  was not observed in Northern Blots of 

MM38 ApeaB Ar,ih (Figure 3.17B). The absence of RNA 1108  in Northern Blots of 

MM38 40(WBAP,th could probably be attributed to the low intensity of the bands denoting 

both RNA I species for both Artth-201mutants (Figure 3.17). 

Table 3.5 The half-lives of RNA I in MM38 derivatives carrying various combinations of 

r,th-5OO rnb-296 Arith-20j' and 4ocn6alleles after addition of rifampicin (0.25 mg/ml) at 

44°C. These values were determined by densitometric scanning of autoradiographs, as 

described in Section 3.4., of gels shown in Figures 3.15 to 3.17. Results are 

means±s.e.m. (n=3) for MM38 r,th-296 and MM38 4owB r111,-296and for the rest, 

means±range (n=2). 

Half-lives of RNA I species (minutes) 

Strain 	 RNA 1108 	 RNA 1 103 

MM38 (parent) 1.7±0.7 1.7±0.5 

MM381-lth-500 3 

MM38A1x71Br1th-590 1.7 27.5 

MM38,-,7h-296 2.1±0.4 1.8±0.3 

MM38ApcizBi-i11,-296 1.7±0.7 40±8.1 

MM38zrnh 2 

MM384oc7BAr,ib 	 - 	 26±1 

Value for RNA 1103  could not be measured because the band denoting this RNA I species was either, for 

MM38 r,th-500, inseparable from the RNA 1108 or, for MM38 Ar,th, too indistinct. 
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In this section we have measured the chemical half-life of RNA I in strains carrying 

various mutations affecting RNase II (rflb-500(temperature sensitive), 1-th-296(i nsertional) 

and Arith-201(deletional)) (Table 3.5; Figures 3.15A, 3.16A and 3.17A). No pronounced 

differences in the pattern of RNA 1108  decay was perceived between the wild-type strain and 

the various RNase 11 mutants. The half-life of RNA 1108  in the various RNase 11 mutants 

was the same as that measured in the parent strain, MM38 (Table 3.5). In the absence of 

PAP I, the RNase II double mutants revealed the usual stable RNA 1103  band (Table 3.5; 

Figures 3.1513, 3.1613 and 3.1713) as seen in previous pcwBdouble mutants, or singlepcith' 

mutants (Tables 3.3 and 3.4). In general, if the RNase II had a major role in RNA I decay, 

the stability of RNA I in the im& single mutant would have been expected to be significantly 

different compared to the parent strain. MG 1693 or MM38; contrast the significant effects 

of an RNase E mutation (Lin-Chao and Cohen, 1991; also Table 3.3) or a PNPase mutation 

(Xu and Cohen, 1995; also Table 3.6) upon RNA I decay. 

The absence of PAP I (Table 3.4 and 3.5) appears to stabilise RNA 1103  even in the 

absence of both RNase II and PNPase suggests that there is an alternative pathway for 

removing RNA I when both RNase II and PNPase are inactivated and this pathway requires 

PAP I's polyadenylating activity (see Section 3.4.2.3 for a more detailed discussion). 

In both genetic backgrounds. MG 1693 and MM38, double mutants affecting 

RNase II and PAP I and single mutants affecting PAP I not only showed prolonged 

RNA 1103  half-lives (Tables 3,4 and 3.5), but smaller degradation products could be 

observed (Figure 3.13B and Figures 3.1513 to 3.1713). The appearance of these discrete 

breakdown products of size 60-70 nucleotides long seems to be correlated with the absence 

of PAP I and their stability does not seem to be affected by RNase 11 and PNPase deficiency 

(Table 3.4 and Table 3.5, Figures 3.1213 to 3.1713). 

The slight increase in RNA 1108  half-life in rith-JOOand rith-296mutants could mean 

RNase II plays a minor role in RNA I decay. However, the rnb-500 mutation encodes 

thermolabile RNase II activity (Donovan and Kushner, 1986) and rnb-296encodes a null 

mutant protein (Nikolaev e/a/ 1976). In both mutants the altered RNase II, despite having 

no catalytic activity (at 44°C), could interfere directly or indirectly with RNA I decay. The 

mutant protein could hinder the activity of the RNA degradosome (Section 1.5.1) either 

directly by binding to RNA I or indirectly by affecting the processing of mRNAs of 

enzymes/proteins of the degradosome. The end result would be an observed difference in 

RNA I half-life in these mutants compared to the parent strain. In contrast, the Arith-201 

mutant has no RNase II because it lacks the rith promoter region and gene. The similarity of 

the RNA 1108  decay rate between the Ltrith-20/and the parent strain indicates RNase 11 plays 

no significant role in the degradation of this form of RNA I. 
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Figure 3.15 Measurement of the rate of RNA I decay in a ,7th-i00 mutant, in the 

presence and absence of PAP I. MM38 ,w/'-5(X1(A) and MM38 A7xwII /71/2-.500(13) 

carrying pJF I I 8H E were grown exponentially at 30°C and shifted to 44°C for an hour 

before treatment with rifampicin (0.25 mg/nil). Aliquots were withdrawn for semi-. 

quantitative Northern Blot analysis at the Ii flies indicated. The figures SliO\V 

autoradiograms of'Filters probed for RNA 11()g, RNA 1103  and ERNASCI. 
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Figure 3.16 Measurement of the rate of RNA I decay in a 17th-296 mutant. in the 

presence and absence of PAP I. MM38 ,wb-296 (A) and MM38 4iwB 1y715-296 (B) 

carrying piFi I 81-IE were grown exponentially at 30°C and shifted to 44°C for an hour 

before treatment with rifampicin (0.25 mg/ml). Aliquots were withdrawn for semi-

quantitative Northern Blot analysis at the times indicated. The Ii gores show 

autoradiograms of filters probed for RNA 1108, RNA  1103  and tRNA ser. 
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Figure 3.17 Measurement of the rate of RNA I decay in a Arith-20/ mutant, in the 

presence and absence of PAP I. MM38 Ar,z/' (A) and MM38 /?-wlI A,w/.' (B) carrying 

pJ F I I 81-1 E were grown exponentially at 30°C and shifted to 44°C for an hour before 

treatment With ri fampici it (0.25 mg/rn I ). Aliquots were withdrawn for semi-quantitative 

Northern Blot analysis at the times indicated. The figures show autoradiograms of filters 

probed for RNA I 	RNA 1 103 and tRNAscr. 
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3.4.2.3 Stability of RNA i in mutants of the MM38 genetic background, 

carrying various combinations of pnp and rith, in the absence and presence 

of pcnB 

The chemical stability of RNA I in strains carrying various combinations ofpwB, 

rith-fOOandpnp-7mutations was measured in a MM38 genetic background (Table 3.6, 

Figures 3.18 to 3.19). Strains producing temperature sensitive enzymes were shifted to the 

non-permissive temperature of 44°C and grown for an hour to allow the phenotype to be 

expressed, before the addition of rifampicin. 

Table 3.6 The half-lives of RNA I in rnh--5'00 ,wo-7and 4ocwB mutants after addition of 

rifampicin (0.25 mg/ml) at 44°C (except where noted). These values were determined by 

densitometric scanning of autoradiographs, as described in Section 3.4, of gels shown in 

Figures 3.18 and 3.19. Results are means±range (n=2). Abbreviation: 

ext RNA 1103,  extended RNA 1 103. 

Half-lives of RNA I species (minutes) 

Strain 	 RNA 1 108 	RNA 1 103 	ext RNA I 

MM38 (parent) 	 1.7±0.7 	1.7±0.5 	 - 

MM38 rith-500piip-7 	 t 	 2.5±0.5 

MM38 /1/1/2-7 
	 1- 	 t 	 6.9 

MM38 p///);;t 	 7.5 

M M3 8 A1xwB mp-2 	 >60 	 - 

Extended RNA 1103:  band covers positions normally occupied by RNA 1108 and RNA 1103 

Uta Binnie (Masters' group) has demonstrated by reverse transcription that the RNA I material seen in fl/1j9 single 

mutants is polyadenylated RNA 1103. See text below for more details. 

: Values determined at 37°C 

In the pnp-7 mutant at both 37°C and 44°C, a diffuse band of material covering 

positions normally occupied by RNA 1108  and RNA 1103  was observed (Figure 3.18A and 

3.19A). This material had an estimated half-life of 7 minutes (Table 3.6). In 

MM38 Apc1.1,8pnp-7 the RNA 1103  species was very stable, with an estimated half-life 

greater than 60 minutes (Table 3.6 and Figure 3. 19B), much as in the single 4oaz8mutants 

of MM38 (>30 minutes) or MG 1693 (>60 minutes). The values obtained for the 

4ocwBpizp-7mutant agree with the results determined by Xu and Cohen (1995). 

MM38 rflb-fOOpnp-7also revealed hybridisation signals indicative of extended 

RNA 1103. However, its half-life was found to be shorter than that observed for the single 

pnp-7mutant (Table 3.6 and Figure 3.1813). 

The nature of this diffuse band of material, varying upwards in length from 103 

nucleotides (Figure 3.18A; Figure 3.19A), had been previously been investigated by 
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Dr. Uta Binnie (Masters' group) who demonstrated that it is adenylated RNA 1103. Reverse 

transcription analysis of the material accumulating in the pip-7 mutant showed that its 

5' ends had mostly been generated by RNase E—processing, and thus suggested that it must 

consist of RNA 1103  with 3' extensions. The absence of such extended material in both 

A1.7w8p,7p-7and zlpcwB strains further suggested that the 3' extensions seen in thepnp-7 

single mutant were due to adenylation (Binnie). Primer extension analysis confirmed the 

RNA I species observed in apnp-7mutant was RNA 1103  rather than RNA 1108  (Binnie). 

Xu and Cohen (1995), using similar techniques, also showed that the form of RNA I 

observed inpap-7mutants was adenylated RNA 1103. 

The half-life of adenylated RNA 1103 in pnp-7 mutants was found to be 

approximately 7 minutes, comparable to but somewhat shorter than the 12 minutes reported 

for pBR322 pRNA 1-5  (ie. RNA 1103)  by Xu and Cohen (1995). The increased level of 

adenylated RNA 1 103 inpnp-7 mutants is consistent with the following model for 

RNA I—processing in Pnp strains. RNA 1108  is first polyadenylated by PAP I 

(Xu eIai 1993; He el a< 1993). The long 3' poly(A) tail on RNA 1 can then be 

exonucleolytically shortened to a 6-nucleotide poly(A) remnant by RNase F 

(Huang eiai 1998). The resultant RNA 1108  with the oligo A6 tail can then be cut 

endonucleolytically by RNase E (Lin-Chao el a< 1991; Xu and Cohen, 1995; 

Huang eta/ 1998). Finally, the adenylated RNA 1103  so produced is attacked by PNPase 

(Xu and Cohen, 1995). The pathway described here is depicted graphically in Figure 3.23. 

In SK5726 (a ,r,th-500 pnp-7 mutant) (Figure 3.14A) and MM38 i11h-_500 P-7 

(Figure 3.1813) the inactivation of RNase 11 (by temperature shift) increases the rate of 

adenylated RNA 1103  decay. This three-fold more rapid RNA I decay in the 111h-500p17p-7 

mutant in comparison to the pnp-7 mutant could be explained by the existence of a still 

unidentified 3' to 5' exonuclease, whose action is inhibited by competing RNase II. The 

degradation of adenylated RNA 1103,  in the absence of PNPase, may be ascribed to this 

unknown ribonuclease. When RNase II is inactivated in apn1ir background the unknown 

ribonuclease can attack RNA I unhindered. This ribonuclease appears to be poly(A) 

dependent since RNA 1103  is more stable in a strain deficient in PNPase and RNase II if 

PAP I is also absent (Figure 3.1413). This model could explain the stabilisation of 

adenylated RNA 1103  inpizp-7mutants. Presumably, in the absence of PNPase, RNase 11 

competes with the alternative ribonuclease for the right to degrade RNA I. 

It has been demonstrated by Arraiano eta/( 1988) that in the absence of RNase II and 

PNPase, mRNA decay is merely slowed, not completely inhibited. Our results also show 

that rnh-500pizp-7mutants, in both MG 1693 and MM38 genetic backgrounds, can still 

degrade RNA I. This provides a further indication that alternative systems, independent of 

the 2 major exonucleases, exist for degrading RNA I (Figure 3.14A and 3.1813). It has also 

been shown previously that adenylated RNA is degraded faster than non-adenylated RNA 

even in pio mutants (Xu and Cohen, 1995) and pnp i'th double mutants 

(Hajnsdorf ela/ 1995; O'Hara ci a/ 1995). Our results agree with these observations 
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because, in strains deficient in PNPase and RNase II, RNA 1103  was found to be stabilised 
by the further removal of PAP I (Figure 3.1413). Thus it seems that adenylated RNA 1103  is 
subject to attack by an alternative route that is dependent on polyadenylation but does not 

require PNPase or RNase II. 
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A) MM38 pimp-7  ('1'lC) 

before rifampicin addition 	alter rifampici ii addition 

minutes 160 -45 -30 0 0 2 4 8 16 30 60 

. 0 S  4 0 a 

B) MM38 rnh-500 Imp-7 (44C) 
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Figure 3.18 Measurement of the rate of RNA I decay in /'.w/.7-7and 17i/-500 /1/1/1-7 

mutants in a xwII background. MM38 mp-7(A) and MM38 /71/1-.2() piip-7(B) 

carrying pBAD 18 were grown exponentially at 30°C and shifted to 44°C for an hour 

before treatment with ri fampicin (0.25 tug/nil). Aliquots were withdrawn for semi-

quantitative Northern Blot analysis at the times indicated. The figures Show 

autoradiograms of fitters probed for RNA I 	, RNA 1103  and tRNAscr. 
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Figure 3.19 Measurement of the rate of RNA I decay in a mp-7mutant. in the presence 

and absence of PAP 1. MM38piip-7(A) and MM38 A/'w13'/1i1,,-7(B) carrying pBADI8 

were grown exponentially at 37°C before treatment with rifampicin (0.25 mg/nil). 

Aliquots were withdrawn for semi -quantitative Northern Blot analysis at the times 

indicated. The figures show autoradiograms of filters probed for RNA 108.  RNA 1103 

and tRNAser. The standard is RNA I from MM38 grown at 37°C. 
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3.4.3 Stability of RNA I in mutants carrying various combinations of mc, 
pnp, rize-3071 and pc,zB alleles 

As observed previously (Section 3.4.1), in a/as-1 single mutants the full—length 
RNA I transcript was still degraded, albeit at a five—fold slower rate compared to normal, 

suggesting the existence of an alternative RNA I degradation pathway independent of 

RNase E and independent of, but stimulated by, PAP I (Table 3.3 and discussion of results 

in Section 3.4.1). RNase III, one of the major endonucleases in the cell involved in 

processing a variety of ribosomal RNA precursors and messenger RNAs 

(Takiffeiai 1989), was deemed to be a likely alternative agent of RNA I turnover. The 

decay rates and decay patterns in strains carrying various combinations of Arac-3rae-3071 

andpnp-7alleles in the MM38 genetic background were studied (Table 3.7 and Figures 3.20 

to 3.22). The mutants were examined at 37°C, except for the L%rtzc-281-fle-3071 strain which 
was examined at 44°C. 

The absence of RNase 111 had a striking effect on the decay pattern and the measured 
RNA I half-life. At 37°C, MM38 Amne-38 produced a novel band of material, varying 
upwards in length from RNA 1108,  which accumulated over time. It was most prominent 
16 minutes after the addition of rifampicin (Figure 3.20A). While RNA 1108  in this rae 

mutant had a half-life slightly longer than that seen in the parental strain, the putative 
extended RNA 1108  was much more stable, with a half-life of about 38 minutes 
(Table 3.7). The half-life of RNA 1103 in rae mutants was also slightly longer than that 
observed in the parent strain (Table 3.7). 

The absence of further ribonucleases altered the chemical stability of RNA 1. In a 

mutant lacking RNase III and PNPase, MM38 Arne-28 i,'o-R  the extended RNA 1103 

material had an increased half-life of 14 minutes (Table 3.7 and Figure 3.21A) compared to 
the 7.5 minutes of thepnp-7single mutant. MM38onp-7(Table 3.6 and Figure 3.19A). In 
a mutant lacking RNase III and RNase E, MM38 Arne-38 r,ze-3071 (Figure 3.22), the 
half-life of extended RNA 1108  was slightly decreased to 29 minutes, compared with 
38 minutes in the zrne-38 single mutant (Table 3.7). For MM38 4oe1z8Amn6.-38 

(Figure 3.2013) and MM38 ApenBA1-1zei8 ,rnzp-7(Figure 3.2113) RNA 1103  was stable, 
as in the single pcwB mutant, with half-lives of 25 minutes or greater in each case 
(Table 3.7). 
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Table 3.7 The half-lives of RNA [in strains carrying combinations of Amc-3 rne-3071, 

po-7and 4ow8alleles after addition of rifampicin (0.25 mg/ml) at 37°C (except where 

noted). These values were determined by densitometric scanning of autoradiographs, as 

described in Section 3.4, of gels shown in Figures 3.20 to 3.22. The results are the 

means±range (n=2). Abbreviations: ext RNA 1108,  extended RNA hog;  ext RNA 1 103, 

extended RNA 1 103. 

Strain 

Half-lives 	of 	RNA 

RNA 1108 	RNA 1103 

I 	species 	(minutes) 

ext 	RNA 1108 	ext RNA 	1103 

MM38 (parent) 1.8±0.5 1.3 - 	 - 

MM38 /tpciiB 2 27.5±0.5 - 	 - 

MM38 Llrflc-38 t 2.4±0.2 38±20' 	 - 

MM38 4ocnB Arne-i)' - 25 - 	 - 

MM38 Arnc-J8 pnp-7 V Y - 	 14 

MM38 	penB z.rnc-38iiip-7 - 63.5±7 - 	 - 

MM38 iirnc-J' 1-ne-i(}711 - 29± 	 - 

Extended RNA 1108:  tJta Binnic has demonstrated by primer extension that the RNA I material seen in riic-i8 

and zi1-1zc-38 rne-307/ is polyadenylatcd RNA 1108. See text below for more details. 

V Extended RNA 1103:  material covers positions normally occupied by RNA 1108  and RNA 1103.  Uta Binnic has 

demonstrated by primer extension that the RNA I material seen in z%rizc-.M'piip-7is polyadenylated RNA 1103. 

Values determined at 44°C 

If RNase III were involved in RNase E—dependent decay, the half-life of RNA I 

species in a Ar,ze-38 rne-3071mutant would be expected to be greater than in an arns-1 

single mutant. The half-life of RNA 1103 in the Arnc-38 strain was in fact close to the 

wild-type decay rate suggesting that RNase III has no major role in the early steps of its 

degradation. The absence of RNA 1103  in the MM38 Artzc-38 rne-3071 strain at 

the non-permissive temperature (Figure 3.22, -30 to -60), confirms the role of RNase E in 

cleaving RNA 1108 to generate RNA 1103  (Lin-Chao and Cohen. 1991; also see 

Section 3.4.1). A similiar absence of RNA 1103  at the non-permissive temperature 

(Figure 3.22, -30 to 60) was seen in the cirns-! mutant (Figure 3.1 IA, -45 to 60). (Note, 

the gel shown in Figure 3.22 does not show any RNA sampled at the permissive 

temperature, unlike the gels shown in Figure 3.1 IA, -60 and Figure 3.1 1B, -60). The most 

distinctive feature of MM38 Arnc-J8rne-3071when compared with the wns-!single mutant 

was the accumulation of a highly stable material of size greater than 108 nucleotides 

(Figure 3.22). This material was also observed in MM38 Arnc-38 (Figure 3.20A). The 

presence of extended RNA I in both these strains may suggest that under normal conditions 

it can be generated independently of the RNase E—dependent pathway. 

Various 12i i'n'o and biochemical evidence suggests that the extended RNA I 

observed in theArlie-38and Arnc-J8rne-107!strains is polyadenylated RNA 1108.  It was 
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observed that ApwBArnc-i8strains did not accumulate extended RNA I (Figure 3.20B), 

as expected if PAP I is necessary to extend RNA I by polyadenylation. When PAP I was 

overexpressed in an Ar,zc-38 mutant, an increasing proportion of extended RNA I was 

observed as PAP I concentration increased with time (Section 4.4.2, Figure 4.1713). 

Overproduction of PAP [(from pLHCIc;perth'cloned downstream of Ptac) also promoted 

the production of extended RNA I in rne+  strains, although this material appeared to be 

rapidly degraded (Binnie era/(submitted for publication)). The same authors used 

biochemical techniques to determine whether the extended RNA I in A,nc-J8mutants and 

Arne-38r,ze-307/mutants was polyadenylated RNA 1108.  Their use of reverse transcription 

analysis revealed that the extended RNA I extracted from z.lrnc-J8and Ar,ie-18 1-ne-3071 

strains had the normal 5' ends of RNA 1108,  and must accordingly have extensions at their 

3' ends. They also showed that oligonucleotide probes designed to detect poly(A) 

sequences were able to hybridise extended RNA I in 4rnc-38 extracts and those from 

controls already known to have enhanced levels of adenylated RNA I, such as a p,7p-7 

mutant and a strain overexpressing thepcaBgene under Piac  control. They found that under 

appropriate conditions, the dT-rich probe hybridised only to RNA I extracted from a Rnc 

mutants or from PcnB—overproducing strains, whereas a control probe hybridised to all 

forms of RNA 1. Binnie eta/(submitted for publication) also showed that the extended 

material observed in the Arnc-3c5'mutant reached a maximum size of about 116 nucleotides 

at 16 minutes, shortening thereafter. This maximum size is approximately the same as the 

length of product generated after the exonucleolytic activity of RNase E has acted on the 

PAP 1—generated 3' polyadenylate tail of RNA I (Huang eIai 1998). 

The fact that the diffuse band of material in A1-.vc-J81,.'1ip-7strains (Figure 3.21A) 

was shown by Dr. Uta Binnie to contain only polyadenylated RNA 1103  was initially 

surprising. It had been expected that in the absence of RNase Ill and PNPase from the cell, 

an accumulation of both polyadenylated RNA 1108  and RNA 1103  would occur. RNA 1103  is 

polyadenylated by PAP I (Xu and Cohen, 1995). The resultant adenylated RNA 1103  has a 

longer half-life (14 minutes) in Arnc-38p,7p-7than inonp-7(7 minutes) suggesting that 

RNase III plays a part in its degradation. Nevertheless the material still decays, so 

presumably other ribonucleases, besides PNPase and RNase Ill, can play a role in the 

removal of adenylated RNA 1103.  In A/-,7,-7adenylated RNA 1103  accumulates, 

which suggests that PNPase also plays a role in its degradation (Xu and Cohen, 1995; 

Section 3.4.2.3). The results also suggest that the presence of PNPase is required for the 

appearance of adenylated RNA 1108  in rnemutants (Figure 3.20A). 

The appearance or accumulation of polyadenylated RNA 1108  only in the cne-38 

(and Ar,zc-38 rne-307!) extracts requires explanation. The absence of the polyadenylated 

RNA 1103 from Aiwc-J8pnp-Zextracts (Figure 3.21 A) also requires explanation. (Although 

it is known that r,zc mutants tend to acquire suppressor mutations which alleviate the 

consequences of RNase III deficiency, it will be assumed in the following discussion that 

such suppressors are not involved here). 
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Consider first the possibility that RNase III plays a direct role in the degradation of 

polyadenylated RNA I, by directly cutting adenylated RNA 1108.  Binnie eia/(submitted for 

publication) found that purified RNase III can cut RNA I th vi'ro, producing two products of 

sizes 98 and 82 nucleotides. To determine if the products of RNase III activity exist 

th i'ño, they also conducted an examination of the processed forms of RNA I in pcnB 

strains. They found a degradation product approximately 95 nucleotides in length in az%pcizB 

rne-11-lic strain but not in a 4ocnBArnc-,7c-iO7lstrain; also, a band corresponding to 

approximately 83 nucleotides could be faintly observed in the Apc,zB me-1 m,zc+  strain. 

Comparison of the th ,;/iio RNA I decay products (from pcnB cell extracts) with the 

products of RNA I cutting by RNase III th i'i'mo showed that the 93 nucleotide band was 

generated under both conditions, whereas the th yivo83 nucleotide band did not correspond 

in size to the smaller product of RNase III action th vz"ro (Binnie eia/(submitted for 

publication)). Thus, as a RNA I degradation product of 93 nucleotides was observed in mnc 

strains but not in mnc mutants, the results support the idea that RNase 111 can directly cut 

RNA I (albeit unadenylated) th x'/i'o. 

As described above, Binnie el 1- demonstrated that RNA I was likely to be a 

substrate of RNase III's endonucleolytic activity. However, they found that RNase III cut 

RNA I ii w;'mo only under conditions of low ionic strength and the cleavage sites, despite 

being very specific, are considered to be "low specificity" targets (Li el a< 1993; 

Dunn, 1976). Also, they showed that RNase III appears to cut RNA I when it is adenylated 

as well as in the absence of RNase E or PAP 1. In addition, it has already been observed that 

RNA I is stabilised in i-ne-1 iwc strains (Lin-Chao and Cohen, 1991; Xu et a1 1993; 

Section 3.4. 1, Figure 3.11) suggesting that í>z i'ii'o, RNase E carries out the primary 

endonucleolytic attack. Taken together, these findings suggest that RNase III activity is 

secondary to that of RNase E's cleavage at the 5' end of RNA 1108 

(Tomcsanyi and Apirion, 1985; Lin-Chao and Cohen, 1991), making it unlikely that 

RNase 111 initiates degradation of polyadenylated RNA 1108. 

RNase III could, on the other hand, play an indirect role in the degradation of 

polyadenylated RNA 1108.  One model of this type ascribes the degradation of adenylated 

RNA 1108  (in normal strains) to an unidentified ribonuclease. The production of this 

unknown ribonuclease might be reduced by the large excess of PNPase (10-fold) known to 

occur in strains deficient in RNase III (Portiereia/ 1987; Hajnsdorfeta1< 1994b). 

Alternatively, the activity of the unknown ribonuclease might be inhibited due to competition 

by the excess PNPase in a Rnc strain. Consequently, polyadenylated RNA 1108  would 

accumulate in Ltmnc-38 mutants (Figure 3.20A) but not in the parent strain (for instance, 

MM38: Figure 3.9A). This hypothesis is attractive because it at once explains why 

adenylated RNA 1108  does not accumulate in a Rnc strain if it is also Pnp. In i-nc pnp 
mutants, polyadenylated RNA 1103  will accumulate because no PNPase is present to attack it 

- whereas polyadenylated RNA 1108  will be attacked by the unknown ribonuclease. 

Evidence for the negative effect of surfeit PNPase activity in rue mutants on another RNase 
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has been presented by Zilhao el.-ii,  1995; they reported that rile mutants show a 1.5 fold 
decrease in RNase II activity, correlated with a reduced mb mRNA concentration which is 
thought to be due to the action of overproduced PNPase. 

The proposed "unknown ribonuclease" could in fact be RNase II. The absence of 
PNPase from a A, 1.,,-38pnp-7strain may allow polyadenylated RNA 1108,  if formed, to be 
removed by the other major exonuclease in the cell, RNase II. The lack of competition by 

PNPase may allow RNase II to process RNA I in a way that it would not normally do. If 

this were the case the decay pattern of RNA I in a mnerahpflp strain could be similar to that 
of a rzc strain. 

Other indirect models also involve PNPase. As previously mentioned, in Rnc 
mutants pizo mRNA is greatly stabilised (Robert-Le Meur and Portier, 1992) and PNPase 
activity is increased 10-fold (Portier eIai 1987; Hajnsdorf e/ai 1994b). Normally, in a 
Rnc strain, RNA 1108  with a 3' hexaadenylate tail (generated by RNase E's exonucleolytic 
action upon RNA 1108  molecules with longer poly(A) tails) is cut by RNase E's 
endonucleolytic activity (Huang etai 1998). Perhaps. in a Rnc-  strain, the excess PNPase 
may be able to inhibit RNase E's endonucleolytic action upon the 5' end of adenylated 
RNA 1108.  Alternatively, the increased PNPase in Rnc strains might disrupt the 

stoichiometry of the proteins within the RNA degradosome (Carpousis ci a/ 1994; 
Py ela/ 1994; Miczak eiai 1996; Py ci a/ 1996). This could lead to the formation of 

many incomplete RNA degradosomes, which may be unable to co-ordinate RNA I decay. 

Excess, free PNPase might itself also be less efficient in degrading RNA I than when it is 

part of the RNA degradosome. Both these models could explain the need for PNPase to 
allow RNA 1108  accumulation in ariiestrain. In a rncptostrain, polyadenylated RNA 1 103 

will accumulate because no PNPase will attack it, whereas polyadenylated RNA 1108  will 

presumably be subjected to RNase E's exonucleolytic and endonucleolytic activities 
(Huang eia1 1998). 

As described previously in Section 1.2.1.2. RNase III plays an important role in the 
processing of a small number of mRNAs in E eo/i RNase III might be involved in the 
processing ofpenB-//KmRNA. If this were the case, in a rue strain the stability of penB 
mRNA should be greatly increased, producing elevated levels of PAP I. Consequently, the 
proportion of RNA 1108  adenylated by PAP I may be increased, explaining why adenylated 
RNA 1108  accumulates in a rue strain (Figure 3.20A). If in such a strain the processes 

involved in increasing PAP I activity required PNPase. then the need for Pnp could be 

explained. Thus, in a rue pup mutant, no polyadenylated RNA 1108  would accumulate 
because PNPase is necessary for its formation; instead. polyadenylated RNA 1103  would 
accumulate because no PNPase is present to attack it. If adenylated RNA 1108  accumulates 
in a rue mutant as a result of increased PAP 1, then one would expect in a corresponding 

parental strain with overexpressed PAP I that the decay pattern of RNA I would be similar. 

However, when PAP I was overexpressed (from pLHlc) in a Rnc+  strain, the extended 
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RNA I observed was short-lived (half-life of approximately two minutes) (Binnie el a'! 

(submitted for publication)): contrast its long life in therncstrain (Figure 3.20A). 

A more elaborate indirect model would implicate RhIB RNA—helicase, a known 

component of the RNA degradosome along with RNase E (Miczak ci al, 1996; 

Py et al, 1996). This has been proposed to unravel double-stranded RNA regions to 

facilitate RNase E cleavage. On the other hand, RhIB and other helicases have also been 

shown sometimes to protect mRNA from endonucleases (lost & Dreyfus, 1994). If 

RNase III were directly involved in RhIB mRNA decay, a Arnc-38 mutant might contain 

increased levels of RhIB. Such excess RhIB might interfere with RNase E cleavage, by 

binding to RNase E recognition sites or in other ways, resulting in a decrease in RNA 1103 

formation and accumulation of RNA 1108  for polyadenylation by PAP I. However, this 

model does not explain why Rnc-  does not lead to extended RNA 1108  accumulation in 

pio rue double mutant. 
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Figure 3.20 Measurement of the rate of RNA I decay ui a /7/( ?V IlititUlit, in the 

presence and absence of PAP I. MM38 Aiw1'-i'S(A) and MN/138 ApwB iwr-IS (13) 

carrying 1)B R325 were grown exponentially at 37°C before treatment with ri fanipicin 

(0.25 mg/nil) at 60 minutes. Aliquots were withdrawn for semi-quantitative Northern 

Riot analysis at the times indicated. The standard is RNA I from MM 38 uIi(I 

MM38 4miiR grown at 37°C. extracted as described in Section 2.6. I and conihjiiej 

together. The Ii gores show autoradiograms of filters probed for RNA 	RNA 1(03 and 

IRNAsc1.  
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Figure 3.22 Measurement of the rate of RNA I decay in a ,wc-'iw-'-3O7/mutant, in 

axwB background. MM38 ii'-JS ,m-'-?,97/ carrying pBR325 cells were grown 

exponentially at 30°C and shifted to 44°C for an hour before treatment with ri fampi ciii 

(0.25 mg/ml) at 60 minutes. Aliquots were withdrawn for semi-quantitative Northern 

Blot analysis at the times indicated. The standard is RNA I from MM38 and 

MM38 A1xiiB grown at 30°C. extracted as described in Section 2.6. I and combined 

together. The figures show autoradiograms of filters probed for RNA 1108,  RNA 1103  and 

tRNAscr. 
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3.5 RNA I decay in ribonuclease mutants 

The absence of individual ribonucleases such as RNase E, PNPase or RNase III led 

to significant changes in decay patterns and/or chemical stability of RNA I. The continuing 

(although slower) degradation of RNA I in strains deficient in various combinations of 

RNase E, PNPase and RNase III suggests that other ribonucleases besides these three can 

play a role in RNA I decay. This situation is analogous to other RNA processing events in 

E y// such as for rRNA (Babitzke e/a/ 1993) and bulk mRNA (Arraiano elaL 1993). 

The absence of PAP I severely delays the degradation of RNA I. suggesting that 

polyadenylation is important for the normal rapid removal of RNA I. in synergy with 

RNase E and PNPase. 

RNase II does not appear to play a significant role in RNA I decay, perhaps because 

RNA I is a highly structured molecule (Tamm and Polisky, 1983) and RNase II is more 

sensitive to RNA secondary structure (McLaren etai 1991) than PNPase. However, the 

mutation of RNase II in apnp-7background restores at least partially the rapid decay of 

RNA 1. As inptzp mutants, rithpnp mutants accumulated adenylated RNA 1103.  But in 
rithpnp mutants, the adenylated RNA 1103  was removed three-fold more rapidly compared 

to the pnp mutant (Section 3.4.2.3). As postulated in Section 3.4.2.3, adenylated 

RNA 1103  in apizp background could be removed by an unidentified ribonuclease, which 

might compete with RNase II. When RNase II is absent in thepflp background. this other 

ribonuclease may facilitate the rapid decay of adenylated RNA 1103.  The unknown 

ribonuclease also appears to be poly(A) dependent, because RNA 1103  is stabilised in a strain 

deficient in PAP I, PNPase and RNase II (Section 3.4.2.1, Figure 3.14B). Thus, RNA I 

decay differs from overall cell viability (Donovan and Kushner, 1986) in that RNase II 

cannot substitute for PNPase in the former process. However, a role for RNase II in later 

stages of RNA I degradation once the antisense RNA's tRNA-like structure has been 

breached, cannot be discounted. 

The deletion of rtzchad a striking effect on the RNA I decay pattern, suggesting that 

RNA I is like the 10% of cellular transcripts directly or indirectly affected by RNase III 

(Gitelman and Apirion, 1980; Takata, 1987); in the case of RNA I the effect is probably 

indirect, and mediated indirectly by changes in PNPase level. 

3.5.1 Proposed degradative pathway for RNA I 
The results of this work, work done by Dr. Uta Binnie (Masters' group) and 

observations from other workers proffers evidence for the RNA I degradative pathway 

shown in Figure 3.23. 

In E. co/i the initial processing of RNA 1108  may be undertaken either by RNase E 

or by PAP I. RNA 1108  can be cleaved by RNase E at the 5' proximal end to generate 

RNA 1103;  Lin-Chao and Cohen (1991) demonstrated that RNA 1103  accumulates unless 

RNase E is inactivated. Alternatively, RNA 1108  can be polyadenylated at its 3' end by 
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(Xu el a1 1993; He el aJ 1993) which appears to inhibit RNase E action 

(Huangeia< 1998; Section 3.4.3; Section 4.4.2). In Arnc-J'Smutants, RNA 1108-(A) 

accumulates (Section 3.4.3, Figure 3.20A) but fails to do so, unsurprisingly, in 

ApenBz%rnc-38 cells (Section 3.4.3, Figure 3.2013) and, more interestingly, in 

Alz?,-J8pnp-7ceIls (Figure 3.21A). 

The cleaved RNA I can be adenylated by PAP I; the accumulated material inpnp 

mutants (Section 3.4.2.3, Figure 3.19A) was demonstrated by Xu and Cohen (1995) and 

Dr. Uta Binnie to be adenylated RNA 1103  (RNA  1103-(A)n).  The polyadenylation of RNA I 

by PAP I is independent of simultaneous RNase E action, because the removal of previously 

accumulated RNA 1103  (Section 4.3.3, Figures 4.9 to 4.11) occurred when PAP I was 

induced in a;ezBdeletion background. The adenylated RNA 1103  is primarily attacked by 

PNPase since, in its absence, the adenylated material accumulates (Dr. Uta Binnie; 

Cohen, 1995; Xu and Cohen, 1995; Section 3.4.2.3, Figure 3.19A). In AxnB1.7np-7 

mutants, non-adenylated RNA 1103  accumulates (Section 3.4.2.3, Figure 3.19B). The 

exoribonucleolytic activity of PNPase can work independently of simultaneous RNase E 

action, as previously accumulated RNA 1103  is rapidly degraded (via polyadenylation) when 

PAP I is induced in a 4'xwBp,;p strain (Section 4.3.3, Figures 4.9 to 4.11). The removal 

of adenylated RNA 1103  can apparently also be carried out (more slowly) by a pathway 

involving RNase III, because the half-life of RNA 1103-(A)n  was increased from 

approximately 7 minutes in aptzp-7mutant (Section 3.4.2.3, Table 3.6 and Figure 3.19A) 

to 14 minutes in a Alnc-38 p,o-7 mutant (Section 3.4.3, Table 3.7 and Figure 3.21A). 

Presumably other, even slower pathways account for the decay observed in the latter strain. 

Adenylated RNA 1108  appears not to be converted by RNase E to RNA 1103-(A)n, 

and also appears to be resistant to degradation by 3' exonucleases. Instead, its decay seems 

to be dependent upon RNase III; in the absence of RNase [II, RNA 1108-(A)  persists 

(Section 3.4.3, Figure 3.20A). The role of RNase [II could be either direct or indirect, as 

discussed in Section 3.4.3. 

RNA 1108  and RNA 1103  can also be slowly degraded by RNase E and 

PAP I—independent processes, since the half-lives of RNA 1108  and RNA 1103  are finite in 

double mutants of ApcnBaiizc-!(Section 3.4.1, Figure 3.I113). Moreover in the absence of 

RNase II and PNPase, RNA I processed either by RNase E or by PAP I can still be 

degraded, indicating the alternative involvement of other nucleases in RNA I turnover 

(Section 3.4.2.1, Figure 3.14A ; Section 3.4.2.3, Figure 3.1813). 
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It is suggested that an unidentified RNase has the primary role. In RNase Ill—deficient strains (unless also 
PAP-) the known increase in PNPase possibly reduces levels of mRNA encoding this RNase. 

I :  RNase E's exonucleolytic action on RNA 1108-(A)n  (Huang ela/ 1998). 

2:  RNase E's endonucleolytic action on RNA 1103-(A)6  (Huang e/ai< 1998). 

Figure 3.23 Scheme for the possible order of ribonucleolytic processing of RNA I. The 

dotted arrows indicate the least favoured steps in the th ,'/j'o decay of RNA I. 

">y" implies that in the absence of.r, a slower pathway involving rbecomes prevalent. 

See text for discussion. RNase II appears to play no significant part, at least in the early 

stages of RNA I degradation. 
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4 Oererpression of poly(A) po/ymerase I 

4.1 Introduction 
Masters el 0/(1993) showed that ,ocnB deletion mutants in the MM38 genetic 

background had growth rates similar to that of the parental strain at 30°C, 37°C and 42°C. 

The lack of PcnB did not significantly change the viability of the cells either during 

exponential growth or after five days' standing in stationary phase (Masters eIa< 1993). The 
cell size distributions of the pcwB deletion strain and the ,rnwB" parent were similar 
(Masters eIai 1993). Moreover March (1988) found that the lack of PcnB did not cause 

filamentation during cell growth at 37°C, nor did it cause defects in nucleoid segregration or 

DNA replication. 

In contrast, cells carrying pJM5I3, a plasmid containing pc,iBin a high copy 

number vector, pBR325, showed a marked reduction in growth rate (March. 1988; 
March eiai 1989). The pcwBgene in pJM513 was part of a 5.3 kb 11dIll-i'R1 insert 

and,therefore, it was unclear which of the proteins encoded by this insert was responsible 

for the reduction in growth rate. However, cells carrying pJM516, a plasmid with only the 

pcwB gene and the cotranscri bed j->/Kgene inserted into pBR325, also showed a reduced 

growth rate, but the effect was smaller than with pJM513 (March, 1988). These 

observations suggest that PcnB and/or FolK at high levels in the cell may have a deleterious 

effect on cell growth. Liu and Parkinson ( 199 1 ) and Cao and Sarkar (1992) found that 
pwB could not be cloned into conventional multicopy plasmids; Cao and Sarkar (1992) 

suggested this meant that large amounts of /}(YzB product are lethal to the host. 

Consequently, Cao and Sarkar (1992) attempted cloning of the pe,zB gene into a vector 

(pREI) which was designed specifically for expression of lethal cellular products and were 
then successful. 

The inducible expression vector, pBADI8 has been used in the present work as the 

vehicle to study further the effect of overexpressed PAP I in the cell. The characteristics of a 

moderately strong promoter coupled with tight regulation make pBAD a useful expression 

vector system (Guzman efa< 1995) 
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4.2 Construction of an E coil strain with PcnB in a vector with an inducible 
promoter 

The introduction of pcizB into a plasmid vector under the control of a tightly 

regulated promoter involved pBAD18, constructed by Guzman eta/(1995), which was 

chosen for its arabinose—inducible promoter, PBAD  (Figure 4.1). The plasmid replicon 

originates from ColE I and it contains the PBAD  promoter from the E co/i araBADoperon. 

The vector also contains araC which is involved in the negative and positive regulation of 

PBAD. In the presence of arabinose, transcription from PBAD  is induced. Conversely, in the 

absence of arabinose, transcription is repressed. The addition of glucose further represses 

expression from PBAD- 

The E. co//pc'zB open reading frame in pJM5I3 was amplified by PCR with 

Taq DNA polymerase, using 2 oligonucleotide primers 5' GCT ATG ATT AGC CGG AAT 
TCT TTT GTC CTG 3' (upstream primer) and 5' CTG CCT ATG GCA AGC YFC GCC 

ACT GTC ATG 3' (downstream primer) that hybridised to the ends of this reading frame, 

thus excluding fiu/K and all other reading frames of pJM513. The primers contained 

mismatched bases which produced sequences for an EcoR I restriction site in the upstream 

primer and for a L'dll1 restriction site in the downstream primer. The PCR reactions were 

performed under the following conditions: 28 cycles ( 1 minute. 92°C; 30 seconds, 40°C; 

1 minute, 72°C). The E,Rl-IthedlII fragment was released from the PCR product and 
initially cloned into Ml3mpl9. The pcizB insert was subsequently excised and ligated 

adjacent to the PBAD  promoter in pBAD18, using digestions with EcyRl and IhlIII, to 

yield pBADpcn (Figure 4.1). 
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Figure 4.1 Construction of pBADpcn (see Section 4.2). Abbreviations: ara( regulatory gene of 

BAD; bla, ampicillin resistance marker; MCS, multicloning site; on, origin of replication; 1 3AD 

promoter of arabinose operon; PCR, polymerase chain reaction; rrnB, strong ribosomal terminators RNA 

operon TIT,?; Tet', tetracycline resistance marker. 
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4.3 Expression of PAP I from the pcnB gene under the control of the PBAD 

promoter 

Various phenotypic "tests" were applied to cells carrying pBADpcn to check that the 

plasmid produced functional PAP I when the cells were shifted to inducing conditions. 

Essentially each phenotypic test examined the transition in phenotypic characteristics of the 

pwBde1etion state to those of the pcizB state upon induction of expression of PAP I from 

the PBAD  promoter. 

4.3.1 Reversal of temperature sensitivity of MM38 4ociz8 piip-7 

The combination of the 4w7B and pnp-Zalleles in a MM38 genetic background 

causes temperature sensitivity at 42°C while pflp-7pc1z derivatives are not temperature 

sensitive at 42°C (McAteer S (Masters group)); this phenotype is peculiar to the MM38 

genetic background, it is not observed for other strains (for instance, see Section 3.4.2. 1; 

Xu and Cohen (1995)). Therefore, in order to test the th v/j'o activity of PAP I expressed 

from an arabinose-inducedpcwBgene, the temperature sensitivity at 42°C of ApcnBpizp-7 

mutants carrying pBADpcn was assessed at different concentrations of arabinose 

(Table 4.1). 

Most of the strains grew at 30°C without any change in colony size (Table 4. 1). Both 

MM38 4rnwB1_,,1p-7(pBADI8) and MM38 4ocnBprip-7(pBADpcn) showed minor 

variability in colony size at 30°C at arabinose concentrations of 0.01% and 0.1%, indicating 

some variabililty in growth rate when compared to the control strains: MM38 (pBADI8), 

MM38 4ocwB(pBADI8) and MM38 zpciz8(pBADpcn). As expected, cells lacking PAP I 

and PNPase (le. MM38 A,ocw8j1zp-7(pBAD18)) were temperature sensitive at 42°C over 

the whole range of arabinose concentrations tested. This temperature sensitivity of 

4rnw8pnp-7ce1ls (as indicated by colony size compared to the parental strain, MM38) was 

clearly partially reversed when the cells carried pBADpcn and were grown at an arabinose 

concentration of at least 0.1%. Even at higher concentrations of arabinose, however, the 

temperature resistant MM38 4ocwBoflp-7(pBADpcn) colonies were still smaller than those 

of the parental strain, suggesting that full complementation had not occurred (Table 4.1). 

The cells had been streaked out and incubated immediately at 30°C and 42°C. Perhaps, the 

expression of PAP I from the induced PBAD  promoter would require a longer period of time 

at the non-permissive temperature to build up sufficient PAP I to give full temperature 

resistance at 42°C of MM38 ApwBpzp-7(pBADpcn) cells. In any case the results were, 

qualitatively, clearly positive. 
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Table 4.1 Growth of /tpcn8p1zp-7mutants carrying pBADpcn or other plasmids at 42°C, 
in the presence of different concentrations of arabinose. Cultures were streaked to single 

colonies on agar plates containing ampicillin (50 tgIml) and supplemented with arabinose 

concentrations indicated. Plates were immediately incubated overnight (approximately 

18 hours) at either 30°C or 42°C, whereupon mean colony diameter was estimated from 

measurements of at least a dozen colonies. The absence of colonies is marked by the 

abbreviation, /s(temperature sensitive). 

Strain Colony 

0% 

diameter 	(mm) 

0.01% 

at 30°C 	on 

indicated 

0.1% 

arabinose 

0.2% 

concentrations 

0.4% 

MM38 (pBADI8) 1.5 1.5 1.5 1.5 1.5 

MM38 4ocwB(pBAD 18) 1.5 1.5 1.5 1.5 1.5 

MM384ocwB(pBADpcn) 1.5 1.5 1.5 1.5 1.5 

MM38 LpcnBp1,,p-7 1.5 :5I.5 1.5 1.5 1.5 

(pBAD 18) 

MM38 LlpcnBphzp-7 1.5 :51.5 1.5 1.5 1.5 

(pBADpcn)  

Colony diameter 	(mm) at 42°C 	on arabinose concentrations 

indicated 

0% 0.01% 0.1% 0.2% 0.4% 

MM38 (pBADI8) 1.5 1.5 1.5 1.5 1.5 

MM38 ApwB(pBAD18) 1.5 1.5 1.5 1.5 1.5 

MM384mwB(pBADpcn) 1.5 1.5 :51.5 :51.5 1.5 

MM38 41,cnBp1,p-7 is is is is is 

(pBAD 18) 

MM38ApcwBpnp-7 is ts :50.5 151 

(pBADpcn) - 
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4.3.2 Single cell ampicillin resistance of pcnB deletion mutants carrying 

pBADpcn 

The i>i y/jo activity (in the control of plasmid copy number) of PAP I expressed 

from arabinose—induced pBADpcn was assessed by comparing the copy number in pcnB 

deletion mutants carrying pBADpcn induced by different concentrations of arabinose 

(Table 4.2 and Figures 4.2 to 4.5). The plasmid copy number was estimated by measuring 

the single cell ampicillin resistance conferred by the plasmids to their hosts 

(Uhlin and Nordstrom, 1977). The principle of measuring ampicillin copy number by 

antibiotic resistance states that the higher the plasmid copy number, the higher the level of 

plasmid—encoded detoxifying enzyme synthesised and therefore the higher the level of 

antibiotic resistance conferred upon the host cell. In other words, single cell ampicillin 

resistance is proportional to plasmid copy number. 
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A) Induction with 0% arabinose 
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Figure 4.2 Single cell ampicillin resistance conferred by pBADpcn in ,owB deletion strains. Cultures 

were grown overnight in LB with ampicillin (50 tgIm1), diluted in broth so as to obtain 400 colonies per 

plate and aliquots spread on LB plates containing the indicated concentrations of ampicillin and either 0% 

(A) or 0.1% (B) arabinose. Points for MM38 (pBAD18), MM38 4'xwt? (pBADI8) and 

MM38 A,'xwB(pBADpcn) are from a single experiment. 
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A) Induction with 0.28% arabi nose 
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Figure 4.3 Single cell ampicillin resistance conferred by pBADpcn in pciiB deletion strains. Cultures 

were grown overnight in LB with ampicillin (50 .tg/ml), diluted in broth so as to obtain 400 colonies per 

plate and aliquots spread on LB plates containing the indicated concentrations of ampicillin and either 

0.28% (A) or 0.6% (B) arabinose. Points for MM38 (pBADI8), MM38 LpcnB (pBADI8) and 

MM38 A1xwB(pBADpcn) are from a single experiment. Note the altered scale in (B) 
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A) Induction with 0.8% arabinose 
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Figure 4.4 Single cell ampicillin resistance conferred by pBADpcn in pcnB deletion strains. Cultures 

were grown overnight in LB with ampicillin (50 .tg/ml), diluted in broth so as to obtain 400 colonies per 

plate and aliquots spread on LB plates containing the indicated concentrations of ampicillin and either 

0.8% (A) or 1.4% (B) arabinose. Points for MM38 (pBADI8), MM38 Ap'iB (pBADI8) and 

MM38 4,9wB(pBADpcn) are from a single experiment. Note the altered scale in (A). 
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A) Induction with 2% arabinose 
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Figure 4.5 Single cell ampicillin resistance conferred by pBADpcn in 1xwB deletion strains. Cultures 

were grown overnight in LB with ampicillin (50.tgiml), diluted in broth so as to obtain 400 colonies per 

plate and aliquots spread on LB plates containing the indicated concentrations of ampicillin and either 2% 

(A) or 5% (B) arabinose. Points for MM38 (pBADI8), MM38 Apc7i.8 (pBADI8) and 

MM38 A,xizB(pBADcn) are from a sinele exoeriment. 
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Table 4.2 Ampicillin resistance ofpcnBdeletion mutants carrying pBADpcn at different 

arabinose concentrations. These values were determined by measuring the ampicillin 

concentrations at which viability equaled 50% in Figures 4.2 to 4.5. At all concentrations, 

50% of MM38pctzB'(pBADl8) were resistant to 2000 tg/mlofampicillin. 

Arabinose concentration 	Plasmid 	Ampicillin concentration (p.gImI) 

%) 	 for 50% via 

o pBADI8 200 

pBADpcn 130 

0.1 pBADI8 245 

pBADpcn 180 

0.28 pBADI8 237 

pBADpcn 300 

0.6 pBADI8 230 

pBADpcn >600 

0.8 pBADI8 235 

pBADpcn >600 

1.4 pBADI8 190 

pBADpcn 1660 

2 pBADI8 290 

pBADpcn >1270 

5 pBADI8 540 

pBADpcn >2000 

From the results shown in Table 4.2, an arabinose concentration of at least 0.6% 

seems to be required to increase the copy number of pBADpcn carried by the MM38pcizB 

deletion strain clearly beyond that observed for pBADI8 carried in the same host and grown 

in the same medium. In the absence of arabinose, the ampicillin resistance conferred by 

pBADpcn in the pcflBdeletion strain was comparable to that conferred by pBADI8 in the 

same strain. This suggests that the uninduced basal level expression from pBADpcn in the 

pcnB deletion strain is very low. However, in the presence of 5% arabinose, 50% of 

MM38 ApaiB (pBADI8) were resistant to 540 tg/ml of ampicillin. This value was 

distinctly higher than those observed (190 - 245) for MM38 ApwB(pBADI8) grown at 

arabinose concentrations of less than 1.4%. The increase could be explained if very frequent 

initiations at the PBAD  promoter lead to readthrough transcription of the b/a gene 

downstream, despite the presence of the i-rn terminators in pBAD18 (Figure 4.1). 

Nevertheless, the above results clearly suggest successful arabinose—dependent expression 

of PAP I 	 by pBADpcn, since it is highly unlikely that readthrough 

transcription ofb/awould be stronger in pBADpcn than in pBADI 8. 
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4.3.2.1 Single cell ampicillin resistance of pcnB deletion mutants carrying 

pBADpcn after preinduction in arabinose 

The previous method of measuring the ampicillin resistance of plasmid—containing 

strains assumed that the arabinose present in the agar plates would cause the copy number of 

pBADpcn and the expression of its penB gene, in MM38 ApcnBcells, to rise from pcnB 

deletion levels topcnB+  levels in sufficient time to permit survival on LB plates containing 

given levels of ampicillin. The ampicillin—resistance conferred by the higher starting copy 

number of a pcw8 strain carrying the appropriate plasmid, may not have been attained very 

quickly by the arabinose—induced MM38 4txwB (pBADpcn) cells in this situation. 

Therefore, to assess PAP I expression by pBADpcn in a more reliable way, the plasmid 

copy number (measured as ampicillin resistance) of MM38 Apc,iB (pBADpcn) cells 

preinduced with arabinose in liquid culture, before being spread on LB plates containing 

ampicillin and arabinose, was determined (Table 4.3 and Figure 4.6 to 4.8). 

The viability of MM38 ApcnB(pBADpcn) cells increased as expected when the cells 

were grown in the presence of arabinose (le. preinduction) before plating on LB plates 

containing ampicillin and arabinose (Table 4.3 and Figures 4.6 to 4.8). This can be observed 

by comparing the ampicillin resistance conferred by pBADpcn in MM38 /tpcnB cells 

preinduced with either 0.2% or 0.6% arabinose to that of cells not preinduced. In so far as 

ampicillin resistance reflects plasmid number it can be seen that preinduced 

MM38 4,icnB(pBADpcn) cells have a plasmid copy number increased by as much as 

4 fold (1020 versus 250) when compared to non-preinduced cells (Table 4.3). 

The copy number of pBADpcn in MM38 Apcth'cells, preinduced with either 0.2% 

or 0.6% arabinose and then plated on LB plates containing no arabinose, showed a 

somewhat larger increase at 0.6% (420/120) than 0.2% (320/120) (Table 4.3 and 

Figure 4.713 and 4.813). The induction (as measured by ampicillin resistance) of preinduced 

MM38 Ape/z8(pBADpcn) cells may be roughly equivalent when cells were grown in the 

presence of either 0.6% arabinose (an average 2.9 fold increase compared to non-preinduced 

cells) (Table 4.3 and Figures 4.713) or 0.2% arabinose (an average 2.6 fold increase 

compared to non-preinduced cells) (Table 4.3 and 4.813). 

The considerable difference in copy numbers between MM38 4oenB (pBADpcn) 

cells that were preinduced and those not preinduced (Table 4.3) confirms that plating 

overnight cultures directly onto LB plates containing ampicillin (as performed in 

Section 4.3.2) may not have allowed the full effect of induced PAP Ito be felt. Even plating 

log-phase MM38 4p-7z,8(pBADpcn) cells that were not preincubated with arabinose did not 

appear to allow the full effect of subsequently induced PAP I to be felt (Table 4.3 and 

Figure 4.6). 

From these observations, it was deemed that an arabinose concentration between 

0.2% and 0.6% was capable of inducing MM38 A1x7& (pBADpcn) to attain the copy 

number of a plasm1d-carry1ngpw8 strain, provided the cells were preincubated with a 
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comparable concentration of arabinose. Note that there are no signs in this experiment of 

negative effects, on cell growth, of any possible overexpression of PAP I at the highest 

levels of arabinose used. 

Table 4.3 Ampicillin resistance of pcnB deletion strains carrying pBADpcn at arabinose 

concentrations of 0, 0.2% and 0.6%, after preinduction in LB containing either 0, 0.2% or 

0.6% arabinose. These values were determined by measuring the ampicillin concentration at 

which viability equaled 50% in Figures 4.6 to 4.8. 
1-1 

Arabinose Arabinose Ampicillin 

concentration 	used concentration 	in 	LB Plasmid concentration 	(tgIml) 

for 	preinduction 	(%) plates 	(%) for 	50% 	viability 

o 0 pBAD18 225 

o 0.2 pBAD18 225 

0 0.6 pBAD18 350 

0 0 pBADpcn 120 

0 0.2 pBADpcn 250 

0 0.6 pBADpcn 1190 

0.2 0 pBAD18 278 

0.2 0.2 pBAD18 300 

0.2 0.6 pBAD18 257 

0.2 0 pBADpcn 320 

0.2 0.2 pBADpcn 1020 

0.2 0.6 pBADpcn 1700 

0.6 0 pBAD18 283 

0.6 0.2 pBAD18 300 

0.6 0.6 pBAD18 283 

0.6 0 pBADpcn 420 

0.6 0.2 pBADpcn 900 

0.6 0.6 pBADpcn >2000 
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Figure 4.6 Single cell ampicillin resistance conferred by pBADpcn in pcwg deletion strains. Cultures 

were grown overnight in LB with ampicillin (50 .tg/ml), diluted in broth so as obtain 400 colonies per 

plate, grown for five cell doublings and plated on LB containing different concentrations of ampicillin and 

indicated concentrations of arabinose (0% or 0.2% or 0.6%). Points for MM38 Apcizl? (pBADI8) and 

MM38 AxwB(pBADpcn) are from a single experiment. 
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Figure 4.7 Single cell ampicillin resistance conferred by pBADpcn in pcizB deletion strains. Cultures 

were grown overnight in LB with ampicillin (50 .tg/ml), diluted in broth containing 0.2% arabinose so as 

obtain 400 colonies per plate, grown for five cell doublings and plated on LB containing different 

concentrations of ampicillin and indicated concentrations of arabinose (0% or 0.2% or 0.6%). Points for 

MM38 4'xwB(pBADI8) and MM38 AìxwB(pBADpcn) are from a single experiment. 
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A) MM38 4rnwB(pBAD18) (Preinduction with 0.6% arabinose) 
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Figure 4.8 Single cell ampicillin resistance conferred by pBADpcn in pcizB deletion strains. Cultures 

were grown overnight in LB with ampicillin (50 .tg/ml), diluted in broth containing 0.6% arabinose so as 

obtain 400 colonies per plate, grown for five cell doublings and plated on LB containing different 

concentrations of ampicillin and indicated concentrations of arabinose (0% or 0.2% or 0.6%). Points for 

MM38 A,xwB(pBADI 8) and MM38 4'x7,,B(pBADpcn) are from a single experiment. 
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4.3.3 Change in RNA I species between the pcizll deletion state and the 
pciiB' state in arabinose-induced MM38 ApcnB (pBADpcn) 

A comparison of the RNA I species inpcnBdeletion strains, carrying pBADpcn, in 

the absence and presence of arabinose, was undertaken. This was done to determine if 

induction of pBADpcn in the ,/,.,,--/z8 deletion background with an appropriate amount of 

arabinose would cause the pattern of RNA I species to change from that seen in thepiw8 

deletion mutant to that seen in the pazB strain (see Figure 3.9 for examples of RNA I 

species in apiwB background and in apwBdeletion background, before the addition of 

rifampicin). The change in RNA I species in apcwB and 1ienB strain has already been 

demonstrated by Xu eia/(1993) and He ela/(1993). 

Northern blot analysis was performed as described in Section 3.4: filters were 

probed for RNA 1108,  RNA 1103  and the stable tRNAser  control and the intensities of the 

signals obtained were measured. The autoradiograms for MM38 ApcizB(pBADpcn) induced 

with various arabinose concentrations are shown in Figures 4.9A, 4. 10A and 4.1 1A. The 

ratios of RNA 1108/tRNA and RNA 1103/tRNA were also plotted as a function of time. The 

resultant graphs are shown in Figures 4.913, 4. lOB and 4.11 B. 

The Northern blots (Figures 4.9A to 4.1 IA) of arabinose—induced pcnB deletion 

mutants carrying pBADpcn show the expected transition from the major RNA I species 

characteristic of thepwBdeletion strain, RNA 1103,  to that characteristic of thepenB state, 

RNA 1108.  These changes in RNA I species are depicted graphically in Figures 4.913 to 

4.1 lB. The graphs show that the level of accumulated RNA 1103  in thepcwBdeletion strain 

is quickly reduced once functional PAP I is expressed from pBADpcn. Simultaneously the 

level of RNA 1108  increases, so that it becomes the dominant RNA I species in thepcnB 

state. As argued previously, this may reflect a stabilisation of RNA 1108,  versus cleavage by 

RNase E, due to the action of PAP 1, in contrast to the destabilisation of RNA 1103.  We did 

not test to see if the RNA I species that appeared after arabinose induction (Figure 4.9A to 

4.11 A) was extended RNA 1, though material that may be extended RNA I species occupies 

expected positions above RNA 1108  (Figure 4.9A to 4.11A). 

The RNA I bands observed in Figures 4.9A to 4.1 1A represent the state of the cell 

before and after the addition of arabinose. They do not reflect the metabolic stability of 

RNA I because new RNA synthesis was not inhibited by the addition of rifampicin. Before 

induction with arabinose, mainly RNA 1103  was observed because, while RNase E 

processing of RNA 1108  occurred normally, further degradation of the cleavage product was 

slowed dramatically due to the absence of PAP I (He eIa/ 1993; Xu ela/ 1993). Once the 

PBAD promoter was induced and active PAP I produced, the pattern of RNA I species in the 

cell changed to reflect the new situation. The rapid removal of RNA 1103  confirms that PAP I 

accelerates the rate of decay of products generated by RNase E-mediated cleavage of RNA I 

(Xu e/ai 1993; He eIoI 1993). In addition, it shows that PAP I can work on RNA 1103 

long after RNase E cleavage has generated it. 
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On average, there was 20-fold more RNA 1103  than RNA 1108 in the penBdeletion 

background (Figures 4.913 to 4.1 I B). This agreed with the idea that inpcnBmutants, as the 

RNA I decay rate decreases, much less RNA I per cell would be synthesised (because copy 

number falls) and RNA 1103 would become the preponderant form (He e/a/ 1993); for both 

reasons less full length RNA I would be detected in these cells (He e/ai 1993; also see 

Section 3.4.1). The expression of functional PAP I from the induced pBADpcn vector 

caused the ratio of RNA 1108  to RNA 1103  to alter in favour of the full length RNA I, 

RNA 1 108. 

The graphs seem to indicate that once arabinose was introduced into the system, a 

significant amount of active PAP I was expressed within 4-8 minutes after induction. This 

result appears to agree with the observation that the PBAD  promoter can be induced rapidly 

under appropriate conditions (Guzman e/a/ 1995). 
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Figure 4.9 Quantitative Northern analysis of RNA I generated in MM38 Apw/I (pBADpcii), ill the 

absence and presence of 0.2% arabinose. ('ells were In 	exponentially at 37°C before addition of 

arabinose at 0 minute. Aliquots were withdrawn at the times indicated for Northern Blot analysis as 

described in Section 2.6. except that cells were not treated with rifampicin. 

A) Atitoradiogram of a filter probed for R NA 1108,  RNA  I 	and tRNAser. The standard is RNA I from 

MM38 and MM38 A,;ri,/Jgiown at 37°C, extracted as described in Section 2.6. I and combined together. 

13) The relative amounts of RNA I 1()g and RNA 11 0 to 1 RN A se r deduced fro in the above Ni wt he rn Blot 

were quantified and plotted as a function of time during the course of the experiment. 
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Figure 4.11 Quantitative Northern analysis of RNA I generated in MM3(S A1.'wB (pI3ADpcn). in the 

absence and presence of 1.4% arahinose. Experimental details as Ir Figure 4.9. 

A) Atitoradiogram of a filter probed for RNA 1108.  RNA 1103  and tRNAser. The standard is RNA I from 

MM38 and MM38 A.iw/?grown at 37°C. extracted as described in Section 2.6.1 and combined together. 

13) The relative amounts of RNA 1108  and RNA 1 103 to tRNAser  deduced Irorir the above Northern Blot 

were quantified and plotted as a function of time during the course of the experiment. 
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4.3.3.1 Origin of RNA 1108  in arabinose-induced pcizB deletion strains 
carrying pBADpcn 

Upon induction of PAP I synthesis, RNA 1108  was increased in abundance. 

(Figures 4.2 to 4.4). RNA I of this size might either be RNA 1103  extended via 

polyadenylation by PAP 1, or 'freshly' generated full-length RNA 1108. RNA 1108  formed in 

the arabi nose -induced7xwBdeletion strain carrying pBADpcn was therefore examined using 

a deoxyoligonucleotide probe (UB4 (Tr,, = 52°C): 5' CGC AGA TAG CAA ATA CTG A 3') 

which could distinguish between genuine full length RNA 1108,  and RNA 1103  with a 

polyadenosine tail. 

The Northern blots of RNA I generated inpwBdeletion mutants carrying pBADpcn, 

which were first grown in the absence of arabinose and then induced with various arabinose 

concentrations, were probed with U134 and washed at low and high stringency. The filters 

shown in Figures 4.9 to 4.11 and 4.12A were probed and washed at low stringency, so that 

RNA I of all molecular species were hybridised. After a higher stringency wash, only 

full-length RNA 1108 was found to be hybridised by U134 (Figure 4.12.11). Thus, the 

RNA 1108  that appears after arabinose induction in MM38 ApcnB(pBADpcn) strains was 

not produced by PAP I polyadenylating RNA 1103  to form RNA 1103-(A)5, but was 
RNA 1108  (and also, perhaps RNA 1 108-(A)n). 
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Figure 4.12 Origin of RNA 1 108 In arabinose-induced MM38 ApwB (pBADpcn) 

strains. Northern blots of RNA I generated in MM38 4mwB(pBADpcn), in the absence 

and presence of various arabinose concentrations: 0.2% arabinose (A). as first described 

and shown in Figures 4.9. The filters were probed with U134 (5' CGC AGA TAC CAA 

ATA CTG A 3') which hybridised RNA I of all molecular species after a low stringency 

wash (30°C) (I). After a higher stringency wash (37°C) (II), only full length RNA I, 

RNA 1108  was hybridised. 
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4.4 Effect of overexpressed PAP I 
The effect of surfeit poly(A) polymerase I activity upon cell growth and chemical 

stability of RNA I in PNPasc— and RNAse Ill—deficient mutants was examined. These 

enzymes are known to have an effect on RNA I decay (Xu and Cohen, 1995; 

Section 3.4.1). 
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4.4.1 Effect of excess PAP I on the growth of p&p-7 and Arizc-38 mutants 

Each of these mutant strains, carrying pBADI8 or pBADpcn, grew at 37°C in the 

absence and presence of arabinose (Table 4.4 and Figure 4.13 to 4.15). In general, the 

ribonuclease mutants grew more slowly than the parental strain. The growth rate of 

MM38 (pBAD18) was similar regardless of whether it was grown in the absence or 

presence of arabinose (Figure 4.13A). After addition of arabinose, the growth rate of 

MM38 (pBADpcn) was unchanged for 3 cell doublings, but after approximately 

450 minutes, it slowed (Figure 4.1313). 

The generation times of MM38pnp-7(pBADI8) and MM38 Alac-38(pBADI8) 

were similar in the absence and presence of arabinose (Figures 4.14A and 4.15A). There 

was a difference in growth rate between the ribonuclease mutants carrying pBADpcn in the 

absence of inducer (normal PAP I levels) and under conditions of overexpressed PAP I 

(Figures 4.1413 and 4.1513). The growth rates of both MM38 i11P-7 (pBADpcn) and 

MM38 A/-38(pBADpcn) were essentially unchanged for one cell doubling after addition 

of inducer (Figures 4.1413 and 4.1513). Thereafter growth slowed for both MM38 zlrnc-38 

(pBADpcn) (202 minutes) and MM38pio-7(pBADpcn) (63/103 minutes). 

Table 4.4 The generation times of MM38 Arrie-38 and MM38pnp-71n the presence of 

overexpressed PAP I at 37°C. The results are means±s.e.m. (n3) for MM38 (pBADI8) 

and MM38 (pBADpcn), while for the rest they are means±range (n=2). Slash (*1*) 

represents biphasic generation time (*). 

Doubling time (minutes) 

37°C 

Strain 	 without 0.4% arabinose 	with 0.4% arabinose 

MM38(pBAD18) 32.1±0.8 29.6±1.2 

MM38(pBADpcn) 30.9±1.1 34±0.6 

MM38Arnc-38(pBADI8) 67±14 61±3.5 

MM38 1-ac-38(pBADpcn) 65± 15 68±8, 202t 

MM38pap-7(pBAD18) 54±11 44±4.6 

MM38pnp-7(pBADpcn) 	 47±15 	 38±3, 63±l 5/103±30 

t:  68 minutes in first doubling, 202 minutes thereafter. 

38 minutes in first doubling, biphasic growth thereafter. 
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Figure 4.13 Growth rate of MM38 (wild type) carrying either pBAD18 (A) or 

pBADpcn (B), in the absence or presence of 0.4% arabinose (0.4% ARA). Cells were 

inoculated from stationary phase into Luria broth, 37°C, at 0 minute. They were grown as 

described in Section 2.2.1. Points for MM38 (pBAD1 8) and MM38 (pBADpcn) are from 

a single experiment. 
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Figure 4.14 Growth rate of MM38 L%rnc-38 carrying either pBAD18 (A) or 

pBADpcn (B), in the absence or presence of 0.4% arabinose (0.4% ARA). Cells were 

inoculated from stationary phase into Luria broth, 37°C, at 0 minute. They were grown as 

described in Section 2.2.1. Points for MM38 A,izc-18(pBADI8) and MM38 Arnc-3? 

(pBADpcn) are from a single experiment. 

135 



Chapter 4 
	

Overexpression of poly(A) polymerase I 

MM38pnp-7(pBADI8) 

I 	 - )--- 

I /1H 	 oP 
0 	

p 	MM381mp7(pBADI8) 

01 	

: 	iiii 	i i:: 	 0........ MM38pizp-7(pBADI8) + 0.4% ARA 

I 

0----------------------------------- 

0.0! 

0 0 0 0 
rn 

Time (minutes) 

MM38pnp-7(pBADpcn) 

0 

E EEEEEL EEl 	:EEE: E 
	

E II E EEE 
—0-- MM38 ,,,,/-7(pBADpcn) 

0.1 ------------- 

0.01 1 	1•1 , 1 , 1 , 1 	I 
0 c o o o o o 

0 0 0 0 0 0 
N 

Time (minutes) 

Figure 4.15 Growth rate of MM38 onp-7 carrying either pBADI8 (A) or 

pBADpcn (B), in the absence or presence of 0.4% arabinose (0.4% ARA). Cells were 

inoculated from stationary phase into Luria broth, 37°C, at 0 minute. They were grown as 

described in Section 2.2.1. Points for MM38 pizp-7(pBADI8) and MM38 pnp-7 

(pBADpcn) are from a single experiment. 
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These results indicate that overexpression of PAP I (evidenced by the extended 

RNA 1108  in Figure 4.12) negatively affects the growth rate of MM38 (Figure 4.13.13, late 

times), and does so more severely in theA//&-38(Figure 4. 14.B) andpnp-7(Figure 4.1513) 

backgrounds. Under conditions of excess PAP 1, the absence of RNase III appears to cause 

the cell more problems than the lack of PNPase. This difference in severity of effect of 

RNase III and PNPase deficiency may reflect the observation that RNase 11 can compensate 

for the absence of PNPase (Donovan and Kushner. 1983; Donovan and Kushner, 1986; 

Deutscher and Reuven, 1991) while in contrast, there may be no alternative enzymes to fill 

in for the absence of RNase Ill (Babitzke eta' 1993). 

As a result of overexpression of PAP I, the average length of mRNA 

3' polyadenosine tails, normally between 10 and 40 nucleotides (O'Haraefa/ 1993) and/or 

the fraction of mRNAs adenylated would probably be increased. The overall effect of such 

increased polyadenylation might be an increased susceptibility of the mRNAs to various 

decay pathways in the cell, in particular that provided by the RNA degradosome 

(Section 1.5.1), since its PNPase is known to target poly(A) termini strongly 

(O'Hara ela/ 1995). 

A'zcmutants show a 10-fold increase in PNPase activity (Portiere/a', 1987; 

Takata el al 1987). This provides another likely reason why RNase 111 mutation has a 

serious effect on cells which are overexpressing PAP 1. The increased transcript 

destabilisation would presumably result in a decrease in the number of active proteins 

available for critical cellular processes. It should however be noted that /7/C mutants 

accumulate polyadenylated 	RNA 1108  (Binnie e/ a/ (submitted for publication)); 

Section 3.4.3) suggesting that not all adenylated RNA is quickly degraded. 

The exact role of polyadenylation in mRNA decay is still a matter of conjecture. It 

has been speculated by N len ich and M urakawa (1996) that polyadenylation may be primarily 

involved in removing persistent non-polyadenylated RNA molecules, rather then playing a 

primary role in mRNA decay. If this is the case, excessive polyadenylation may embrace an 

increased range of mRNAs not normally post-transcriptionally modified in this manner,with 

potentially deleterious effects on the cell. 
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4.4.2 Effect of excess PAP I on RNA I in pnp-7 and Arnc-38 mutants 

When PAP I was overproduced (from pLHlc, a plasmid carryingpwBdownstream 

of p/ac) in a rnc+  strain, the extended RNA I observed was short-lived (approximately 

2 minutes) (Binnie eia/(submitted for publication)). The chemical stability of RNA I in 

ribonuclease mutants in the presence or absence of excess PAP I was examined (Table 4.5 

and Figures 4.16 and 4.17). In thepio-7strain. the adenylated RNA 1103  was degraded at 

least five-fold faster when PAP I was in excess (Table 4.4). The decay of RNA 1108, 

RNA 1103  and adenylated RNA 1108  did not appear to be accelerated in r,7c-38 strains 

under conditions of increased PAP I. 

Table 4.5 The half-lives of strains carryingpio-7and A1-1zc-38, in the presence (pBADpcn) 

or absence (pBAD 18) of overexpressed PAP 1. after the addition of rifampicin (0.25 mg/ml) 

at 37°C. These values were determined by densitometric scanning of autoradiographs, as 

described in Section 3.4, of gels shown in Figures 4.16 and 4.17. 

Strain RNA 1 108 

Half-life 

RNA 1103 

of RNA 	I 	species 

ext RNA 1108 	ext RNA 1103 

MM38(pBADI8) 2.5 - - 	 - 

MM38pizp-7 t t - 	 7.5 

(pBAD 18) 

MM38ptzp-7  

(pBADpcn) 

MM38Arnc-38 2.5 3 45 	 - 

(pBAD 18) 

M M 3 8 Arnc-38 2.3 3 47.5 	 - 

(pBADpcn) 

Extended RNA 1103 on Northern blot filters overlaps the RNA 1108 and RNA I 103  positions. 

Dr. Uta Binnie and Xu and Cohen (1995) have demonstrated by reverse transcription that the RNA I seen in 

pnp-7single mutants is polyadenylated material. See Section 3.4.2.3 for more details. 

The more rapid decay of adenylated RNA 1103  inpn2o mutants under conditions of 

excess PAP I again suggests PAP ['s role in facilitating the decay of RNA 1103 

(Xu ci ai 1993) even in the absence of PNPase. The results provide additional evidence 

that polyadenylation contributes to the destabilisation of individual RNA molecules 

(Cohen, 1995; O'Hara el al 1995; Hajnsdorf etai 1995). Perhaps longer poly(A) tracts 

increase the attractiveness of adenylated RNA 1103  molecules as substrates for RNase II or 

other exonucleases of the one or more alternative decay pathways that must compensate for 

the absence of PNPase. Alternatively, the excess PAP I may now outcompete RNase II and 

the increased number of molecules that are polyadenylated may be substrates for the 

alternative pathway described in Section 3.4.2.3. It would have been interesting to see 

138 



Chapter 4 	 Overexpression of poly(A) polymerase I 

whether the average poly(A) tail length was increased from the normal range of 10 to 40 

nucleotides (O'Hara ci al, 1995) in the po background, and/or whether the fraction of 

poly(A) tailed RNA I was increased from I in every 40 molecules (Xu e/a< 1993), to 

determine the precise effect of increased PAP I activity on RNA 13' ends. 

In contrast, the half-life of adenylated material in mc mutants, under conditions of 

excess PAP I, remains similar to that observed at normal PAP I levels. Dr. Uta Binnie has 

shown the adenylated material observed in mc mutants to be adenylated RNA 1108  rather 

than RNA 1103.  The unchanged half-life of this RNA in mc mutants in the presence of 

excess PAP I again may suggest that adenylated RNA 1108  is refractory to RNase E cleavage 

(see Section 3.4.4 for persistence of adenylated RNA 1108  in rizcmutants at normal levels of 

PAP I) and that RNase III is required for its degradation (see also Section 3.4.3). The role 

of RNase III in RNA 1 decay could either be direct or indirect, both possibilities are 

discussed in Section 3.4.3. 

Thus, excess PAP I increases the rate of RNA I decay in ap-7background, but 

not in a Amic-J8background. 
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Figure 4.17 Measurement of the rate of RNA I decay in a Arm-_?' mutant in the presence of normal or 

overexpressed PAP I. MM38 A/nc-35' (pBA 1)18) (A) and MM38 rm-i'X ( pBAt)pcn) (B) were grown 

exponentially at 37°C and incubated with 0.4% arabinose For an hour before treatment with ri fampici ii 

(0.25 mu/nil), Aliquots were withdrawn for semi-quantitative Northern Blot analysis at the times 

indicated. The figures show auloradiogranis of liters probed k)r RNA hug.  RNA  1103  and tR NAser. the 

standard is RNA I from MM38 and M M38 A/;-////grown at 37°C. extracted as described in Section 2.6. I 

and combined together. 
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I Identj/icatin of other po(y4,1 po/ymerases 

5.1 Introduction 

PAP I has been shown to be important for the 3' adenylation of RNA I in CoIEI 

copy number control (He eIai 1993; Xu etai 1993; Xu and Cohen, 1995). However, 

PAP I does not appear to be the sole poly(A) polymerase ME Coll, because deletion of the 

pcizB locus may result in only a 50% decrease in mRNA polyadenylation 

(Cao and Sarkar, 1992; Kalapos eiai 1994) and a second poly(A) polymerase (PAP 11) 

has been identified and purified from extracts of E co//with apc,zB deletion. In addition, 

PAP I has been found not to be essential in E co/i aspcnBdeletion mutants grow normally 

on rich media (Masters et oi 1993; Liu and Parkinson, 1989). On the other hand, 

O'Hara eia/ (1995) reported that the deletion ofpwBcaused a far greater (90%) reduction 

in mRNA polyadenylation than that reported by the above authors. 

The possibility clearly exists that polyadenylation is an essential process, but that 

PAP I is dispensable because the activity of a second enzyme can substitute for it. If this 

were so the inactivation of both pcnBand the gene encoding the putative PAP II would be 

lethal;pcnBhas an essential cell function shared with an unidentified gene. To test this idea, 

an attempt was made to isolate conditional mutants which would fail to grow when PAP I 

was absent. 

While this work was in progress Cao eia/(1996) using a similar strategy identified 

the open reading framefií'i2, located at 87 minutes on the 'F. co//chromosome, as the gene 

coding for PAP II. This chapter details the strategies I used in what proved to be a fruitless 

search for.!hti-1 iihil vt 	- ;1 i :l I It i that gene. 
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5.2 Attempted isolation of conditional mutants that require PAP I using the 
"Tn10 mutagenesis" method involving pMAK705 

The pciB gene from pJM5I6 had been previously cloned into pMAK705 
(Figure 5. 1), a low copy number plasmid which is temperature sensitive at 42°C for DNA 

replication, to yield pMAKpcn+. This plasmid was transformed into axwBdeletion strain; 

pMAKpcn+ would provide PAP I at a low temperature but would be lost at the restrictive 

temperature. To disrupt the putative gene whose inactivation would cause the cell to become 
inviable in the absence of PAP I, MM38 ApcizBrec (pMAKpcn+) cells and MM38 
Apcth' recA (pMAKpcn+) cells were subjected to transposon mutagenesis. X-mediated 

transduction was used to introduce the mini-Tní'Otransposon into the cells; ?.NK 1323 

(Klecknereiai 1991) was the specific phage vehicle used. The phage vehicle for the 

mini-TnJOis crippled by nonsense mutations in phage replication genes, by a mutation in the 
X repressor gene and by deletion of the phage integration system (Kleckner c/ a/ 1989). 

Therefore, the phage carrying the transposon can be introduced into the host cell under 

conditions where the phage genome can not replicate, kill or stably integrate into the host 

cell. Neither the phage vehicle or mini-Tni'Owas temperature sensitive. Phage-infected cells 

were selected as chloramphenicol—resistant (to maintain pMAKpcn+) and 

tetracycline-resistant(mini-Tn/O) on agar plates at 30°C. Because it was intended to screen 

several thousand transductants, partial purification by repeated patching was used, rather 

than streaking each transductant to single colonies. After three rounds of patching, partially 

purified transductants were screened for temperature sensitivity at 42°C on plates of Luria 

broth agar containing with or without chloramphenicol. Progeny which failed to grow at 

42°C in the absence of chloramphenicol were sought. Progeny were not screened in the 

presence of tetracycline because preliminary studies we conducted found that all the 

transductants failed to grow on plates containing tetracycline and chloramphenicol at 42°C. It 

was hoped that some of the temperature sensitives would reflect loss of thepwBcarried on 

pMAKpcn+. The progeny that failed to grow at 42°C were streaked out to single colonies on 

plates containing both chloramphenicol and tetracycline at 30°C and these single colonies 

re-tested for temperature sensitivity on Luria broth agar with or without chloramphenicol at 

42°C. It is strains unable to grow at 42°C in the absence of chloramphenicol which are 

potentially interesting, due to possible knockout, by mini-TnI1 of a gene essential in the 

absence of the pcnB, lost with pMAKpcn+ at 42T. 

After screening approximately 3 000 rec+  transductants and approximately 
4 000 recA transductants on agar plates in this way, 70 revl transductants were found to be 
temperature sensitive. These recA transductants were chloramphenicol resistant at 30°C but 
failed to grow in the presence of chloramphenicol at 42°C. 

No temperature sensitive rec transductants were identified using this experimental 
approach. The recA mutation abolishes all general recombination. Perhaps in rec cells, 
homologous integration of pMAKpcn+  into the chromosome would mean that any colony 
would include chromosomal ly/xw+  derivatives. 
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To determine whether the temperature sensitive re.A transductants were PAP I 

dependent, a non-temperature sensitive plasmid carrying pcnB pJM5 16, was transformed 

into these isolates (ampicillin—resistant transformants were selected for), and growth tested 

for at 42°C. Note, that both plasmids are compatible because pJM516 is based on a ColE I 

replicon while pMAKpcn is based on a pSCIOI replicon (see Table 2.1.3), so the two 

plasmids can co-exist in the same cell. The anticipated phenotype of a PAP 1—dependent 

PAP 11 derivative of MM38 ApcnBrecAwould be temperature sensitive at 42°C because of 

the absence of PAP 1, but would become temperature resistant upon complementation with a 

pcwB, temperature resistant plasmid. A single chioramphenicol— and tetracycline—resistant 

derivative, MM38-87, did in fact have temperature resistance restored at 42°C by 

complementation with pJM5 16. 

Figure 5.1 pMAK705 

Hinclill 5277 

EcoRl 3822 
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5.2.1 Further study of the transposon mutant, MM38-87 
P1-mediated transduction was used to determine if the temperature sensitivity of 

MM38-87 required that the strain be PAP V. The transposon mutant. MM38-87, was 
transformed with a rec4 carrying plasmid, pE13. to permit aPi phage lysate to be made on 

it. Henceforth, the mutation in MM38-87 will be called M-87. This TnlO disruption was 

introduced into MM38 and derivatives by transduction using the MM38-87 P1 lysate 

(MM38 M-87 derivatives were selected for by tetracycline resistance), and N'I-87 progeny 

were tested for the absence of growth at 42°C (Table 5. 1). 

Table 5.1 Temperature sensitivity of MM38 derivatives and their M-87 transductants. 

The results are from duplicate observations. 

Strain 	 Genotype/phenotype 	Growth at 42°C on 
N4-87 	recA pcizB Luria broth 

MM38recA no 	- + yes 
MM38-87 yes 	- - (A) no 
MM38-87(pEl3) yes 	+ - (A) no 
MM38 no 	+ + yes 
MM38M-87 	 yes 	+ 	+ 	 yes 
MM38LtpcwB 	no 	+ 	-(A) 	yes 
MM38 4owBM-87 	yes 	+ 	- (A) 	no 
MM38 4rnwBM-87 	yes 	+ 	+ 	 yes 
(pJM5 16) 

A: pcnBdeletion made by Kan1  cassette replacements (Masters eIa/ 1993) 

-: non-functional allele 

+: active allele 

MM38-87 cells did not grow at 42°C (Table 5.1). When ree' was provided to 

MM38-87 by way of pE13, these transformed cells (MM38-87 (pE13)) were still unable to 

grow at 42°C on agar plates. Thus the temperature sensitivity of MM38-87 appears to be 
independent of recA. 

In cells containing functional PAP 1, the introduction of M-87 did not confer 
temperature sensitivity at 42°C (Table 5.1: see MM38 M-87 and 
MM38 4ocnBM-87 (pJM5I6)). In contrast, the introduction of the M-87 mutation into 

cells deleted for pwB rendered the resultant 4ocnBM-87 progeny unable to wor grow at 

42°C (Table 5.1: see MM38 L%pWBM-87). Temperature sensitivity conferred by the M-87 

mutation was only observed when pwB was deleted from the MM38 genetic background. 

Thus, temperature sensitivity was probably conferred by a single genetic change which was 

caused by or closely linked to the Tn/Oinsertion in N4M38-87. 
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A step towards characterising the transposon-disrupted gene in MM38-87 involved 

attempted complementation with candidate genes. It is known that the double mutants 

affecting PNPase and PAP I. or PAP II and PAP I (Cao e/ a/ 1996), are inviable. 

Therefore, it was anticipated that mutants for PNPase or PAP 11 would be among the 

temperature sensitive PAP 1—dependent mutants found using this experimental approach. 

However, we were unable to test whether MM38-87 was mutant for PAP 11 by 

complementation because no cloned PAP II gene was available. 

We were able to test if MM38-87 was mutant for PNPase by introducing pKAK7. a 

plasmid carrying the pnp gene and observing growth of the resultant transformant. 

MM38-87 (pKAK7) at the restrictive temperature (Table 5.2). We found thatpnp did not 

complement MM38-87 at 42°C (Table 5.2). 

As described previously in Section 1.6.pcwandfa/Kare probably part of the same 

operon (Talarico e/a/ 1992; Binns N, PhD thesis). The translation start site codon forjo/K 

is one nucleotide upstream of the pwB stop codon (Blattner eIai 1997) (Figure 1.4). The 
pctzB deletion mutant. MM38 4ixw,8 has its copy of pcnB replaced by a Kanr  cassette 

(Masters eIaI 1993). In this mutant. the/b/Kribosome binding site has been deleted. It is 

therefore unsurprising that ApciiB in MM38 has a polar effect on folK expression 

(Talarico etaI 1992). As a result, MM38 4rnwBcells areJilK. They grow normally on 

Luria broth agar at both 30°C and 42°C, but are temperature sensitive for growth at 42°C on 

minimal agar. This phenotype can be reversed by,th/Kcomplementation, for instance by the 

introduction of p115, a plasmid carry ingjo/Kalone. Thus, FolK protein is either absent, or 

expressed at reduced levels, in MM38 ApcwB. 

The plasmid, pJM5I6, which was used to determine if the temperature sensitive 

isolates obtained in Section 5.2 were p,wB-dependent, encodes both pazB1  and fo/K" 

(March el .-.,Z, 1989). Of the 70 temperature sensitive progeny found by screening TnlO 

transductants, only the mutation in MM38-87 was complemented by the introduction of 

pJM516 (Section 5.2). It was possible the mutation in MM38-87 was complemented by 

either the 1oe,zB" orJ/K+ carried on pJM516. Therefore, it was necessary to recheck 

whether or not MM38-87 is indeed complemented bypcwB This was tested by introducing 

a plasmid containing paiB but notfo/K pBADpcn. It was found that pBADpcn failed to 

complement the mutation in MM38-87 for growth at 42°C (Table 5.2). In contrast, the 

folK—carrying plasmid, pTTS. complemented the mutant at 42°C (Table 5.2). These results 

show that MM38-87 is not a p4wB-dependent mutant at 42°C, as we originally thought. 

Instead it appears to be aj/K-dependent mutant at the restrictive temperature. 
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Table 5.2 Complementation of MM38-87 with plasmids carrying1onpandfa/K 

Complementing 	plasmids 	Genotype carried by 	Temperature 	sensitivity 

plasmid 	 reversed at 42°C 

pBR325 (control) 	 - 	 no 
pJM5I6 	 pcnB folK 	 yes 

pBADpcn 	 ,ocnB 	 no 
piTS 	 folK 	 yes 

pKAK7 	 no 

Cells were viable at 42°C when FolK was supplied as part of the penB-j2ilKoperon 

either from the chromosome (eg. parent strain. MM38) or from a plasmid (eg. pJM5I6). 

Thus MM38-87 is not the conditional mutant we sought - one requiring PAP I to 

grow. Rather it appears that the inability of the transposon mutant to grow at 42°C is caused 

by a disruption either in the/o/Kgene (see below) or in a gene that could substitute forfr/K 
However, MM38-87 is temperature sensitive on Luria broth agar, unlike MM38 4oc,zB 

which is only temperature sensitive on minimal agar. Perhaps. M-87 sevely disrupts folK, 
whereas the polar 4ixwBmutant allows sufficient FolK to be made for the cells to survive at 

42°C on broth. Alternatively, in MM38-87 the Tn/Oinsertion may inactivate another gene 

which makes the cells more dependent on/c/K These possibilities could be distinguished 

genetically - if the transposition of TnlOoccurred into/b/Kitself, one would expect that all 

the tetracycline-resistant progeny generated after mini-TnlOmutagenesis would be 100% 

linked to the Kane replacing pcnB in MM38 LlpcnB, all my Tetr transductants from the 
MM38 -e& lysate would be Kan' also. However, this line of investigation was not pursued 

and the possibility remains that M-87 is a disruption in thefo/K gene. However, since 

MM38 M-87 was relatively easy to make and temperature resistant at 42°C (Table 5. 1), it 
suggests M-87 (Tetr)  was not closely linked to 4ixith' Therefore, the insert M-87 is 
probably not in J/K (or nearby) and so must be in another gene whose inactivation 
increases the need for FolK. 

The growth of MM38 zpcnBat 42°C on LB agar could be due to the presence of 

various essential end products of folate dependent biosynthetic pathways or traces of folic 
acid in the medium. The lack of growth of MM38 4ocwBat 42°C on minimal medium may 

be due to the absence of these compounds. Presumably. the FolK-deficient 4ocnB cells 

cannot maintain the reduced folate pool (see Figure 5.3) necessary to carry out folate 

requiring reactions known to be essential for growth. Indeed, the addition of folic acid to 
minimal medium restores growth of MM38 4oen8at 42°C. 

In contrast. MM38-87 did not grow on LB agar at 42°C (Table 5.2) but its growth 
was restored upon complementation withfa/K(Table 5.2). Perhaps one of the end-products 

of the many cellular reactions that require reduced folate was not being generated or taken up 
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from the LB medium by MM38-87. However, the restoration of growth of MM38-87 at 

42°C by complementation with flilK may suggest that the primary folate—dependent 

biosynthetic pathways for the generation of end-products essential for cell survival was not 

disrupted by mini-TnlO insertion. The possibility that folate uptake has been affected is 

worth considering. 

To determine whether any, and if so which, biosynthetic pathways have been 

interrupted, one could test MM38-87 for auxotrophies for various end-products of 

biosynthetic pathways known to use tetrahydofolate as single carbon donors. For instance, 

the growth of MM38-87 could be tested on minimal media (or even LB) supplemented with 

thymine or pantothenate or glycine, and so forth. The development of auxotrophies in cells 

defective in various enzymes in the folate biosynthetic pathway has already been observed, 

for example, in mutants lacking dihydrofolate synthetase and dihydrofolate reductase (for 

references, see Green eIai 1996) 
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Figure 5.2 Growth rate of MM38-87 (C) and controls MM38 (A) and 

MM38 4ocnB(B) at 30°C and 42°C. Cells were inoculated from stationary phase into 

Luria broth. 30°C at 0 minute. They were grown until they reached logarithmic phase and 

then some were shifted to 42°C for further growth. When cell cultures reached an optical 

density (540 nm) of approximately 0.3, they were diluted 1:10 into fresh prewarmed 

medium at either temperature. 
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It has been observed for dihydrofolate synthetase. an  enzyme in the folate 

biosynthetic pathway (Figure 5.3), that a decrease in its intracellular activity is accompanied 

by a corresponding reduction in growth rate of the affected cells (Ferrone eIaI 1983). 

Therefore, the growth rate of the transposon mutant, MM38-87, was compared with that of 

MM38 ApwBto determine if the M-87 mutation has an adverse effect on doubling time 

(Figure 5.2). 

Table 5.3 Generation times of MM38-87 in Luria broth at 30°C and 42°C. The results are 

means for single experiments. 

Doubling time (minutes) 

Strain 	 30°C 	 42°C 

MM38 	 48 	 25.3 

MM38 4ocnB 	 56 	 27.3 

MM38-87 	 112 	 60 

Even when grown at 30°C in L-broth, the transposon mutant. MM38-87, grew at 

roughly half the rate of the pwBdeletion strain, MM38 4oazB(Table 5.3). After a shift to 

42°C, the growth rate of MM38-87 was again twice as slow as that of the piwB deletion 

strain. The growth of MM38-87 at 42°C was only followed for one and half cell doublings 

after the temperature shift, so the expected ultimate cessation in growth was not observed. 

Attempts were made to identify the gene disrupted by mini-Tni'O insertion using a 

method of direct selection. Chromosomal DNA was purified from MM38-87 and digested 

with a single restriction endonuclease known not to cut the tetracycline fragment within the 

Tni'O derivative. The restriction fragments were ligated into a vector, pJF1 18HE. and the 

ligation mixture used to transform DH5a. Tetr  transformants were selected on agar 

containing tetracycline. However, no tetracycline—resistant transformants were obtained after 

a number of ligation/transformation attempts. Genomic DNA was then restricted with other 

candidate restriction enzymes. a Southern Blot made from the agarose gel and the pattern of 

restriction fragments analysed by probing with oligonucleotides complementary to the ends 

of the tetracycline—resistant fragment in the mini-TnIO transposon. Restriction enzymes 

which gave fragments of about 2 kb in size, ie. fragments of sufficiently small size to clone 

into a vector, were used in direct selection for the cloned let segment as described above. 

Likewise, these attempts were also unsuccessful. No further attempt was made to identify 

the location of the transposon-disrupted gene in MM38-87. As it stands. MM38-87 can only 

be described as a mutant that requires FolK for viability at high temperatures. 
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5.2.2 Folate biosynthesis 

In this section, a resume of folate synthesis and function is provided to illuminate the 

background of folate biosynthesis and the role of FolK within it. 

Folic acid derivatives have important roles in many cellular reactions as one-carbon 

donors. For example, tetrahydrofolate serves as a recipient for one-carbon units generated 

during glycine cleavage to form carbon dioxide and ammonia and during the biosynthesis of 

glycine from serine. The active co-substrate. 10-formyltetrahydrofolate is the one-carbon 

donor in purine biosynthesis and for the formylation of fMet-tRNA. Other biosynthetic 

pathways of essential nutrients which require reduced folate co-factors include those for 

methionine, thymidylate and pantothenic acid (Harvey, 1973). 

Microorganisms like E co/i possess the ability to synthesise folic acid derivatives 
de riovt In E co/i, folates are known to be derived from GTP and pa/a-aminobenzoic acid 
(PABA); the folate biosynthetic pathway is depicted in Figure 5.3. 

The reduction of 7.8-dihydrofolate to tetrahydrofolate is an obligatory step in the 

biosynthesis of single carbon donor forms of the molecule and the reaction is considered to 

be the sole source of cellular tetrahydrofolates in £ co/i (Figure 5.3). The enzyme 
responsible for the reduction of dihydrofolate is dihydrofolate reductase. encoded by the 
folA gene. 7,8-dihydrofolate is also formed in the reaction catalysed by 
thymidylate synthase, encoded by the i/n'A gene. Thymidylate synthase catalyses the 
synthesis of deoxythymidine monophosphate from deoxyuridine monophosphate, with the 

oxidation of 5, 10-methylene tetrahydrofolate to dihydrofolate. 

It would be expected that the deletion of127/A would be lethal to the cell. However, 

mutants deleted forjo/A can survive in a i/zA background (Howell eIai 1988). In theory, 
the lack of tetrahydrofolate produced infiilA strains should not be affected by thymidylate 

synthase activity especially since thymidylate synthase relies on tetrahydrofolate derivatives 
for its own activity. However, Vasudevan et a/ (1988) identified an enzyme, 
dihydropteridine reductase, which has dihydrofolate reductase activity and 
Hamm-Alvarez eIai 1990 proposed that the inviability of fotihwV strains could be 
explained by the existence of dihydropteridine reductase. If no thymidylate synthase is 
present as in afo/A1/zvA strain, dihydropteridine reductase could catalyse the reduction of 

7,8-dihydrofolate to tetrahydrofolate, in a slow but steady manner. In the presence of 

thymidylate synthase, the slow rate of dihydropteridine reductase activity would be unable to 

keep up with the rapid production of dihydrofolate by thymidylate synthase. Under these 

conditions, the cell would be unable to maintain a reduced folate pool to carry out the other 

folate—requiring processes essential for growth and the cell would die. 

In contrast thefo/Cgene. which codes for the enzyme dihydrofolate synthetase that 

catalyses the generation of 7.8-dihydrofolate from 7,8-dihydropteroate, has been shown to 

be essential (Pyne and Bognar, 1992). Even the inclusion of end-products of 

folate—dependent biosynthetic pathways in the media fails to compensate for the absence of 
j2ilC function. 
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E v1/(like Salmonella e,z/eri~aserovar Typhimurium) lacks the ability totransport 

folate into the cell and is therefore particularly susceptible to inhibitors of folate biosynthesis. 

such as sulfonamides. Sulfonamides are sulfa drugs which can inhibit folate biosynthesis. 

Sulfonamides and other folate antagonists like trimethoprim have important uses against 

bacterial infection, for example, against ?neumocstis carthii pneumonia resulting from 
AIDS. Sulfonamides are structural analogs of p-aminobenzoic acid (PABA) and compete 

with PABA for condensation with 6-hydroxymethyl dihydro-pterin pyrophosphate in the 

reaction catalysed by dihydropteroate synthase (Figure 5.3). The competition with PABA for 

dihydropteroate synthase results in the cell becoming depleted for diliydropteroate 

(Figure 5.3) and the reduces folates derived from it (for references, see Green eta/ 1996). 
Trimethoprim and its analogs, on the other hand,inhibit dihydrofolate reductase activity. 

ThefolKgene encodes 6-hydroxylmethyl 7,8- H2pterin pyrophosphokinase, which 

converts 6-CH20I-I-H2pterin to its pyrophosphate ester, with ATP as the donor of the 

pyrophosphate group (Richey & Brown, 1969) (Figure 5.3). The enzyme requires Mg2 for 
activity. The enzyme has a mass of 25 kDa and is monomeric as determined by gel 

electrophoresis in the absence and presence of SDS (Talarico etal 1991). FolK has been 
cloned and its sequence determined (Talarico etai 1992). The protein has a predicted 
molecular weight of 17 945 kDa. The open reading frame forfolK starts I nucleotide 
upstream of the pcnBstop codon (Blattner etal 1997). pcnBandfolKare co-transcribed as 

a polycistronic mRNA (Binns N, PhD thesis). This is in contrast with other microorganisms 

such as Streptococcus pneumomhie and Bacillus subtillc where the genes of the folate 
pathway are linked, and the gene upstream of that for pyrophosphate kinase encodes 

dihydroneopterin aldolase (DHNA) (Lacks eIai 1995; see Figure 5.3). 

As yet, no evidence has been found for the existence of another enzyme that can 

substitute for 6-hydroxymethyl 1-12pterin pyrophosphokinase. Consequently, from the 

current knowledge of folate biosynthesis and the information we have garnered about 

MM38-87, one cannot propose a likely candidate gene which could substitute for the activity 

of FolK. 
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7.8-DIHY DROPTEROATE 

ATP. glutamate 

DIHYDROFOLATE SYNTHETASE (DHFS) 	 Jh/C 

7,8-DIHYDROFOLATE 

NADPH 
DIHYDROFOLATE REDUCTASE 	 Jb/A 

NADP 

TETRA HYDROFOLATE 

Figure 5.3 Pathway for folate biosynthesis. Genes corresponding to the enzyme are written to the right. 

Blank spaces indicate that the gene encoding the enzyme has not yet been identified. Abbreviations: GTP. 

guanosine triphosphate: ATP, adenosine triphosphate: AMP. adenosine monophosphate: NADPH, 

nicotinamide adenine diriucleotide phosphate (reduced): NADP, nicotinamide adenine dinucleotide 

phosphate (oxidised): PP1. pyrophosphate: P. phosphate. 

154 



Chapter 5 	 Identification of other poly(A) polymerases 

5.3 Attempted isolation of conditional mutants that require PAP I using the 
"Tn/i9 mutagenesis" method involving pBAD18 

The plasmid vector carrying the arabinose-induciblepcnBgene. whose construction 

was detailed in Chapter 4, Section 4.2 was used in a second attempt to identify genes that 

become essential when PAP 1 is absent. The experimental approach used was conceptually 

similar to that involving the use of the temperature sensitive plasmid, pMAKpcn. as 

described previously in Section 5.2. 

MM38 4ocnBwas transformed with pBADpcn; pBADpcn would provide PAP I in 

the presence of arabinose. MM38 ApwBpBADpcn cells were grown in the presence of 

0.6% arabinose and subjected to generalised transposon mutagenesis as before. 
XNK 1323—mediated transduction was again used to introduce the mini-TnIO transposon. 

Phage-infected cells were selected on agar containing ampicillin (to maintain pBADpcn), 

tetracycline and 0.6% arabinose. Transductants were screened at 30°C and 42°C on two 

kinds of plates containing both antibiotics and either 0.6% arabinose or 0.2% glucose. 

Progeny that grew at 42°C on agar plates containing ampicillin and tetracycline in the 

presence of 0.6% arabinose, but not 0.2% glucose, were sought. It was anticipated that the 

lack of growth in the presence of a repressor would be associated with arabinose 

dependency. Although it was not necessary to screen the mutants at 42°C. because we were 

not seeking temperature sensitive mutants, it was not expected that doing so would reduce 

the chances of isolating progeny containing a disrupted PAP 11 gene. 

After screening approximately 11 000 transductants at 42°C, no ampicillin— and 

tetracycline—resistant colonies were found to grow only in the presence of arabinose but not 

in its absence at 42°C. One partly temperature sensitive mutant, ie. no single colony growth 

observed at 42°C on either medium, and one mutant which did not grow at all at 42°C. were 

found but not studied further. 
The transposon mutagenesis was also repeated using ?NK 1324, a ?. phage vehicle 

carrying a mi ni-ch/oramphernco/transposon. The mi ni-ch/or-einphenio/transposon employs 

the same mechanism of transposition as the mini-telraci'e/the transposon used previously; 

only the drug resistance marker is different, so either can be used for the isolation of 

conditional mutants. The steps &- followed were as described above except for two 

changes: phage-infected cells were selected on agar plates containing ampicillin, 

chioramphenicol and 0.6% arabinose and purified transductants were screened on agar plates 

containing ampicillin. chloramphenicol and the appropriate concentrations of arabinose or 

glucose. After screening approximately 4000 transductants. no ampicillin— and 

chloramphenicol—resistant colonies were found to grow only in the presence of 

0.6% arabinose at the restrictive temperature. However, two mutants which were inviable at 

42°C, ie. no single colony growth on either medium, and two mutants that grew poorly on 

both media at 42°C were isolated. 

Cao eta/(1996) using almost the same strategy discovered a mutant which grew 

only in the presence of arabinose but not in its absence, and they later demonstrated it to be a 
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PAP II mutant. Their strategy involved mutagenising a zlpcnB p'zp strain instead of a 
ApcnB mutant. Kalapos el a! (1994) had earlier partially purified a second 

poly(A) polymerase from a ApaiBpip mutant. They also showed that poly(A) polymerase 

activity in extracts of 4rn71B pnp strains was 50% reduced, compared to only a 25% 

reduction in a ApcwBpt.o strain, suggesting that PNPase may facilitate PAP II activity, by 

an unknown mechanism, in PAP V strains. Perhaps the removal of all other potential 

enzymes that could synthesise poly(A) tails enhanced the lethality of disruption, by 

transposon mutagenesis, of the gene encoding poly(A) polymerase II. 

In retrospect, the use of ,recA cells for mini-Tn/Omutagenesis might have been a 

wiser choice because, as reported in Section 5.2, temperature sensitive transductants were 

only found in a recA background in the pMAK705—based work described there. However, 

Cao eta/(1996) isolated their transposon mutant using ,ee+  cells; V&&W presumably the 
pup mutation made the crucial difference. 
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