
-2,1 | 3

ÀLì¡,

CLONING AND EXPRESSION OF THE GENES ENCODING
BACTERIOPHAGE T7 & SP6 RNA POLYMERASE

A thesis submitted to the University of Adelaide

for the degree of Doctor of Philosophy

Rhett Swanson B.Sc. (Hons)

by

Department of B iochemistry

The University of Adelaide

Adelaide, South Australia

July, 1990

û.., .rr r, ,\ a ,\ ì - \ '-' '



To )ørtøtlø





ACKNOWLEDGEMENTS

I wish to thank P¡ofessors W.H. EIIiott and G.E. Rogers for permission to undertake these

studies in the Department of Biochemistry and my supervisor Professor Bob Symons for his help,

advice and encouragement.

Life in Lab 104 has been enhanced by the very good company of many peopie and in

particular: Dr. Chris Davies for his supply of beer and lies in the face of experimental disasters;

Drs. Iain Borthwick, Jason Loveridge and Steve Wilton for showing me how to realLy eatpizza;

Kym Bennett and Syu for their wonderful humour, divelsions and üansport; Dr. Joel Bornstein

for academic advice and submarine adventures; Alx for pretending to be a space monster; David

and Henk for company in the'Hills'; Colin for stories while fencing; Amal and Chris for

extraordinary food and friendship; Sharon Harrison for smiling during enzyme assays; Gem for

guidance on dharma and Dr. Derek Skingle for friendship and showing me Nepal.

There is also the ever flowing stre¿rm of humanity which constitute the Symons group at

any given time. In particular, Anke Warner, Alex Jeffries, Candice Sheldon and Andrew

Rakowski have been ideal comrades.

I wish to thank Jenny Cassady, Tamnry Greatrex, Jan Gunter and Barba¡a Engel for

technical assistance, Lesley Crocker for advice on photography, Brian Denton for his engineering

skills and forgetting the job-order and to Jane Sommerville for easing a few sticky situations with

the front off,rce.

I especially wish to thank nry friends and Jack, Hope, Janet and Janette for their love.



DEFINITIONS

The bacteriophage T7 genome is 39,936 bp of linear DNA. The various diagrams in this work

show numbers above restriction sites etc. The numbers refer to the number of base pairs from the

left end of the genome as defined by Dunn and Studier (1982), in which early genes are on the left

and late genes are on the right. T7 DNA in plasmids show their T7 coordinates, not the local

plasmid coordinates.
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SUMMARY

The general aim of this project was to develop approaches for rapidly cloning and expressing genes

which may be useful to Molecular Biology and which may have commercial value.

The initial focus of this project was to clone the gene for bacteriophage SP6 RNA

polymerase, which at that time had not been cloned and for which the gene locus was unknown.

Prior to the cloning of this gene by Kotani et al. (1987), the genetic organisation around the SP6

RNA polymerase gene was thought to be analogous to that of the T7 RNA polymerase gene. The

latter gene lies upsÍeam to a promoter element, 01.1,A' (see figure 1).

Figure 1 The 5.822 bp f¡agment of BsrNl-ctigcstect T7 DNA +1 (start of RNA)
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A DNA fragment encoding both the T7 RNA polymerase gene and promoter 01.14 was known to

be lethal to the host bacterium. Cloning this gene required the isolation of a DNA fragment

encoding the gene but lacking T7 promoter Ql.14 (Davanloo et al. 1984).

The T7 RNA polymerase gene thus presents a well characterised target on which to develop

strategies for cloning genes without relying on restriction sites. Toward this end, two experimental

strategies were tested using the cloning of the T7 RNA polymerase gene as a model system:

1. Bacteriophage M13 oligonuclet¡tide mutagenesis.

Site-directed oligonucleotide mutagenesis using bacteriophage M13mp18 (Zoller and Smith

1983) was used in conjunction with Bal31 nuclease to isolate the T7 RNA polymerase gene. The

strategy was to intentially over-digest ,with Bal 31 nuclease, a resrriction fragment of T7 genomic

DNA that contained the T7 RNA polyrnerase gene and the potentially lethal promoter Q1.14, size

the fragments and then clone appropriately sized fragments írtto E.coli. The resulúng bacterial



colonies will contain a recombinant vector in which there is a deletion of the T7 promoter Q1.14,

the 5' coding region or deletions to both termini of the gene. A Bal 31 nuclease digested T7 DNA

fragment bearing a partial length T7 RNA polymerase gene was cloned into bacteriophage

M13mp18 and site-directed oligonucleotide mutagenesis was then used to repair the DNA fragment

back to a full length T7 RNA polymerase gene.

The gene was expressed under confol of the leftward promoter (P¡) from bacterophage

lambda using the expression vector pPLC236 (Remaut et al. 1981).The E.coll host for this vector

produces a temperature sensitive cI857 repressor allowing induction of the T7 RNA polymerase

gene by raising the temperature of the bacterial culture from 30oC to 42oC. The RNA polymerase

was expressed to a very high tevel but was enzymically inactive.

To ensure the enzymic inactivity of the recombinant RNA polymerase was not

due to mutations in the gene, the nucleotide sequence of the gene was detemrined by

dideoxysecluencing and found to nlatch the sequence published by Moffatt et al. (1984).

In addition, the recombinant T7 RNA polymerase was purihed and subjected to N-terminal amino

acid sequencing, revealing that the hrst 12 an'rino acids of the protein matched the fi¡st 12 amino

acids of T7 RNA polymerase.

The enzymically inactive recombinant T7 RNA polymerase was thus initiated from the first

AUG codon 3' to the ribosome binding site and is the product of a gene lacking mutations. The

lack of demonstrable enzyme activity therefore appears to be due to some factor other than the

primary structure of the Protein.

It has been reported that phage T7 gene 19, when cloned downstream of the lambda P¡

promoter and expressed in E.coti at42oC, yielded protein which was enzymically inactive.

However, attenuating the expression level of T7 gene 19 from the P¡ promoter resulted in the

recovery of T7 gene 19 protein which showed enzymic activity (White and Richa¡dson 1988).

Whether attenuating the expression level of the T7 RNA polymerase gene would also

facilitate the recovery of enzymically active T7 RNA polymerase was then determined.

2. Attenuated expression of T7 RNA polymerase in E.coli

The approach taken to reduce the expression level of T7 RNA polymerase in E.coli was to re-clone



the gene into another expression vector (pEDV-i) downstream of a controllable promoter (PUc),

which exhibits weaker promoter strength in vivo than the P¡ promoter (Deuschle et aI. 1986).

Expression of the T7 RNA polymerase gene in E.coli was then induced at37oC by adding IPTG

to the bacterial culture.

Prior to cloning the T7 RNA polymerase gene into pEDV-1, the T7 RNA polynnerase gene

was isolated from T7 genomic DNA by exploiting the polymerase chain reaction. This allowed a

direct comparison to the previous approach of repairing Bal 31 nuclease-digested DNA with site-

di¡ected mutagenesis, as a means of isolating a specif,rc DNA fragment from genomic DNA,

independently of restriction sites.

3. Isolating the T7 RNA polymerase gene by the Polymerase Chain

Reaction (PCR) and its expression in E.coli from promoter P1¿ç

The polymerase chain reaction (PCR) was tested to see if a large DNA fragment (the T7 RNA

polymerase gene is 2,652 base pairs) could be isolated without PCR-induced mutations. The T7

RNA polymerase gene isolated by this approach was exÍacted from T7 genomic DNA with two

24-mer PCR primers (see figure 2).

Fieure 2 Isolation of the 2.7 kbp PCR DNA fracment cncodins the T? RNA oolvmerase senc
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The2.7 kbp PCR DNA fragment encodes the T7 RNA polymerase gene and the ribosome binding

site 5' to the gene but does not include the promoter Q1.14. This



DNA fragment was ligated into an expression vector (pEDV-1) that allows the gene to be

expressed under the control of the lac operon promoter from E.coli (P¡¿s) and

cloned into E.coli JM101.

Induction of the gene at 37oC with IPTG yielded enzymically active T7 RNA

polymerase, demonstrating that the expression of this protein in a form that shows

enzyme activity depends on the conrollable promoter in the expression vector and, possibly, on

the temperature during gene induction and the genotype of the host bacterium.

4. Isolating and cloning the RNA polymerase gene from bacteriophage

SP6 and its expression in E.coli.

The technique of extracting a large DNA fragment from genomic DNA, by PCR, prior to cloning

and expressing the gene in E.coli, was also tested by isolating the gene encoding the RNA

polymerase from bacteriophage SP6. The PCR used two 24-mer oligonucleotide primers designed

to extract the SP6 RNA polymerase gene and its ribosome binding site, and were designed using

the SP6 DNA sequence data of Kotani et al. (1987). The same protocol used in extracting the T7

gene was used for extracting the RNA polymerase gene from phage SP6 genomic DNA. A PCR-

derived DNA fragment bearing the SP6 RNA polymerase gene was ligated into the expression

vector pEDV-1 and was expressed in E.coli JM101. The SP6 RNA polymerase isolated from the

recombinant E.colí bearing this PCR-derived gene was purified to homogeneity and was found to

be biochemically identical to SP6 RNA polymerase purified from phage SP6-infected Salmonella

ryphimurium.

5. Summary of PCR protocol

The method used for successfully isolating the E.coli clones harbouring the T7 RNA polymerase

gene and the SP6 RNA polymerase gene involved:

1. Extraction of an RNA polymerase gene and its ribosome binding site from phage

genomic DNA using the polymerase cltain reaction.

2. Purification of the PCR products by agarose gei electrophoresis and isolation of

appropriately sized DNA fragments.



3. Ligation of the purified DNA fragments into expression vector pEDV-1 and cloning

into E.coli JM101.

4. The E.coli ransformants were individually cultured in liquid media with antibiotic

selection, induced during mid-log growth phase by the addition of IPTG,

and ruptured by sonication 2-3 hours after induction. After centrifugation, the

supernatant from the lysed cultures \ilere assayed for either SP6 RNA polymerase

or T7 RNA polymerase activity.

Among the E.coli Eansformants (SP6 clones and T7 clones) were bacteria which showed

partial enzyme activity. Consequently the technique may be limited by the need to validate the

PCR-derived DNA, due to potential mutations produced by the PCR amplification. The technique

is therefore very useful when the structural integrity of a protein can be verified, in these cases by

is highly specific enzymic assay.
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CHAPTER 1

INTRODUCTION

1



The work reported in this thesis was directed towa.rds developing strategies for

processes ofcloning and expressing genes in bacteria.

One interest in this laboratory is to be able to rapidly clone genes coding for proteins

which are potentially useful for Molecular Biology. The isolation of a gene which encodes a

given protein, and its subsequent cloning and DNA sequencing, should potentially facilitate

resea¡chers in other laboratories to reproduce the work. However, even in cases where the

DNA sequence for a gene and its flanking regions is known, re-isolating and cloning the gene

from genomic DNA is potentially diffrcult. The reasons why re-cloning a fully characterised

gene should be problematical can be understood in terms of the techniques generally used in

laboratories for manipulating DNA. The problem is simply that techniques for digesting and

mutating DNA are either highly specific or random. The specific means of digesting DNA is

with restriction endonucleases. The naturally occuring location of restriction sites within

genomic DNA may be to an experimenter's advantage, orperhaps not. Alternate strategies of

fragmenting DNA such as sonication or digestion with DNAse I lack the precision required for

reliably manipulating DNA. Hence, there is need for strategies which are inherently repeatable

and which do not require the convenicntplaccmcnt of rcstriction sites in genomic DNA.

One interesting example of a gene which took considerable effort to clone is the gene

encoding the RNA polymerase from bacteriophage T7. The cloning of this gene into E.coli

serves as a good example of how powerful, though limited, techniques for manipulating DNA

can make the t¿sk of reproducing a gene-cloning experiment very difhcult.

Essentially, the problem to be overcome in cloning the T7 RNA polymerase gene, in a

form that expressed enzymically active T7 RNA polymerase @avanloo et al. 1984) was due to

the genomic organisation around the gene. Situated 11 bp downstream of the T7 RNA

polymerase gene is a promoter element, 0l.lA. Cloning a T7 DNA fragment encoding both the

T7 RNA polymerase gene and the T7 promoter 01.14 was found to be lettral to E.coli

@avanloo et al. 1984). However, removal of the promoter from the gene enabled the gene to

be cloned. The fundamental problem to be overcome was that of removing the promoter Q1.14

away from the T7 RNA polymerase gene. The problem of isolating the gene away from the

promoter was exacerbated by there being no restriction sites between the gene and promoter or

2



Figure 1.1 Initial strategy for isolating the T7 RNA polymerase gene away

from oromoter ô1.14

T7 RNA polymerase gene promoter Ql.lA
5õ
J

J'-J'-

digest with restriction endonuclease

denature
anneal 30-mer primer

5' 3',

3'r 5'

30-mer synthetic oligonucleotide primer

prlmer extensron

5t t7????11'7?'77 31
ât
J 5'

digest with single-strand nuclease

5t 3t
3 5'

Product: T7 DNA fragment encoding a full length T7 RNA polymerase

gene without promoter Ql.14.



within the promoter which would not also digest the gene into fragments. Cloning of the T7

RNA polymerase gene by Davanloo etal.(1974) and later by Tabor and Richardson (1985)

involved the manipulation of T7 deletion mutant DNAs to get a T7 DNA fragment encoding the

RNA polymerase gene but lacking promoter 01.14. The fact that bacteriophage T7 had been

genetically characterized and its 40 kbp genome completely sequenced was probably of some

help toward cloning the T7 RNA polymerase gene.

Our aim in the sorting of precise techniques for gene manipulation and cloning was to

use the problems inherent in cloning the T7 RNA polymerase gene as a model system.

Specifically, our aim was to isolate and then clone the T7 RNA polymerase gene into E.colí

using biochemical techniques, which could be applied to the rapid re-cloning of other genes.

\Vhen this research project began, the most promising methods for extracting specific

DNA sequences from genomic DNA involved a variety of site-directed mutagenesis techniques

(Wallaceetal.1981,ZnLler andSmith L982). Site-directedmutagenesisusingphageMl3

enables a target DNA sequence to be modified precisely, but f,rst requires the target DNA to be

cloned into the M13 phage.

Our initial strategy for cloning the T7 RNA polymerase gene involved the use of a

synthetic oligonucleotide (see figure 1.1). A 30-mer oligonucleotide primer was designed to be

complimentary to the T7 RNA polymerase gene upper strand, with the S'-end of the primer

binding at the start of the T7 promoter 01.14. Extension of the primer with Klenow

polymerase would thus be from the start of the T7 promoter towards the start of the T7 RNA

polymerase gene. If primer extension of about 2.6kb to the start of the T7 RNA polymerase

gene had been successful, the protruding termini would then have been digested with

nucleases, leaving a DNA fragment encoding the T7 RNA polymerase gene but not promoter

01.14. Unfortunately, the stategy failed to yield the desired DNA fragment. The major

difficulty with this approach was incomplete primer extension, yielding DNA fragments too

short to encode a full-length T7 RNA polymerase gene.

Our first successful attempt at cloning the T7 RNA polymerase gene used a

combination of random and highly specific technþes. Essentially, nuclease Bal 31 was used

to produce a partial-length T7 RNA polymerase gene which was cloned into E.coli. The partial-

3



length gene was subsequently reconstructed by site-directed mutagenesis. Although this

strategy yielded an E.coli clone bearing a fullJength T7 RNA polymerase gene, the T7 RNA

polymerase expressed by the bacteria was enzymically inactive. The expression of enzymically

inactive T7 RNA polymerase appeared to be a function of the expression system. This problem

was overcome by expressing the T7 RNA polymerase gene from a different expression vector

in a different strain of E.coli.

The value of the polymerase chain reaction in extracting ttre RNA polymerase genes

from T7 and SP6 genomic DNA was then examined. The genes for both T7 and SP6 RNA

polymerase were successfully isolated wittr this approach. Subsequent cloning of these genes

lnto E.coli resulted in the expression of enzymically active T7 and SP6 RNA polymerase.

4
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MATERIALS and METHODS
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2.1 MATERIALS

2.1.1 Reagents

General laboratory reagents were of analytical grade.

Acrylamide: Sigma Chemical Co.

Agarose: Sigma Chemical Co.

Amberlite MB-l ion exchange resin: Sigma chemical Co.

Ampicillin (sodium salt): Sigma Chemical Co. Stock solutions (50 mglrnl in water and stored

at -2@C).

Ammonium persulphate: May and Baker.

Bacto-tqætone, Bacto-agar and yeast extract: Difco Labs., U.S.A.

Bovine serirm albumin: Bresatec (Adelaide). Acetylated before use to remove nucleases

according to the procedure of Gonzalezetal.(1977) and kept as a 10 mg/ml solution in

water at -20oC.

CsCl: Bethesda Resea¡ch Laboratories.

dNTPs and NTPs: Sigma Chemical Co. Stock solutions were prepared by neutralizing the

compounds in aqueous solution with a molar excess of triethylamine which has beon r

edissolved fro ninhydrin, followed by lyophylization and redissolving the compounds

in water and storing at -20oC.

Dithiothreitol: Sigma Chemical Co. Stored as a 100 mM solution in water at -20oC.

Ethidium bromide: Sigma Chemical Co. Stored as a 10 mgrnl solution in water at 4oC.

EDTA: Disodium salt. Sigma Chemical Co.

Formamide: B.D.H. Laboratories. Aust. De-ionised and stored in the da¡k at -2æC.

IPTG: Sigma Chemical Co. Stored as a 100 mM solution in water at-zWC.

p-Mercaptoethanol: Sigma Chemical Co.

N,N'-methylene-bis-acrylamide: Bio-rad Laboratories.

Nonidet P40: B.D.H. Laboratories. Aust.

Phenol: B.D.H. Laboratories. Aust. Redistilled and stored in the dark at -20oC.

PEG 8000: Sigma Chemical Co.

SDS: Sigma Chemical Co.

6



TEMED: Tokyo Kasei.

Tetramethylammonium chloride: Aldrich Chemical Co.

Trizma base and Tris 7-9: Sigma Chemical Co.

Toluidine blue: Aldrich Chemical Co.

Urea: Sigma Chemical Co.

Polyvinylidene difluoride membrane (immobilon) was from Millipore. Diethylaminoethyl

cellulose (NA45 membrane) and Nirocellulose membrane (8485 0.45p) were from Schleicher

and Schuell. Geneclean kits for DNA purification (Vogelstein and Gillespie 1979) from

Bio101 (La Jolla) were purchased from Bresatec.

2.1.2 Enzymes

Bovine pancreatic DNase I, Klenow fragment of DNA polymerase I, T4 DNA ligase, T7 RNA

polymerase and T4 polynucleotide kinase were supplied by Bresatec. Bal 3l nuclease and calf

intestinal phosphatase were from Boehringer Mannheim. Lysozyme and RNase A were from

the Sigma Chemical company. Restriction endonucleases were from New England Biolabs.

DNAse I was from Worthington Biochemical.

2.1.3 Radioisotopes

a_32p_dATp, 6¡_35s_dATp, cr_32p_dcTp, cr_32p_uTp and y_32p_4Tp (3,000 cilmmole) were

from Bresatec.

2.L.4 Synthetic oligonucleotides

Synthetic oligonucleotides were supplied by Bresatec (Adelaide) in a crude form.

Mutagenesis primers for Exps. 3.3.9.2.1 and 3.3.9.4

SR-462 5'-dGTCGTTCTTAGCGATCTTAATCGTGTTCATATGTTACCTCCGGGT

ACCGAGCTCGA-3'

SR-463 5'-dAGTGAGCTGTATAAGCTTGGCGTTACGCGA- 3'

PCR orimers for Exp. 4.2.2.2

7



RRS-887 5'-dGATTTACTAACTGGAAGAGGCACT-3'

RRS-879 5'-dGAGTCGTATTGATTTGGCGTTACG-3'

PCR primers for Exp. 5.2.1.2

RRS -7 82 5'-dGTACCGCATGAGGATACAAGATGC-3'

RRS-783 5'-dTATTAGGCATq\r{TACGTATTCAGAA-3'

2.1.5 Vector DNA

Plasmids pUC18 and pUC19 (Yanisch-Peron et al. 1985) were supplied by Bresatec. The

pUC plasmids are high copy number, general pulpose cloning vectors which can also be used

as IPTG-inducible, lacZ-fusion expression vectors. The vectors contain a polylinker encoding

numerous unique restriction sites.

Plasmid pSP72 (Ikieg and Melton 1987) was supplied by Bresatec. This vector

contains bacteriophage SP6 and T7 promoters for transcriptions invitro of DNA cloned into

the multiple cloning site polylinker.

Plasmid pPLC236 (Remaut et al. 198 1) was a gift from Dr. Barry Egan, Biochemistry

Deparrnent, University of Adelaide. The vector contains the rightward promoter from

bacteriophage lamMa. In the appropriate host(E.coli E832) a gene cloned into the few cloning

sites can be induced by heat induction at42oC.

Plasmid pEV601 (Brumby 1986) was a gift from Dr. Barry Egan, Biochemistry

Deparunent, University of Adelaide. This derivative of pKT52 (Talmadge and Gilbert 1980)

contains a strong IPTG-inducible synthetic hybrid promoter, Ptrc (DeBoer et al. 1983) and

ribosome binding site.

Bacteriophage M13mp18 and M13mp19 RF DNA (Yanisch-Peron et al.1985) were

supplied by Bresatec.

2.1.6 Bacterial strains

E.coli JM101: Â(lac, pro) supE44 thi F' traD36 proAB lacie ZÂM15 (Messingl979).

E.coli MC1061: araD139 Â(ara, leu)7697 LlacXT4 gal U- gal K- hsr hsm*strA (Casadaban

and Cohen 1980).
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E.colí8832:M72lacZ,am SmR Àbio-uwB ÂupEA2 (L Nam 7 Nam53 cI857ÂFIl)

ÀFIl deletes ì" genes cro-R-A-J-b2 (Bernard et al.1979).

E.coliB.

S.ryphimuriumLT2.

BacteriophageTl and Bactriophage SP6: Generously provided by Dr. Peter Reeves (Sydney

University).

2.1.7 Media and Solutions

L (Luria) broth: l%o (w/v) bacto-tryptone,0.5%o (w/v) yeast extract, l7o (w/v) NaCl, pH 7.0.

2xYT broth: 1.6Vo (w/v) Bacto-tryptone, l7o (w/v) yeast extraxt, 0.5Vo (wlv) NaCl, pH 7.0

Ml-broth: l%o (w/v) Bacto-tryptone,0.5%o (w/v) yeast extract, lVo (w/v) NaCl, 0.37o (wlv)

KH2PO4, 0.67o (w/v) Na2HPOa.

M13 minimal medium: l.05%o (w/v) K2HPO4, 0.457o (w/v) KHzPOa,0.l7o (w/v)

(NII¿)zSO¿,0.057o (Vv) Na3citrate.zHz0, made to a volume of one litre. This

solution was autoclaved, cooled to 45oC and the following added from separately

prepared solutions; 10 rnl of 20Vo (w/v) glucose,0.8 ml of I M MgSO4,0.5 rnlof L%

(w/v) thiamine-HCl.

l00xDenhardts solution: 2Vo (w/v) Ficoll 440,27o (w/v) BSA,27o (wlv) polyvinyl

pyrrolidone.

2.1.8 SDS polyacrylamide (protein) slab gels

Electrode buffer (10 x).250 mM Tris-glycine, pH 8.3,0.2Vo (Vv) SDS.

10 x stock is prepared by adding glycine (approx. Aa Ð to 30.25 g of Tris in water

until the solution reaches a pH of 8.3. l0 g of SDS is then added and the solution

adjusted to a volume of 1 litre.

Separating gel buffer (2x).750 mM Tris-HCl, pH 8.8,O.2Vo (w/v) SDS.

Stacking gel buffer (2x).250 mM Tris-HCl, pH 6.8,0.2Vo (w/v) SDS.

Loading buffer (2x). 125 mM Tris-HCl, pH 6.8, 4Vo (w/v) SDS, ZOVo (vlv) glycerol,

0.004Vo (w/v) bromophenol blue.
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Separatíng gel acrylamíde solution.40Vo (w/v) acrylamide, O.32Vo (w/v) N,N'-methylene-bis-

acrylamide.

Stacking gel acryIamide solution.307o (w/v) acrylamide, 0.87o (wlv) N,N'-methylene-bis-

acrylamide.

The acrylamide solutions are dionized with amberlite MB-l ion exchange resin (2 gI00 ml) for

at least t hour, with gentle stirring, followed by filtration through'Whatman 541 paper. Stocks

are kept at room temperature.

2.1.9 Buffers

10 x TAE: 0.4 M Tris-acetate, 0.2 M Na acetate, 10 mM EDTA, pH 8.2.

10 x TBE: 0.89 M Tris-HCl, 0.89 M boric acid, 2.7 mM EDTA, pH 8.3.

10 x TE: 0.1 M Tris-HCl, pH 8.0, 1 mM EDTA.

10 x CIP: 0.5 M Tris-HCl, pH7.6,10 mM spermidine, 1 mM ZnCl2.

10 x End-fill buffer: 0.5 M Tris-HCl, p}t7.6,0.5 M NaCl,0.1 M MgCl2.

10 x PNK: 600 mM Tris-HCl, pIl7.6,90 mM MgCl2.

20 x SSC: 3 M NaCl, 0.3 M Na3citrate, p}l7.4.

Formamide loading solution: 95Vo formanide, 10 mM EDTA,0.02Vo (w/v) xylene cyanol).

10 x Sucrose loading buffer: 4OVo (w/v) sucrose, 0.057o (w/v) xylene cyanol, 0.05Vo (w/v)

bromophenol blue.

10 x Glycerol loading buffer: 507o (vlv) glycerol, 0.5 mM EDTA, 0.027o (w/v) bromophenol

blae,0.027o (w/v) xylene cyanol.

2.1.10 DNA molecular weight markers

Phage SPP-I DNA digested with EcoRl. Obtained from Bresatec at 0.5 ttghLl in water.

Fragment sizes in bp: 7840, 6960, 5860, 4690,3370,2680,1890, 1800, 1450, 1330, 1090,

880, 660, 480 and 380.

pUCl9 DNA digested with Hpatl. Obtained from Bresatec at 0.5 pglpl in water.

Fragment sizes in bp: 501, 489, 404,331, 242, 190, 147, 111, I 10, 67 ,2 x 34 and26.
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2.2 METHODS

2.2.1 Preparation of single strand temptate DNA for sequencing

M13 clones

Single-stranded M13 DNA was prepared by the following protocol, based on the method of

Winær and Fields (1980).

An overnight culture of E.coli JM101, grown in minimal media at 37oC, was

inoculated (1:100 dilution) into 2 x YT broth with phage tootþicked from single plaques, and

incubated in 10 ml plastic tubes in a roller drum at37oC for 6 hours. A 1.5 ml sample of the

culture was then spun in an Eppendorf centrifuge for 10 minutes at room temperature and 1 ml

of the supernatant was transferred to a 1.5 ml tube containing 270 ¡tl of 20Vo (w/v) PEG 8000

and2.5 M NaCl. After 15 minutes at room temperature, the tube was spun in an Eppendorf

centrifuge for 10 minutes and the phage pellet resuspended in 200 pl of 50 mM Tris-HCl,

pH 7.6, 5 mM EDTA andÛ.S%o (w/v) SDS. To this was added 100 pl of Tris-saturated

phenol, with vortexing. The aqueous and phenol phases rwere separated by spinning in an

Eppendorf centrifuge for 1 minute. 170 pl of the upper (aqueous) phase was transferred to a

clean 1.5 ml tube with 17 ¡rl of 3 M sodium acetate, pH 5.2 and 375 pl of ethanol. After 15

minutes at -2æC the DNA was pelleted by spinning in an Eppendorf centrifuge for 10 minutes

at 4 oC, washed with 2 x 2 ml of ethanol, dried in vacuo and redissolved in 30 pt of TE buffer

or water.

2.2.2 Preparation of plasmid DNA

Small scale preparations of plasmid DNA were done by a variation of the method described by

Birnboim and Doly (1979) or by the method described by Serghini et al.(1989).

A single bacterial colony from a fresh plate was grown overnight at37oC in the

appropriate media with antibiotic selection. A 1.5 ml sample of the culture was spun in an

Eppendorf centrifuge for 5 minutes and the pelleted cells were resuspended in 100 pl of 30 mM

Tris-HCl, pH 8.0, líVo (w/v) sucrose, 10 mM EDTA, lysozyme at 5 mg/ml and left for

5 minutes at room temperature. 200 pl of O.2 M NaOH, O.LVo (wlv) SDS was then added and

the solution was left for 10 minutes at 4oC. 300 pl of 3 M sodium acetate, pH 5.2 was then
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added and again the solution was left for 10 minutes at 4oC. Following this, the solution was

spun in an Eppendorf centrifuge for 10 minutes and 0.5 ml of the supernatant was transferred

to a clean 1.5 ml tube containing 1 rnl of ethanol and left for 5 minutes at room temperature.

The DNA was pelleted by spinning in an Eppendorf centrifuge for 10 minutes, washed with 2

x 2 ml of ethanol, dned ín vacua and redissolved in 40 pl of TE buffer or water.

Despite the short incubation times and lack of phenol extrÍrction, this protocol almost

invariably yields DNA which can be digested to completion with restriction endonucleases.

Failure of the plasmid DNA to digest cleanly can be overcome by precipitating the DNA wittr

spermine, followed by ethanol precipitation: The plasmid DNA solution was diluted with water

to a volume of 80 pl, 1.6 ml of 0.1 M spermine was added, and the DNA left for 15 minutes

on ice. The DNA was spun in an Eppendorf cenrifuge for 15 minutes at 4oC and then 200 ¡tl

75Vo (v/v) ethanol, 0.3 M sodium acetate pH 5.2,10 mM magnesium acetate was added. After

60 minutes on ice the DNA was pelleted by spinning in an Eppendorf centrifuge for 10

minutes, washed with 2 x2ml of ethanol, dried in vacuo and redissolved in 40 pt of TE buffer

or water.

2.2.3 Agarose gel electrophoresis and extraction of DNA

Samples of DNA were run in TAE buffered horizontal (submarine) agarose gels, the

concentation of which depended on the size of the fragments to be resolved (Maniatis et al.

L982). Samples were prepared for loading by the addition of 0.1 volumes of sucrose gel

loading buffer or glycerol gel loading buffer (2.1.8). Gels made with low gelling temperature

agarose (LGT) were run at 4oC. Bands were stained with 10 pglml ethidium bromide, and

after rinsing the gel with water, the bands were visualized under ultraviolet light.

DNA was extracted from agarose gel by electroelution (Maniatis et al. 1982),

tansferred to DEAE-cellulose membrane (Schleicher and Schuell NA 45) ín situ, or by use of a

Geneclean kit under conditions described by the manufacturer.

Recovery of DNA from agarose using DEAE-membranes was by a modification of the

procedure described by Holland and Wangh (1983). After the DNA had run the required

distance on the gel, the DNA was stained wittì 10 tlg/ml ethidium bromide and visualized with
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ultraviolet light. Strips of NA 45 paper were inserted into the gel just below the bands and the

gel re-electrophoresed until the bands had run onto the NA 45 strips (The NA 45 was pre-

treated by washing in 10 mM EDTA for 10 minutes, then in 0.5 M NaOH for 5 minutes

followed by 5 x 2 minute washes in water). DNA was eluted from the NA 45 after washing

twice in 150 pl of 20 mM Tris-HCl, pH 8.0, 0.1 mM EDTA, 150 mM NaCl for 3 minutes at

room temperature. The DNA was eluted by incubating the strips twice in 150 pl (totat of 300

¡rl) of 20 mM Tris-HCl, pH 8.0, 0.1 mM EDTA, I M NaCl for 30 minutes at 68oC. The DNA

was then phenol extracted and ethanol precipitated.

DNA was isolated from LGT agarose by the following method. A maximum of 140 pl

of gel slice was melted in a 1.5 ml tube at 65oC, two volumes of preheated extraction buffer

(50 mM Tris-HCl, pH 8.0, 0.5 mM EDTA) were added, followed by extraction with 140 pl of

Tris-saturated phenol. After brief centrifugation the supernatant was removed, re-extracted with

phenol and the DNA precipitated atroom temperature for 30 minutes with two volumes

isopropanol,0.4 volumes 5 M ammonium acetate. The DNA was pelleted by spinning in an

Eppendorf centrifuge for 15 minutes, washed with 2 x2nlof ethanol, dnedinvacuo and

redissolved in 40 pl of TE buffer or water.

2.2.4 Polyacrylamide gel electrophoresis and purification of DNA

DNA to be purified was added to an equal volume of formamide loading solution (2.1.8),

heated for 30 seconds at 80oC and snap cooled on ice before loading onto a 35x20 x 0.05 cm

polyacrylamide gel. The gel percentage was usually 57obatva¡ied according to the size of the

bands to be resolved (acrylamide: biacrylamide = 25:l (w/w)). Gels were run in TBE (2.1.8).

Non-radioactive bands were visualizdby staining in0.057o (dv) toluidine blue followed by

destaining in water. DNA was eluted from the gel slices in l0 mM Tris-HCl, p}J7.6,0.17o

(rry'v) SDS, 1 mM EDTA, for G16 hours at37oc and then precipitated by the addition of

3 M sodium acetate (pH 5.2) to 0.3 M and 2.5 volumes of cold ethanol. After storage on ice

for 10-30 minutes the DNA was pelleted by spinning in an Eppendorf centrifuge for 15-30

minutes at 4oC, washed with 2 x2 rnl of ethanol, dried in vacuo and redissolved in 40 pl of TE

buffer or water. The poor recovery of small molecules can sometimes be rectified by
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substituting the2.5 volumes of ethanol with two volumes of ethanol and one volume of

acetone.

2.2.5 Polyacrylamide gel purification of proteins

Proteins were resolved on SDS-polyacrylamide slab gels I-aemmli (1970). The separating gel

concentration was l}Vo (w/v) acrylamide and the stacking gel concentration was 37o (w/v)

acrylamide (2.1.S). Samples to be electrophoresed were diluted 1:1 with 2 x loading buffer and

p-mercaptoethanol was added to a final concentration of 57o (v/v) and the sample heated for 5

minutes at 90oC. 140 x 150 x 1.5 mm gels were run at 120 V without pre-electrophoresis.

2.2.6 DNA vector preParation

Digestion with restriction endonucleases of double stranded plasmid and M13 DNAs for use as

vectors was carried out under the conditions specified in the New England Biolabs catalogue.

Phosphatasing was carried out using calf intestinal alkaline phosphatase (CIP) essentially as

described by Maniatis et al. (1932). Vector DNA was phosphatased using I unit of CIP. The

DNA was then purified on an agarose-TAE gel and the DNA extracted, usually with Bio-101

Geneclean. Following estimation of DNA concentration on an agarose gel the, DNA was

diluted to a final concentration of ?-0 or 40 ng/pl in 0.1 mM EDTA or water prior to use. When

the linea¡ized, dephosphorylated vector DNA was subjected to a ligation reaction under the

conditions described in 2.2.7 and then used to transform competent bacteria, no transformants

were found. Vector DNA was only used if it produced a background of zero colonies.

2.2.7 DNA ligations

In general, ligation of DNA fragmens into vector DNA was carried out as described below.

20 ng of vector DNA was incubated with the desired insert fragment, at a molar ratio of

approximately 1:3 (vector:insert) in 50 mM Tris-HCl, pH 7.6,l0 mM MgCl2, 10 mM DTT

and 1 mM ATP with T4 DNA ligase. 0.02 units/¡tl of T4 DNA ligase was used for sticky-

ended fragments and 0.1 units/¡rl for blunt fragments.To increase the ligation efhciency of

blunt-ended fragments, 47oPEG 8000 was added when required. Ligation reactions were
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caried out at 15oC or at room temperature, usually ovemight.

2.2.8 End-filling DNA fragments

DNA with 5'-overhanging ends was blunted using the Klenow fragment of DNA polymerase I

as described by Maniatis et al. (1982). One or two nucleotide 3'-overhanging ends were

blunted by digestion with the Klenow enzyme in the absence of dNTPs. DNA with longer 3'-

overhanging ends were blunted with T4 DNA polymerase in a 30 pl reaction containing 1-3

pmol of 3'ends, 70 mM Tris-HCl, p}i7 .4,10 mM MgCl2, 5 mM DTf, 0.5 mM dNTPs and 5

units of T4 DNA polymerase, for 20 minutes at37oC. The reaction was stopped by heating for

10 minutes at 70oC.

2.2.9 Preparation of single-stranded DNA markers

pUClg plasmid DNA was digested with Hpa tr and end-labelled with cr-32P-dCTP using the

Klenow fragment of DNA polymerase I as described by Maniatis et al.(1982). Prior to loading,

the markers were denatured by heating for 3 minutes at 100oC with an equal volume of

formamide loading solution (2.1.8) containing 50 mM NaOH, and snap cooled on ice.

2.2.10 Growth of bacterial strains

Stationary phase bacterial cultures were prepared by inoculating with a single colony of bacteria

from a plate stock and incubating overnight in capped flasks at the appropriate temperature

(usually 30oC or 37oC) in a New Brunswick gyrotary water bath.

L-og phase cultures and indicator bacteria were prepared by diluting a fresh stationary

phase culture one hundred fold into sterile broth and incubating with aeration in a gyratory

water bath at the appropriate temperature, until the required cell density was reached (usually 3

x 108 cfr.r/ml, which occurs at A6s¡{.8 in L-broth). Cell density was measured by observing

the A66q using a Gilford 300 T-1 spectrophotometer. Indicator bacteria were chilled and kept

on ice until required.

2.2.LL Transformation of E.colí

In general, when only moderate efficiencies of transformation were required, a shortened
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method was used, based on the technique described by Hanahan (1985).

A scrape of culture from a fresh plate was grown in 50 mt of liquid media to an 4600 of

0.4, and 40 rnl was transferred to a clear polycarbonate oak ridge tube and centrifuged for 5

minures at 5oc-25rc in a swing-out rotor (Sorval HB-4) at 4,000 rpm. The pelleted cells were

resuspended in 2 ml of cold 50 mM CaCl2 and used immediately.

For higher effîciency transformation, the protocol was as follows. A scrape of culture

from a fresh plate was grown in 50 ml of liquid media to an Aoo0 of 0.4, and 40 ml was

transferred to a clear polycarbonate oak ridge tube and centrifuged for 5 minutes at 5oC in a

swing-out rotor (HB-4) at 4,000 rpm. The pelleted cells were resuspended in 5 ml of cold 50

mM CaCl2 a¡rd left for 30 minutes on ice. The cells were again centrifuged for 5 minutes at 5oC

in a swing-out rotor at 4,000 rpm and the pelleted cells were resuspended in 2 ml of cold 50

mM CaClz, and left on on ice for 40-60 minutes prior to use.

2.2.L2 Purification of synthetic oligonucleotides

Synthetic oligonucleodides for site-directed mutagenesis and as primers for PCR amplification

of DNA were purified as follows.

Approximately 20-40 pg of the crude oligonucleotide mixture was lyophylized,

dissolved in 20 ¡rl of formamide loading buffer, heated at 80oC for 1 minute and snap cooled

on ice prior to loading onto a 4 cm wide well of a757o polyacrylamide, T M urea, TBE gel

(2.2.4). Bands were visualizeÅby staining with 0.057o (Vv) toluidine blue followed by

washing with sterile water. The slowest band (presumed to be the fulllength product of

synrhesis) was excised and eluted ovemight at37oc in 400 ¡rl of 10 mM Tris-HCl, pH 7.5,

Q.lVo (w/v) SDS, 1 mM EDTA. The DNA was precipitated by adding 40 pl of 3 M sodium

acerare, pH 5.2 and 880 pl of cold ethanol, and left for at least 15 minutes at -20oC. The DNA

was pelleted by spinning in an Eppendorf centrifuge for 15-30 minutes at 4oC, washed with

lml of ethanol, dried i¿ vacuo and redissolved in TE buffer or watel.

2.2.13 DNA sequencing

The dideoxy chain termination sequencing technique (Sanger etaJ.L977,1980) was used to
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determine DNA sequence. DNA sequencing was performed using Bresatec Dideoxy

Sequencing kits with either cr-32P-dATP or G-35S-dATP.

Annealing.

6 pt of single-stranded DNA template (2.2.t) was mixed in an Eppendorf tube with

1 pl of 10 x annealing buffer (100 mM Tris-HCl, pH 8.0, 100 mM MgCl2), I pl (2.5 ng) M13

sequencing primer and 1 pl of water. The tube was transferred to an aluminium block at 80oC

for 1 minute, and the block was then transferrcd to an aluminium plate, allowing the DNA

solution to cool slowly to < 37oC.

Sequencing.

DNA sequencing using cr-32P-dATP was caried out in Eppendorf tubes as

recommended by the Bresatec protocol. The 0.25 mm thick sequencing gel (Sanger and

Coulson 1978) was run at 1200-1500 V. The DNA was f,rxed in the gel by washing with 10Vo

(v/v) acetic acid until the dyes were no longer visible and then washed with 2 Lites of 20Vo

(v/v) ethanol over a period of 30 minutes. The gel was dried in a 11@C exhaust-oven for 30

minutes.

DNA sequencing using o-35S-dAT was done on a plastic petri dish which was

floating in a 37oC water bath, as described by Ner et al.(1988). After running the sequencing

gel, a sheet of Whatman number 4 paper was laid onto the gel for a few seconds and the paper

and gel peeled off the glass plate. The gel was immediately dried at 50oC under vacuum on a

gel-dryer.

2.2.14 Isolation and purification of bacteriophage DNA

Phage assa)¡s.

Phage lysates were assayed for phage by mixing 100 ¡tl of the phage diluted in phage

srorage buffer (PSB: 10 mM Tris-HCl, pH 7.0, 10 mM MgSOa), 200 pl of log phase indicator

bacteria (2.2.10) and 3 ml of melted 0.7Vo (w/v) soft agar overlay and pouring the mixture onto

the appropriate plates. The agar was allowed to solidify and the plates were inverted and

incubated at overnight3ToC. Plaques were counted and scored as plaque forming units per ml

(pfu/ntl).
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Isolation of phage.

A stationary phase culture of bacteria was inoculated into 800 rnl of the appropriate

broth and grown in an air shaker at 37rc unúl the 466¡reached 0.6. Phage were then added at

a multiplicity of infection of 0.05 and the incubation continued until cell lysis occured. DNAse

I and RNAse A were each added to a concentration of 1 pglml and the solution left for 30

minutes at room temperatue. NaCl was then added to a concentration of 0.5 M and the

solution left for 30 minutes at 4oC with gentle stiring. The solution was clarifred by

centrifugation for 20 minutes at 9,000 rpm in a Sorval GS-3 rotor at 4oC. PEG 8000 was

added to the supematant to a concentration of 67o (w/v) and left overnight at 4oC with gentle

stirring. The phage were pelleted by centrifugation for 20 minutes at 10,500 rpm in a Sorval

GS-A rotor at 4oC. The phage were resuspended in 5 ml of PSB supplemented with 0.5 M

NaCl. 2 ml of phage were then added to 2 ml of PSB containing 2 g CsCl and the solution

layered onto a CsCl step gradient. The CsCl solutions were 1.4 g/ml and 1.6 g/ml. The phage

were centrifuged for 2-3 hours at 40,000 rpm in a Beckman Ti 50 rotor at 10oC, and the phage

band removed and dialysed overnight against I litre of PSB,0.5 m NaCl.

Isolation of phage DNA.

The phage suspension was adjusted to 20 mM EDTA, 0.5Vo (wlv) SDS, 50 púml proteinase

K and incubated for 70 minutes at 65oC. The solution was twice phenol extracted and then

ethanol precipitated.

2.2.L5 Ethanol precipitation of DNA

To a given volume of DNA was added 0.1 volumes of 3 M sodium acetate, pH 5.2 and2.2

volumes of ethanol.
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CHAPTER 3

BACTERIOPHAGE T7 RNA POLYMERASE

ISOLATING AND CLONING THE PHAGE T7 RNA POLYMERASE GENE

AND EXPRESSION OF RECOMBINANT T7 RNA POLYMERASE IN B.COLI
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3.1 INTRODUCTION

Historically, the way to obtain T7 RNA polymerase was to superinfect a large number of E.coli

with T7 phage, concentrate the cells by centrifugation and then purify the enzyme (Chamberlin

et al. 1970). A significant problem with this approach is that the expression of T7 RNA

polymerase in T7 phage-infe¡ted E.coli occurs for approximately ten minutes. The T7 RNA

polymerase from T7 phage-infected E.coli represents only a small proportion of the total

cellular protein from infected cells (Studier 1972).

The large scale purification of the enzyme is greatly facilitated by f,rst cloning the T7

RNA polymerÍrse gene tnto E.coli and then being able to induce expression of the gene for

several hours before attempting to harvest the bacteria.

The coliphageTl genome is 39,936 bp and linear (Dunn and Studier 1983). The T7

RNA polymerase gene coordinates are3,l7Ibp to 5,822 bp relative to the start of the template

strand of the genome. Situated twelve base pairs downstream of the RNA polymerase gene,

starting at position 5,834, is a promoter (Ql.14) to which the T7 RNA polymerase will bind

(see figure 3.1). This promoter element belongs to the consensus'family'of 17 promoters on

the T7 genome that recognise T7 RNA polymerase (Dunn and Studier 1983). These promoters

have a conserved 23 bp sequence which extends from - 17 to +6 relative to the start site of the

mRNA. The DNA sequence of Ql.lA is not recognised as a promoter element by E.coli RNA

Figu¡e 3.1 T7 RNA polymerase gene and oromoter ô l. I A +l (start of RNA)
I

CMTACGACTCACTATAGAGGGA

2,366
3,r71

I

Transcriotion+ 5 8,188

BstNI
I¡gend

D nss
Ø n RNA polymerase ORF (2,652bp)

I n promoter$l.IA

11 bp
BstNI

polymerase, however it has high specihcity for T7 RNA polymerase.

The phage T7 promoters have been exploited as a research tool by being cloned next to

multiple cloning sites in DNA cloning vectors. These transcription vectors, such as pSP72
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(Krieg and Melton 1987), enable RNA to be synthesized from a foreign DNA fragment within

the multiple cloning site ín vítro,in the presence of T7 RNA polymerase. The specificity of the

T7 promoter prevents de rnvo expression , by E.coli RNA polymerase, of the foreign DNA

fragment in the host bacterium .

Cloning a DNA fragment that encodes both the RNA polymerase gene and promoter

01.14 tnto E.coli (via an expression vector) can be to be lethal to the host bacterium @avanloo

et al. 1984). Expression vectors give stringent, but possibly not complete control over

expression of the inserted foreign gene (Hasan and Szybalski 1987). Thus, a low level

expression of the T7 RNA polymerase gene, if cloned tnto E.coli with promoter Ql.lA, could

result in enough enzyme to initiate transcription from promoter 01.14. It may transcribe the

entke recombinant vector and in doing so produce more RNA polymerase which would

augment continuation of the process. An alternate possibiliry is that this recombinant vector is

lethal by virnre of depleting the ribonucleotide pool during the unregulated synthesis of short

transcripts close to promoter 01.14.

Hence, the high specificity of T7 RNA polymerase for the T7 promoter ensures that

neither the T7 RNA polymerase gene or promoter Ql.lA alone are lethal to E.coli. However,

when both the T7 RNA polymerase gene and promoter 01.14 a¡e cloned into E.coli in

tandem, it appears that they can act operationally as an RNA transcription engine and kill the

host Nevertheless, with adequate control of gene expression, the combination of the T7 RNA

polymerase gene and a T7 promoter in trans can be exploited as a tool for expressing another

foreign gene which is to be controlled by the T7 promoter (Iabor and Richa¡dson 1985, Plotch

et al. 1989, Guan et al. 1990). In addition, the cloning of this gene for the commercial scale

production of T7 RNA polymerase is facilitated by isolating of a DNA fragment bearing the T7

RNA polymerase gene, but not bearing promoter Q1.14.

Before a functional T7 RNA polymerase gene was fust cloned by Davanloo et al.

(1984), the entire nucleotide sequence of the T7 genome was already known (Dunn and Studier

1983), as was a corrected sequence for the T7 RNA polymerase gene (Moffatt et al. 1984).

Computer analysis of the DNA sequence had indicated that no restriction sites existed that

could separate the gene from promoter $1.14 without also digesting the gene. They were able
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to isolate the gene from a heteroduplex prepared between two double deletion strains of T7

phage. Essentially, their heteroduplex molecule included two non-complimentary regions of

DNA which formed S1 nuclease-sensitive single strand loops, with the RNA polymerase gene

lying benveen the loops. Purification of the nuclease-insensitive double strand DNAs by

agarose gel electrophoresis enabled the isolation of a DNA fragment bearing the RNA

polymerase gene but lacking promoter 01.14 (see figure 3.2). The T7 RNA polymerase

purified from this cloned gene is biochemically identical to the same enzyme purif,red from T7

phage-infec ted E.c o Ii.

1 2

I

Kilobase pairs from left end of T7 genome

3456ltlr
7

I

8

I

9

I

Dl59 T-G4

ct4 heæroduplex LG26

Sl nuclease

I¡gend

I nns

l ot.tn
ffin RNApolymenuegene

\ Deletion of T7 promoter

The heæroduplex was formed in solution from a mixture of DNA samples

from the T7 deletion strains D159, C74, LG4 &.LG26.

3.2 ISOLATING AND CLONING THE T7 RNA POLYMERASE GENE

3.2.L INTRODUCTION

A simple approach to removing promoter 01.14 away from the gene is by isolating a restriction

fragment that has the promoter near one terminus and then subjecting the fragment to limited

digestion with an exonuclease, such as Bal 31 nuclease. This will generate a population of

D
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DNA fragments varying in length and may include fragments that encode the RNA polymerase

gene, but not promoter Ql.14. In practice, this approach has at least one problem. The deletion

of terminal nucleotides from aDNA fragment by an exonuclease rarely involves the

simuluneous binding of the enzyme to both termini. The asymmenry of digestion may

complicate the sizing of exonuclease-digested DNA by agarose gel electrophoresis. It cannot be

assumed that a band of DNA seen on an agarose gel will include the DNA fragments that

correspond to identically sized DNA fragments predicted from an equation relating fragment-

length to digestion time. The time function is valid for describing the population behaviour of

the DNA fragmens that are being digested but is not appropriate for describing the outcome

for a single fragment of DNA. This is significant because it is single fragments of DNA which

will be cloned into the bacteria. The greater the variation in exonuclease digestion products, the

greater will be the number of transformants to be screened for a particula¡ DNA clone.

Consequently it is expedient to somehow arrange for the transformants on an agar plate to be

more likely to contain a desired DNA fragment, rather than some other DNA fragment.

The use of exonuclease deletion is thus tempered by the stochastic nature of the

technique. Success tends to depend on luck rather than being the most likely result of the

experimental strategy.

The inherent randomness of exonuclease digestion can be exploited to advantage when

searching for a DNA fragment that is not fully characterised. For example, even in the absence

of a detailed genetic map of the phage T7 genome it would be possible to isolate a functional T7

RNA polymerase gene, lacking promoter 01.14. This could be achieved by digesting a variety

of restriction endonuclease-treated T7 genomic DNA samples with Bal 31 nuclease over a time

course, isolating appropriately sized DNA fragments from an agarose gel and cloning the

fragments lnto E.colí.If one were prepared to assay the clones for T7 RNA polymerase activity

there exists a finite chance of finding the gene in a 'clonable' form. When a functional assay for

a gene-product eústs, this approach is feasible, but tends to be very unpredictable. Most

importantly, success using this approach could be extremely hard to reproduce.

3.2.2 Experimental strategy for isolating the T7 RNA polymerase gene
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The development of phage M13 site-directed oligonucleotide mutagenesis (Zoller and Smith

1982, L983) offers a simple solution to the problem of generating a specific DNA fragment

using exonuclease digestion. As site-directed mutagenesis allows cloned DNA fragments to be

modified, the asymmetric nature of Bal 31 nuclease can be exploited to generate, from a larger

precursor, a DNA fragment bearing the T7 RNA poly-erase gene with a deletion of part of the

open reading frame and/or a deletion of promoter 01.14. Nuclease Bal 31 could generate a

range of variously sized DNA fragments which would be cloned tnto E.coli. Colonies of the

bacteria that grow on selective media are likely to contain the cloning vector but are unlikely to

contain both a functional RNA polymerase gene and promoter Q1.14.

Sizing the DNA insert would allow DNA fragments that may encode slightly truncated

RNA polymerase genes to be identifred.This would be determined precisely by dideoxy

sequencing the termini of the inserts. Site-directed oligonucleotide mutagenesis would then be

ca¡ried out to reconstruct the gene. The optimal Bal 31 nuclease digestion product would be a

DNA fragment encoding a full-length RNA polymerase gene but lacking promoter 01.14.

If the 3.6 kbp BstNI-DraI restriction fragment of T7 genomic DNA was digested with

Bal31 nuclease (f,rgure 3.3), there could be several DNA species generated which may encode

all or most of the T7 RNA polymerase gene in a form which is not lethal to E.coli.The

minimum digestion of the 3.6 kbp BstNI-DraI T7 DNA fragment which would generate a DNA

fragment that is not lethal when cloned into E.coli would involve a small deletion of either the

5' terminus of the gene or a deletion of promoter Ql.14. Site-di¡ected oligonucleotide

mutagenesis could then be used to repair the deletion(s). In practice, this technique allows for

deletions of 3G50 bp to be repaired using a synthetic oligonucleotide (Zoller and Smith 1983).

The digestion of T7 genomic DNA with Bal 31 nuclease to prduce T7 RNA

polymerase gene deletions, and the repair of the deletions by site-directed oligonucleotide

mutagenesis, was considered a feasible approach to cloning and subsequently expressing the

T7 RNA polymerase gene in E.coli. The results of this work are described in this chapter.
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Irigure 3.-5 BstNI restriction map of T7 genome
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Figure 3.3 Digestion of T7 genomic DNA to yield full or partial lengrh RNA
polymerase gene afær Bal 31 nucle¿se digestion
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3.3 METHODS and RESULTS

3.3.1 Preparation of starting material

The sta¡ting material for the following experiments was ¡he 5,822 bp BstNl restriction

fragment of T7 genomic DNA (see Fig 3.4). Digestion of T7 genomic DNA with BstNI yields

Figu¡e 3.4 Starting material for exp.3.3.2: 5.822 bp BstNI restriction fragment of T7
genomic DNA
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three restriction fragments which are=2.3 kbp,5.8 kbp and 31.7 kbp in length (see figure

3.5). The 5.8 kbp BstNI restriction fragment of T7 DNA encodes the T7 RNA polymerase
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gene and promoter 01.14.

T7 DNA (100 pg) was digested with 140 units of BstNl in low salt buffer in a reaction

volume of 200 pl for 2 hours at37oc. The digested DNA was loaded onto a 20x20 cmI%o

agarose-TAE subma¡ine gel as two 170 pl samples and electrophoresed for t hou¡ at 350 mA.

After staining with 10 pdrnl ethidium bromide solution for 10 minutes, the two 5.8 kbp bands

encoding the T7 RNA polymerase gene were removed, transferred to a dialysis bag and

electroeluted until examination underUV light showed all dye had been eluted from the gel

slices. The DNA was then phenol extracted and precipitated with ethanol. Following

centrifugation, the DNA pellet was washed twice with 95 Vo ethanol, dried invacuo, and

dissolved in 170 pl of TE buffer. To determine the DNA concenmtion, 10pl of the DNA

solurion and DNA markers (lpg of EcoRl-digested phage SPP-I DNA) were electrophoresed

through alVo agarose-TAE submarine gel and stained with 10 pglrrìl ethidium bromide

solution for 10 minutes. Comparison of the DNA fluorescence of the two DNA samples

indicated that the 5.8 kbp BstNI T7 DNA fragment was at a concentration of approximately

100 nglpt.

3.3.2 Bal 31 digestion to remove promoter 01.14

The aim was ro digest the 5.8 kbp BstNl T7 DNA restriction fragment with Dra1, which cuts

the DNA fragment 140 bp from promoter Ql.14, followed by limited digestion with Bal

3lnuclease (see f,rgure 3.6).

Five micrograms of the 5.8 kbp BstNl fragment was dried invacua. The pellet was

redissolved in 16 pl of water and digested with 4O unis of Dral, in low salt buffer, in a

volume of 20 pl, for t hour at 37oC. The reaction volume was then increased by adding 15 pl

of warer and 4 pt of 10 x Bal 31 buffer. The digestion was initiated on adding I ¡tl of 0.75

units/¡rl Bal31 nuclease and terminated at 30,90,108, and 115 seconds by transferring 10 pl of

rhe reaction solution to an Eppendorf tube containing 10 pl of 40 mM EGTA. Each sample of

DNA was then purif,red using the Bio-101 Geneclean protocol and redissolved in 8 pI of water.

To this was added 1 pl of l0xEnd Fill buffer and 1 pl of 1 unilpl Klenow polymerase. The
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Figure 3.7 Candidate T7 RNA polymerase clones: Exp' 3'3'3
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Figure 3.6 5.7 kbp BstNI-DraI T7 DNA fragment: starting material for exp. 3.3.2
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solutions were incubated at 37oC for 15 minutes prior to adding 1 pl of 1mM dNTPs and

incubating a further 30 minutes at37oC. The blunt-end, Bal 31 nuclease digested DNA was

purif,red on a I7o agarose-TAE submarine gel. The DNA was extracted from the agarose using

the Geneclean protocol and redissolved in 20 ¡tl of water.

3.3.3 Cloning the Bal 31 nuclease-digested DNA fragments

Each DNA sample (3 ttl) was ligated with 20 ng of Sma 1-cut, dephosphorylated pUC19

DNA, in a 10 ¡rl solurion containing 50 mM Tris-Cl, pH 7.6, 5 mM MgCl2, 0.5 mM ATP, 0.5

mM DTT, 5 ToPEG 8000 and 1 unit of T4 DNA ligase. The ligation reaction was done at25oC

overnight and then used to transform 200 pl of competent E.coli JM101. The transformed

bacteria were grown overnight at37rc on L-plates containing 75 ¡tg/Íú ampicillin. Colonies of

bacteria were only found on the plates corresponding to the 30 second (6 colonies) and 90

second (18 colonies) Bal 31 nuclease digestions. Plasmids from the 24bactenal colonies were

isolated and digested with HindIII in order to estimate the size of the cloned T7 DNA fragments

(see figure 3.7).

The best candidate plasmid for ha¡bouring a full-length T7 RNA polymerase gene

conesponded to the DNA from plasmid mini prep #16, designated pR75, as this plasmid has a

linear size of about 5 kbp. As the pUCl9 vector is 2,686 bp, the T7 DNA component of pR75

is about 2.3 kbp.

3.3.4 DNA sequencing the T7 DNA component of pR75

A sample of pR75 DNA (2 ttÐ was digested with EcoRl and Hindltr, which excised the = 2.3
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kbp T7 DNA component from the multiple cloning site polylinker of pR75. T"he2.3 kbp T7

DNA was purified by agarose gel electrophoresis and then subcloned into EcoRlÆIindltr-cut

M13mp18 and M13mp19 to determine ttre terminal nucleotide sequences and hence the exact

size of the cloned DNA fragment. Sequence analysis showed that the T7 DNA component of

pR75 maps to T7 genome coordinates3,4LT to 5,735 bp, which is entirely within the T7 RNA

polymerase open reading frame (see figure 3.8). This 2.3 kbp insert was used as a DNA probe

for the next experimenl

3.3.5 Shotgun cloning of Bal 31 nuclease-digested T7 DNA fragments

The aim of experiment 3.3.2 was to digest the 5.8 kbp BstNI restriction fragment of T7

genomic DNA with Bal 31 nuclease and search for digested DNA fragments which can be

cloned tnto E.coli and which are also large enough e-2.7 kbp) to encode the T7 RNA

polymerase gene or this gene having a small (= 30 bp) deletion.

In this modification of experiment 3.3.2 the aim was to:

1. Digest T7 genomic DNA using BstNl and Dral.

2. Subject the resultant DNA fragments to Bal 31 nuclease.

3. Separate the fragments by agarose gel electrophoresis.

4. Clone the appropriate size fragments tnto E.coli.

Figure 3.8 Truncaæd T7 RNA polymerase gene in pR75
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The tra¡rsformed bacteria would then be probed for the RNA polymerase gene using the2.3

kbp T7 DNA insert from pR75. This approach minimizes manipulation of the DNA prior to

cloning.

The T7 DNA (10 pg) was digested with 20 unis of BstNl and 40 units of Dral in low

salt buffer in a volume of 20 pl for 2 hours at37oc. Following this, the reaction volume was

increased with 15 pl of water, 4 pl of 10 x Bal 31 buffer, and I ¡rl of 0.75 units/pl Bal 31

nuclease. The reaction proceeded for 90 seconds at37oc after which 25 pf of 200 mM EGTA

was added to stop the reaction. The DNA was purified using Bio-101 Geneclean: To the 65 pl

of DNA solution was added 163 pl of Geneclean NaI solution, and the DNAA{aI solution split

into 2 x 114 ¡rl aliquots in Eppendorf tubes. Each tube then received 5 pl of the Geneclean

glassmilk solution and the Geneclean protocol was followed, yielding 2 x 20 pl of aqueous

DNA solution. The combined 4O ¡rl solution was dried with ethanolinvacuo and the DNA

pellet redissolved in 10 pl of water. Next the DNA was end-filled to ensure flush termini prior

to the blunt ligation into the cloning vector: To the 10 ¡tl DNA solution was added 5 pl of

water, 2 ¡tl of 10 x End Fill buffer and2 pl of 1 uniy'pl Klenow polymerase. The reaction

proceeded for 15 minutes at37oC followed by the addition of I pl of I2.5 mM dNTPs and a

further 20 minutes at37oc. The DNA fragmens were then separated by electrophoresis

through a lVo agarcse-TAE submarine gel. After staining with 10 tlglrnlethidium bromide

solution for 10 minutes, the gel was examined under UV light and a gel slice containing DNA

fragmens large enough to bea¡ the full-length T7 RNA polymerase gene was excised. These

DNA fragments correspond in size to DNA markers in the r¿mge 2,m to 3,400 bp . DNA was

purifîed from the agarose using the Geneclean protocol and was redissolved in 20 pl of water.

3.3.6 Cloning the 2,600 to 3,400 bp T7 DNA fragments into E.colí

The T7 DNA fragments (10 pl) were ligated to 100 ng of Smal-cut, dephosphorylated pUC19

ina25 pl solution containing 50 mM Tris-Cl, pH 7.6, 10 mM MgCl2, 10 mM DTT, 5 VoPEG

8000 and 7 unis of T4 DNA ligase. The reaction proceeded ovemight atzsoc. The ligation

mixture was used to transform I ml of competent E.coli MC1061. The transformed bacteria

were grown overnight at 37oC on L-plates containing 75 ¡tglpl ampicillin, yielding about 600
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colonies.

3.3.7 Identification of bacteria harbouring the T7 RNA polymerase

gene

This process involved f,xing the bacteria to nitrocellulose and probing for the T7 RNA

polymerase gene with a 2.3 kbp EcoRl-Hindltr DNA insert from pR75.The2.3 kbp DNA

fragment encodes a partial length T7 RNA polymerase gene and was radiolabelled by nick

translation.

3.3.7.1 Preparation of probe for the T7 RNA polymerase gene

Plasmid pR75 DNA was digested with EcoRl andHindltr and the T7 insert (5 pg) was

purif,red by agarose gel electrophoresis then radiolabelled by nick translation with 50 pCi of cr-

32P-dCTP (16 pmoles) with 80 7o incorporation of the radiolabel, gving a specific activity of

1.7 xIOt cprry'pg probe DNA. The nick translation reaction also included 50 mM Tris-Cl, pH

7.6, l0 mM MgSOa, 0.1 mM DTT, 25 mM each dATP, dGTP and dTTP, 1 ttM dCTP and2

¡rg of BSA in a volume of 30 pl. The reaction was initiated on adding 10 ¡tl of a solution

containing 10 units of E.colí DNA polymerase I and 16 units of DNAse I, and proceeded for

90 minutes at 16oC. The probe was purified using Bio.101 Geneclean and redissolved in 5ü)

pl of 10 mM Tris-Cl, pH 7.6, containing 0.1 mM EDTA and 5 mM ß-mercaptoethanol.

3.3.7.2 Preparation of DNA-bound nitrocellulose filters and

hybridization with the 2.3 kbp partial length T7 RNA

polymerase gene probe

Two hundred transformants were subcultured onto sterile nitrocellulose filters overlaid onto L-

plates containing 75 ¡tg/ml ampicillin and grown overnight at37oc. The colonies of bacteria

that grew on the nitrocellulose were treated by a modification of the technique described by

Grunstein and Hogness (1975). The nitrocellulose filter was layered, colonies up, onto squares

of Whatmann 3MM paper soaked in 0.5 M NaOH for 7 minutes. The filter was then similarly

treated by washing twice with 1 M Tris-Cl, pll7.6, for 2 minutes followed by a 4 minute
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Figure 3.9 Candidate T? RNA polymerase clones: Exp'3'3'6
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wash with a solution containing 0.5 M Tris-Cl, p}J7.6 and 1.5 M NaCl. The filter was then

dipped in chloroform and then into ethanol, dried at room temperature, and baked at 80oC for 2

hours lnvacuo. The filter was then washed in 20 ml of hybridization solution (6x SSC, 5 x

Denhardts, 0.1 Vo SDS, 0.2 mg/ml salmon sperm DNA) for 4 hours at 68oC. Following this,

the radiolabelled probe was denatured by boiling for three minutes and added to the

hybridization solution. Hybridization continued overnight at 68oC. The unbound probe was

removed by washing the filter in high, then low salt conditions, at room temperature: First the

filters were washed three times in a solution containing 2 x SSC and 0.1 7o SDS. The first

wash was for 10 minutes, the latter washes were 30 minutes. The final procedure involved

washing rwice in a solution containing 0.5 x SSC and 0.1Vo SDS. The filters were then air

dried and autoradiographed. Twelve clones were found which strongly bound the pR75-

derived radiolabelled probe.

Plasmids from the twelve positive clones were isolated and then digested with EcoRl

and HindtrI in order to determine the size of the T7 DNA insert. The DNA samples were

electrophoresed in aIVo agarose-TAE submarine gel and stained in 10 pglrnl ethidium bromide

for 10 minutes (see figure 3.9).

Clone #6 was the only transformant bearing a cloned T7 DNA fragment large enough to

encode a full length T7 RNA polymerase gene. The recombinant plasmid from clone #6 was

designated pR80. The size of the T7 DNA component of pR80 was then determined precisely

by dideoxy sequencing the termini of the DNA.

3.3.8 DNA sequencing of the T7 DNA component of pR80

Ten micrograms of pR80 was digested with EcoRl and Hindltr and the T7 DNA fragment

subcloned into EcoRlÆIindlll-cut M13mp18 and M13mp19. The Ml3 clones were called

M13/6-18 and M13/6-19. Sequence analysis showed that the T7 DNA component of pR80

maps to T7 genome coordinates 3,186 to 6,049. This DNA fragment includes promoter 01.14

but lacks the first 15 nucleotides of the open reading frame (see figure 3.10).
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Figure 3.10 15 bp deletion at 5'terminus of the T7 RNA oolymerase gene in oR80
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As the T7 DNA component of pR80 is just 15 bp short of full length, it was possible to

exploit oligonucleotide site-directed mutagenesis to engineer the T7 DNA into a full-length T7

RNA polymerase gene but lacking promoter 01.14.

3.3.9 Engineering the T7 DNA component of pR80

3.3.9.1 Introduction

The template for the first round of mutagenesis was the single stranded DNA from M13/6-18.

The repair of the partial length T7 RNA polymerase gene in pR80 to a full length gene was

done in two stages. First was the removal of promoter 01.14, followed by insertion of the

missing 5'-nucleotides. An overview of the reconstruction is shown diagrammatically in
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figure 3.11.

The approach taken to remove promoter 01.14 away from the T7 RNA polymerase

gene involved the site-directed mutagenesis of T7 DNA between the gene and promoter Ql.lA,

from nucleotides 5,829 to 5,832. This mutagenesis transformed the DNA sequence, starting at

nucleotide 5,827 (in bold), f¡s¡¡ Jr-AuAu{TCA-3' to S'-AAGC[I-3' ; the latter DNA sequence

is the recognition site for the endonuclease Hindltr. Dgestion of this construct with Hindltr

allowed removal of the promoter and maintained a Hindrn site 3'- to the polymerase gene,

maintaining portability of the polymerase gene as an EcoRl-HindIII cassette. This was

followed by insertion of the missing S'-nucleotides and also appropriate S'-untranslated

sequences by site-directed mutagenesis.

The expression vector into which the RNA polymerase gene was ligated is pPLC236,

devised by Remaut et at. (1981) in which the Pl- promoter from bacteriophage lamMa is placed

upstream of unique EcoR[ and HindIII restriction sites. For a gene to be expressed in E.coli the

coding sequence must be preceded by a consensus E.coli ribosome binding site (RBS), that is,

a sequence which has some homology to the 3'-terminus of E.coli 165 ribosomal RNA as

described by Shine and Dalgarno (1974). Vector pPLC236 does not supply initiation signals,

so an RBS and 5'-ATG codon must be provided by the foreign DNA fragment.

Designing an optimised RBS for the T7 RNA polymerase gene

There is considerable degeneracy in the RBS sequence recognised by E.coli ribosomes.

Scherer et al.(1980) determined a consensus RBS sequence by comparing 68 RBS sequences

from E.coli and found that the RBS "...shows a preference rather than an absolute requirement

for a specific base in any given position". The relationship of the sequence described by Shine

and Dalgarno (I97$ and the consensus RBS (Scherer et al. 1980) is shown in figure 3.12.
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Fisure 3.12 Compa¡ative RBS sequences

3'-terminus of E.coli
165 rRNA

3'-AIruCCUCCACUAG.. ..

Shine-Delgarno 5'-UAAGGAGGUGAUC -3'
consensus 5 

r- 
UU A A/\AUUAAG GAG GUAUAUUAU G . o. o

RBS ã;;

A review by Gren (1984) showing the DNA sequences upste¿rm from273 genes trom E.coli

and several bacteriophage highlights the variation of RBS sequences within a genome. For

example, the RBS sequence 5'-GGAGG-3' is found in more than 10 Vo of the 273 sequences

compiled by Gren. However this sequence is invariably just one of many RBS sequences

found in a given genome.

Prior to cloning the engineered RNA polymerase gene a useful expression vector (pEV601)

became available (Brumby 1986). This vector, derived from pKT52 (Talmadge and Gilbert

1980) has a synthetic RBS and spacer having the sequence 5'-GGAGGTAACATATG-3'. The

ATG is the initiation codon. The sequence S'-CATATG-3' is the recognition site for the

endonuclease NdeI. Having the sequence 5'-GGAGGTAACAT-3'as the synthetic RBS-

spacer in the engineered RNA polymerase gene allows the gene to be cloned into pEV601 via

the Ndel-Hindltr restriction sites and into pPLC236 via the EcoR[-HindIII restriction sites (see

figure 3.13).

a

Figure 3.13 Cloning vectors for the reconstructed T7 RNA polymerase gene
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T7 gene Sequence 5' to initiation codon (from Dunn and Studier 1983)

GAGGCACTAAATG .RNA polymerase

GA G G T CAATGACTAT G ..-......... -Inactivates host
RNA PolYmerase

A G G A G G C G A C AT G... -. -........ -. -.....Endonuclease

AG G A G G G AATTG CATG.-........-..Primase

AG G AGAAATCAATAT G --. ----...-.-DNA polvmerase

AGGATGTGTCTAATG Exonuclease

G GA G GTAAGAAGTGAT G...-.-.-.Host ranse

G G A GAC A C ATTTAAT G --.....--..---Head-tail protein

TAAGGAGACAATAATAATG...H"ad assembly protein

AAG G AGATATACATAT G...-...--.Head protein

AGGAGGAACTATATG

1

)

5

4

5

6

7

8

9

10

11

72 AGGAGGCTCTAATG
Tail protein

Tail protein

13 GGAGGGTTTTCTTATG...............Internal virion protein

14 AGGAGGATAACCATATG..........Internai virion protein

15 GGAGGTAATGAGCTATG..........Internal virion protein

16 AGGAGGCCCTAAATG................Internal vi¡ion protein

11 TAAGGAGGTCAAATG...............Internal vi¡ion protein

18 AGGAGTATATGTATG
19 AGGAGGCAATG

TAAGGAGGTGATC (snin"-daigarno tsl 4)

74 AGGAGGATAACCATATG
GGAGGTAACATATG Cn¡s and spacer in the

reconstruct ed n RNA PoiYmerase)

Table 3.1 RBS a¡d spacer sequences ahead of the initiation codons f¡om T7 Phage

RBS sequences ( Shine-Dalgarno 1974) and the initiation sequences a¡e shown in

bold.



The RBS and 6 nucleotide spacer ahead of the RNA polymerase gene initiation codon in

bacteriophageTl has the sequence 5'-GAGGCACTAA-3'which is obviously different to the

sequence required to exploit vector pEV601. The RBS and spacer 5' to the RNA polymerase

gene in T7 phage is arguably already optimal for the expression of this gene in E.coli, in which

case the arbitrary use of a different consensus RBS and spacer may lead to suboptimal gene

expression. However, a comparison of the RBS-spacer sequences for 19 phage T7 genes

indicates that the synthetic 5'-GGAGG-3'RBS sequence is common to T7 phage genes and

the synthetic spacer sequence 5'-TAACAT-3' is a truncated version of the spacer for T7 phage

gene 74 (see table 3.1). Hence repair of the 5'-deletion included the RBS-spacer sequence

5'-GGAGGTAACAT-3"

3.3.9.2 Deletion of promoter Ql.1A'

Insertion of a Hindltr site involved changing four nucleotides in the DNA sequence, as shown

in figure 3.14. The mutagenesis involved nucleotides 5,829 to 5,832 giving a HindtrI site

starting at position 5,827.

Figure 3. I4 Binding site of 30-mer oligonucleotide SR463 ûo enable the insertion of Hindltr site between
T7 RNA polymerase gene súop codon and the T7 promoter.

3 AGCGCATTGCGGTTCGAATATGCTGAGTGA-5' {SR463}
I

tAl

tBl

a aaaaa oaoa aaoo
5 I -GTCGGACTTCGCGTTCGCGTAACGCCAAATCAATACGACTCACTATAG ->''
5 ' -GTCGGACTTCGCGTTCG CGTAACGCC@IATACGACT CACTATAG -Þ 3 t

HindtrI
codon

[A] 3'-end of RNA polymerase gene in pR80 before mutagenesis

[B] 3'-sequence after mutagenesis

The muøgenesis required a 30-mer oligonucleotide, designated SR-463 which has the

sequence 5'-dAGTGAGCTGTATAAGCTTCTGCGTIACGCGA-3'. The oligonucleotide was

obtained from Bresatec (Adelaide) as a crude preparation and then purified froma15 7o

polyacrylamide gel containing 8 M urea, ethanol precipiøted and redissolved in 40 pl of water
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at a concentration of 111 ng/pl. The oligonucleotide (100 ng) was then 5'-phosphorylated by

incubation in a 10 pl solution containing 50 mM Tris-Cl, pIJ7.6,10 mM MgCl2, lmM ATP,

1 mM DTT and 3 units of T4 polynucleotide kinase. The reaction proceeded for t hour at37oc

followed by 5 minutes at 70oC to inactivate the kinase. The volume was increased to 25 pl with

water, bringing the 5'-phosphorylated 30-mer oligonucleotide concentration to 4 ng/pl.

3.3.9.2.1 Mutagenesis Reaction

The mutagenesis reaction involved annealing the SR-463 oligonucleotide to single strand

Ml3l6 DNA followed by primer extension and transformation of E.coli. The 13 ¡rl annealing

reaction contained 4 ng of phosphorylated SR-463, 4 ng of universal sequencing primer, 1 ¡rl

of M13/6 DNA (from a25 ¡tl DNA prep), 5 pl of 500 mM Tris-Cl, pH 7.6/100 mM MgCl2

and 5 pt of 200 mM NaCl. The solution was heated to 70oC, then 3@C for five minutes. The

volume was adjusted to 50 pl with the addition of 5 pl of 10 mM ATP, 5 pl of l0 mM DTT, 5

¡rl of 0.5 mM dNTPs, 1 pl of 2 units/¡rl T4 DNA ligase, 2¡tlof 3 units/pl Klenow polymerase

and 19 pl of water. The reaction proceeded for 4 hours at25oc.0.5 pl of this solution was

then used to transform 200 pt of competent E.coli JM101. The transformed bacteria were then

mixed with 3 ml YT-sloppy agar, poured onto minimal A plates and incubated overnight at

370C.

3.3.9.3 Detection of mutant Ml3l6 DNA

The resultant phage were lifted onto a sterile nitrocellulose f,rlter and baked for 2 hours at 80oC

invacuo. The filter was then incubated for 2 hours at42oC in a hybridization solution

containing 90 mM Tris-Cl, p}J7 .6,900 mM NaCl, 6 mM EDTA, 5 x Denhardts, 100 pg/nìl

salmon sperm DNA and0.SVo NP40 detergent.

The probe for mutant detection was prepared by incubating 111 ng of the 30-mer

oligonucleotide primer (SR-463) with 50 ¡rCi (10 pmoles) of y-:zp-¡TP, 50 mM Tris-Cl, pH

7.6,l0 mM MgCl2, I mM DTT and 3.5 units polynucleotide kinase in a volume of 10 pl. The

reaction proceeded for t hour at37oC, then 5 minutes at 70oC.

The radiolabelled 30-mer probe was added to the hybridization solution and incubated
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Figurc 3.16
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overnight at 42oC. The filter was then washed nvice at room temperature in 6 x SSC prior to 2

x 30 minute washes at 69oC in TMAC solution (3 M tetrametþl ammonium chloride, 50 mM

Tris-Cl, pH 8.0, 2 mM EDTA and 0.1 7o SDS). The dissociation temperature for a 30-mer

oligonucleotide, in the presence of TMAC, is about 74oC (Wood et a1.1985). The filter was

autoradiographed overnight at -80oC using a tungsten screen.

Mutant and wild type phage were identified and DNA from 12 mutantphage was

sequenced to verify the mutation, as shown by figure 3.15. Double stranded DNA was

subsequently isolated from a mutant phage, digested with EcoRl and HindtrI, and the partial

length T7 RNA polymerase gene was subcloned intoEcoRlÆIindtrI-cutM13mp18. This

construct was designated M13/6H (see figure 3.16).

3.3.9.4 Repair of the S'-deletion in M13/6H

Restoration of this construct to a full length open reading frame required insertion of five

codons. Also needed was a ribosome binding site and Ndel restriction site to exploit two

highly efficient expression vectors as described (see frgure 3.L7).

Fisure 3.17 Insertion of RBS and five codons to vield full lensth T7 RNA ool sene

26 bp insertion

3-AGCTCGAGCCAT (sR-462)
OaOOOaaaoa

TCGCTAAGAACGAC-.----

M13 DNA RBS T7 DNA

SR-462 is the 56-mer mutagenesis primer
M13 DNA is the polylinker sequence common to M13 mp18/19 & pUC18/19

Single sranded DNA of M13/6H was isolated and subjected to the the 5'-insertion mutagenesis

under essentially the same conditions as previously described for the HindtrI insertion

mutagenesis. The 5Gmer mutagenesis primer was designated SR-462 and has the sequence

(5' + 3' reading left to right):

dGTCGTTCTTAGCGATCTTAATCGTGTTCATATGTTACCTCCGGGTACCGAGCTCGA

The dissociation temperature for a 56-mer oligonucleotide in the presence of TMAC is 85oC
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Fieure 3.19
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(Wood et al. 1985). The probed frlter was washed in TMAC solution at 80oC. The mutation

was verifred by dideoxy DNA sequencing (see figure 3.18). The M13mpl8 clone harbouring

the reconstructed full length T7 RNA polymerase gene was designated M13/6W.

3.3.10 Expression of T7 RNA polymerase in E.col¡ E,832

Double standed M13/6W DNA was isolaæd, digested with EcoRl and Hindm and the T7

DNA ligated into the expression vector pPLC236 (see figure 3.19). This construct, designated

pT75WT, was used to transform E.colí8832, which expresses cI857 ¡sprotein. The

transformed, competent E.coli E832 were grown for 20 hours on L-plates containing 75 ¡tg/ml

ampicillin. The incubation temperature was 3@C to avoid release of cI857 conüol over

promoter P¡; however no transforrnants were found, probably because of poor transformation

efficiency. The pT75WT DNA was subsequently used to transform E.coli JM101. After

identification of clones bearing pT75WT, the supercoiled pT75WT DNA was isolated from the

E.coli JM101 and successfully used to transform E.coli&\3z.

The recombinantE.coliES32 bearing pT75WT (designated RS101) was grown at 30oC

in L-broth containing 100 pg/rnl ampicillin until the A6¡s reached 1.0. The 5 ml culture was

then tansferred to a42oC water bath for another 2 hour incubation to induce expression of the

T7 RNA polymerase.

The control bacterium in these experiments was E.coliE832 that had been transformed

with an incomplete T7 RNA polymerase gene, prepared by the ligation of the EcoRl/IlindtrI

T7 fragment of M13/6H into EcoRlÆ{indm-digested pPLC236 and used to transform E.coli

F,832. This clone, designated RSC10 is identical to RS 101 except for its T7 DNA-bearing

plasmid which lacks the 5'-region of the T7 RNA polymerase gene.

3.3.11 Assays of T7 RNA polymerase expression

3.3.11.1 Detection of protein

Protein from the heat-induced T7 RNA polymerase gene was examined by SDS-PAGE

(Laemmli 1970) and by enzyme assay. A 20 pl sample of induced RS 101 was spun for 5

minutes in an Eppendorf centrifuge at room temperature. The pelleted bacteria were
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Figure 3.20 Expression of reconstructed T7 RNA polynrerase gene in E.coli RS10i

12M

1: E.coLi RSCIO

2: E.coli RS101

M: Phosphorylase b

Mr 97,400

Note: E.colj RSCl0 is E.coti strain E832 which has been transfomred with vector pPLC236

that harbors the T7 RNA polymerase gene with the 5'-deletion of the RBS and the

first five codons of the gene.

E.colj RS lO7 is E.coti strain E832 which has beerì transfomred with vector pPLC236

that harbors the completely reconstructed T7 RNA polymerase gene'



resuspended in 20 pt of gel loading buffer, heated for 5 minutes at 95oC and electrophoresed

through an SDS-polyacrylamide gel.

Unlike the control clone RSC10, the protein pattern from RS101 includes a significant

band which has an apparent Mr of 98,000. This is the correct size for the RNA polymerase and

represents the most abundant protein expressed by the bacteria (see figure 3.20).

3.3.11.2 Assay of enzyme activity

A 1 ml sample of induced RS101 was digested with 1 mg of lysozyme for 5 minutes at 25oC.

The sample was sonicated for 3 x 10 seconds and spun in an Eppendorf centrifuge for 15

minutes at 5oC. A I ¡tl aliquot of supernatant was assayed in a 50 pl solution containing 40

mM Tris-Cl, pH 8.0, 8 mM MgC12, 5 mM p-mercaptoethanol, 1 mM KH2PO4, 0.4 mM of

each NTP, 5 pCi (1.7 pmoles) cr-32P-UTP and | ¡tgT7 DNA. The reaction proceeded for 10

minutes at37oC and was stopped by spotting 40 pl onto a Whatman Gf/e filter and washing

in 3 x 100 ml of 1 M HCl,ll%o Na¿PzOz /l7oI(Í[2PO¿ at 4oC. The filters were washed briefly

in ethanol, dried and measured by liquid scintillation counting. Clone RS10l had no detectable

T7 RNA polymerase activity.

Several factors may contribute to the protein being enzymically inactive:

1. The protein may be unable to fold conectly when expressed at very high levels.

2.T\e gene includes an in-frame mutation(s).

3. The Mr 98,000 protein band is either not T7 RNA polymerase or initiation of

translation is within the gene, giving a slightly truncated protein.

The latter two arguments were resolved by DNA sequencing the gene and by direct protein

sequencing the amino-terminus of the Mr 98,000 protein.

It has been demonstrated that overexpressing some recombinant enzymes results in

protein which lacks measurable enz)¡me activity, often because the proteins are packaged into

inclusion bodies, which can sometimes be seen as lumps in the host bacteria, and which may

be isolated to reconstitute the protein to its native conformation (Ho et al. 1982, George et al.

1985, Schoner et al. 1985).

Observation of induced E.coli RS 101 under phase contrast light microscopy was
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Figure 3.21 Expression of reconstructed fi RNA polymerase gene in E.coli RS 101

t234 5

MrTlilF-r t T

Mr 97,400

Legend

M: phosphorylase b ( Mr 97,400 )

1-5 are samples of lPTG-induced E.coli RS101

Clone RS101 was grown to an Aoooof 1.0 and then induced by the addition of
IPTG to 100 mM for 3 hours at37oC.

T: PPendorf

i'j,"i'
5 minutes

and 20pl loaded onto the polyacrylamide gel.

minutes and 20 ¡tl loaded onto the gel.

¡} 
--Ò-o¡È. .b ,ü,

+*



therefore done to see if inclusion bodies, and thus insoluble T7 RNA polymerase, could be

found, but the bacteria had a normal phenotype.

3.3.11.3 Is the Mr 98,000 protein from E.coli RS101 soluble or insoluble?

E.coli RS 101 was grown in 100 ml of L-broth containing 100 pg/mÌ ampicillin, at 37oC until

the A6¡6 reached 1.0, and then induced by the addition of IPTG to 100 mM and incubated a

further 3 hours at37oC.

The total cellular protein was determined by centrifuging a 30 ¡r1 sample of the induced

culture, resuspending the pelleted cells in 30 pl of loading buffer, heating at 90oC for 5

minutes and then electrophoresing throu gh a 70Vo polyacrylamide gel (with a 4Vo stacking gel).

Determination of whether the Mr 98,000 protein was soluble involved centrifuging

lysed cells prior to loading onto the polyacrylamide gel. Five 1 ml samples of the induced.

culture were first centrifuged and the pellets resuspended in 500 ¡r1 of 40 mM Tris-Cl, pH 8,

10 mM MgCl2 andZ mM B-mercaptoethanol. The cells were then sonicated for 15 seconds yd
then centrifuged for 20 minutes in an Eppendorf centrifuge. To 15 ¡rl of each supernatant was

added 15 ¡t"l of 2 x loading buffer. The samples were heated to 90oC for 5 minutes prior to

loading onto the polyacrylamide gel.

Figure 3.2I compæes total cellular protein (T) from lysed cells to the protein remaining

in the supernatant (S) after centrifugation of the lysed cells. Although the five samples that

were loaded onto the gel are identical aliquots from a single flask of bacterial culture, figure

3.21 shows an apparent increase in solubility from sample 1 to sample 5. The only difference

between these samples is the way they were handled; that is, sample 1 was manipulated f,rrst,

sample 2 second etc. Therefore, the variation in solubiliry from sample 1 to sampie 5 may

indicate that protein is leaching from the pellets into the supematant.

In a va¡iation of this experiment, the pelleted cells were resuspended in loading buffer

and then sonicated and centrifuged. The solubilisation of the proteins by rhe SDS in the load

buffer resulted in the total protein and soluble protein tracks being identical (data not shown).

This indicated that the apparent reduction in soluble proteins shown by figure 3.21 is due to the
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Figure 3.22
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protein being in an insoluble form and not an artefact of the extra centrifugation step in

preparing the'soluble protein' sample.

3.3.11.4 DNA sequencing strategy

Plasmid T75WT (10 pg) was digested with EcoRl and HindtrI and the 2.7 kbp T7 DNA

fragment was purified by agarose gel electrophoresis and then digested with Hinctr and HaetrI.

The digested DNA was then purifred on a2 M urea ,6Vo polyauylamide-TBE gel. The DNA

was stained withO.57o toluidine blue and eight bands were isolated and the DNA eluted from

the gel slices and then subcloned into Smal-digested M13mp18 and M13mp19 (see figure

3.22). The DNA sequence of the gene matched the sequence described by Moffatt et a1.(1984).

3.3.11.5 Protein sequencing

Induced E.coli RS101 was electophoresed on an SDS-polyacrylamide gel as described, then

elecEoblotted onto a sheet of polyvinylidene difluoride (Millipore immobilon) essentially as

described by Matsudaira (1988).

The polyacrylamide gel was allowed 24 hours to polymerizepior to use as this has

been found to improve the likelihood of gaining protein sequence data from proteins which

have been isolated from a polyacrylamide gel (B. Forbes per. comm.).The immobilon was first

wetted in methanolfor 2 minutes, then soaked in transfer buffer (10 mM 3-[cyclohexylamino]-

l-propane sulfonic acid, pH 11.0, 10 Vo (vlv) methanol). Prior to the üansfer, the gel was

washed in water to reduce its glycine content. The transfer utilized a Hoefer model TE22

transfer apparatus and the transfer current was maintained at 400 mA for 30 minutes.

The membrane was then washed in water for 5 minutes before staining ln 507o

methanoV5%o acettc acidl0.5%o Coomassie blue R. After 10 minutes staining, the membrane

was destained in 507o methanoV I07o acetic acid for 10 minutes. The Mr 98,000 band was

excised and given to the Adelaide University Centre for Gene Technology Protein Chemistry

Unit, where the protein was loaded onto an Applied Biosystem 4TD{protein sequencer that

was linked to a Brownlee Labs I{PLC and Waters MIUY detector. Analysis of HPLC

profiles from the protein sequencer unambiguously revealed the first seventeen amino acids of
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Figure 3.23 Attenuation of gene expression from the lambda P¡ promoter

transcrrDflon

pKSiO7 \-

prwlo8 @ Pu

pAD355%

nutL

nutL

t L leftwa¡d transcription terminator

from phage lambda

nutJ- binding site for N gene product

gal K

tL

P¡

Adapted from Das and Wolska (1984)

Legend

pKS 107 Reference Plasmid.
pIW108 Similar to pKS107 but with a longer

promoter-gene distance.

pAD355 Simila¡ to pfW108 but with a transcrip[ion

terminator between promoter and the gene.

pIWZ2 +
Pl

P¡

plw27 '-tW

Adapted from White and Richardson (1988)
Legend

ffi phage lambda
N gene

t L leftward transcription terminator

from phage lambda



the M¡ 98,000 protein, which matched the first seventeen amino acids of T7 RNA polymerase.

Given that pT75WT appears to faithfully encode the T7 RNA polymerase gene and

since E.colt RS101 expresses protein that has a normal amino-terminal sequence for T7 RNA

polymerase, the T7 RNA polymerase is clearly translated from the frst AUG codon 3' to the

ribosome binding site and is the product of a gene lacking mutations. The lack of demonstrable

enzyme activity therefore appears to be due to some factor other than the primary structure of
It

the protein.

3.4 DISCUSSION

The work describe in this chapter involved the isolation of the T7 RNA polymerase gene from

the T7 genome and cloning of the gene and expression of the T7 RNA polymerase protein in

E.coli. That the protein did not show functional enzyme activity was not anticipated. It is

possible that there are many reasons why the recombinant T7 RNA polymerase was

enzymically inactive.

The simplest explanation is that a mutation in the T7 RNA polymerase gene, possibly

gained during invítro mutagenesis (Exp. 3.3.9.2.1 and 3.3.9.4) resulted in an amino acid(s)

substitution which altered the structure and biological activity of the protein. The T7 RNA

polymerase gene from pT75WT was sequenced (Exp. 3.3.II.4), but only 42Vo of the gene

was sequenced from both strands of the DNA. Although the complete nucleotide sequence

matched the known sequence, the possibiüty of an error in the DNA sequencing cannot be

excluded. Complete sequencing of the DNA of both strands of the gene from pfi5WT would

have increased the confidence in recognising the recombinant T7 RNA polymerase gene as

having a wild-type DNA sequence.

The use of the lamMa P¡ promoter to express the recombinant T7 RNA polymerase

gene may have contributed to the recombinant protein being expressed to a high level but not

being enzymically active. It has been reported that the expression of proteins of similar size to

T7 RNA polymerase, under P¡ control from expression vectors in E.coli, can be expressed in

both soluble and insoluble forms (White and Richardson 1988). For exampie, it was reported

by White and Richardson (1988) that phage T7 gene 19, which is involved in phage capsid

maturation and packaging, when cloned downstream of the lambda P¡ promoter
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Figure 3.24 (a)
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and expressed in E.coli at 42oC, yielded protein which was insoluble. However, attenuating

the expression level of T7 gene 19 from the P¡ promoter resulted in the recovery of T7 gene 19

protein which was soluble. This attenuation was achieved by inserting the phage lambda

leftward tanscription terminator (f,tlr) and the N-protein gene from phage lambda between the

P¡ promoter and T7 gene 19 (see figure 3.23).

It had previously been demonstrated that the level of gene expression from Pyin vitro

can be reduced by the combination of l,t¡1 and the lambda N gene when inserted betrveen P¡

and a reporter gene @as and V/olska 1984: see figure 3.23). The antitermination effect of the

N gene product overcomes the cessation of transcription that would otherwise occur if l,t¡1

were placed between P¡ and a gene. The repon by Das and Wolska (198a) describes the

quantitative estimate of galactokinase activity from the gal K cistron in several plasmids which

differ in the presence or absence of Àt¡1 between the gal K cistron and P¡. The plasmid

pAD355 (frgure 3.23) resulted in about 55Vo of the galactokinase activity as that directed by

plasmid pKS107.

White and Richardson (1988) argue that expression of T7 gene 19 from P¡ at 42oC is

attenuated because the plasmid pJW27 encodes Àtr.r and the lamMa N gene between P¡ and

gene 19. Whether the combination of 1,t¡1 and the lamMa N gene would actually reduce gene

expression to the same degtee invivo is unknown. A comparative study by Brunner and

Bujard (1987) of nine promoters, including P¡, demonstrated the poor correlation between

promoter strength invitro and promoter strength invivo. Although the effects of promoter

strength and the effects of N-protein on gene expression are different phenomena, Brunner and

Bujards observations indicate the caution required when extrapolating daø from studies of

recombinant genetic constructs invito, as an explanation for observations of similar genetic

constructs operating in vivo.

An alternate explanation of the success of pIW27 overpJW22 (which directs the

synthesis of inactive gene 19 product) could possibly be related to another observation of Das

and V/olska (1984); that pJW108 directs galactokinase synthesistoTs%o of the level produced

from pKS107 (see figure 3.23). Plasmid pJW108 differs from pKS107 by having about 2 kbp

of lamMa DNA and pBR322 DNA inserted between P¡ and the gal K cistron. That is, the
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Figure 3.25

gene in pGPl-1 (Tabor and Richardson 1985)

Translatíon

[æu Se¡ Tyr Arg Ser Ser Ala Gly Gly læu Asn Arg Tyr Atp l¡u [¡u Thr Gly Arg Gly Thr Lys S

I. TTA TCT TAC AGG TCA TCT GCG GGT GGC CTG AÀT AGG TAC GAT TTA CTA ACT GGA AGA GGC ACT AAÀ TGA AC

Ty, [æu Thr Gly His Læu Arg Val Ala S iq f-Met Asn

2. T TAT CTT ACA GGT CAT CTG CGG GTG GCC TGA AÎAGGTACGATTTACTAÀCTGGAÀGAGGCACTAÀ ATG AAC

Ile Leu Gln Val Ile Cyr Gly Trp ko Glu S Val Arg Phe Thr Asn Trp Lys Arg His $ f-Met Asn

3. TT ATC TlA CAG GTC ATC TGC GGG TGG CCT GAÀ TAG GTA CGA TTT ACT AÀC TGG AAG AGG CAC TAÄ AlG AAC

S = stop codon

The initiation codon for the T7 RNA polymerase gene is shown in bold



attenuation of gal K expression from pIW108 appe¿ìrs to be due to the distance between P¡ and

the gal K cistron. Plasmid pIW27 (encoding T7 gene 19) has about 650 bp more DNA

between P¡ and T7 gene 19 than does pJW22. White and Richa¡dson (1988) reported the

expression of T7 gene 19 protein from pJW27 to be about 30Vo of the expression level

observed with pJW22, but the minimum attenuation required in T7 gene 19 expression to yield

soluble, biologically active protein is unknown. Hence the relative contributions of placing Àtr.r

and the lamMa N gene between P¡ and gene 19, and the effect of increasing the distance

between P¡ and T7 gene 19 is difficult to quantify.

The role of promoter-gene spacing may explain the report by Tabor and Richardson

(1985) of enzymically active T7 RNA polymerase expression tn E.coli, from the lambdaP¡

promoter, alter 42oC heat induction. Their clone harbours the construct pGPl-1 which encodes

a T7 DNA fragment bearing the RNA polymerase gene and 65 bp of DNA 5' to the initiation

codon (see figure 3.24 a). The precise difference between the expression in E.coli of pGPl-1

and pT75WT (Exp. 3.3.10) is unknown, partly because of the different host genotypes and

also because ttre distances vary between promoter and RBS (see figure 3.24 b). If the

magnitude of gene expression has a critical value, beyond which the tertiary structure of large

proteins is compromised, it is possible that the difference in promoter-gene spacing between

pGPl-l and pT75WT could account for the observable difference in gene expression between

the two clones.

Another difference between the expression, in E.coli, of pGPl-l and pT75W'T (Exp.

3.3.10) is that from pGPl-l "Transcription from the P¡ promoter also results in the synthesis

of a Mr 6,000 protein containing the f,ust 33 amino acids of the N protein of î" fused to 22

amino acids encoded by the region before gene 1, and terminanng2 bp before the start codon

for gene 1." (fabor and Richa¡dson 1985). However, this is unconvincing given that the T7

DNA fragment in pGPl-1, when read in three reading frames cannot code for protein

terminating 2 bp short of the initiation codon for the T7 RNA polymerase gene (see figure

3.25). The longest open reading frame upstream of the T7 RNA polymerase gene ends with a

UGA stop cdon, which stars within the AUG initiation codon. Iî E.coli RNA polymerase

read through the UAG stop codon in frame 3, this could allow the next in-frame stop codon
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(uAA) to prevent translation into ttre T7 RNA polymerase open reading frame.

In pI5WT there is partiat sequence for the N protein gene between the P¡ promoter

and the T7 RNA polymerase gene. However, translation of N gene protein does not occur

because the initiation signal for the gene is missing.

Hence, another possible explanation for the observed difference beween the

expression , in E.colí, of pGPl-1 and pT75WT (Exp. 3.3.10) could be a limited ribosome

access to the mRNA, due to translation through the RBS ahead of the T7 RNA polymerase

gene.

Whether attenuating the expression level of the T7 RNA polymerase gene would also

facilitate the recovery of enzymically active T7 RNA polymerase was then determined. This

work is described in the following chapter.
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CHAPTER 4

BACTERIOPHAGE T7 RNA POLYMERASE

-ISOLATING THE PHAGE T7 RNA POLYMERASE GENE BY THE

POLYMERASE CHAIN REACTION

.EXPRESSION OF THE PCR.DERIVED T7 RNA POLYMBRASE GENE IN

E.C OLI
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4.L INTRODUCTION

Attenuated expression of T7 RNA polymerase in E.colí

The strength of E.coli RNA polymerase promoters is a function of the nucleotide sequence at

the -35 and -10 regions and also on the number of nucleotides (spacer length) between the -35

and -10 regions (Auble et al. 1986, Brosius et al. 1985, Deuschle et al. 1986). One means of

altering the expression level from a given promoter is to reconstruct the promoter. This is

feasible with comparative data of promoter sequence variants that have been correlated to

promoter function.

A well characterised example of this a¡e the va¡ians of the tac promoter. The promoter

Pr"ç (DeBoer et al. 1983) is a hybrid promoter which has the -35 region of the E.coli

uryptophan operon promoter and the -10 region of the lac UV5 promoter, with a 16 bp spacer.

These promoters, called P6ç or TAC16 and two variants, TAC17 or P66 and TAC18 or P¡i. are

identical except for the spacer length of 16, 17 or 18 bp. The TAC17 promoter has the greatest

promoter strength in vitro (Mulligan et al. 1985) and the TACl6 promoter has the greatest

promoter strength in vivo (Brosius et al. 1985). The attenuation of TAC16 promoter strength in

yivo was demonstrated by fusing the three TAC promoters to the E.coli 4.5S RNA gene and

quantifying the amount of RNA ranscript by a densitometer scan of the RNA after

elecrophoresis in a polyacrylamide gel. The TAC17 promoter produced 90Vo as much 4.5S

RNA as the TAC16 promoter and TAC18 produced only 65Vo as much 4.5 S RNA as the

TAC16 promoter. The experiment was not run in duplicate, hence the actual quantitative

difference between TAC16 and TAC17 directed gene expression is questionable. Simila¡

results are reported for a mutant lac promoter in which the mutant promoter having a 20 bp

spacer shows 25Vo of the expression observed with the wild type promoter having an 18 bp

spacer (Mandecki and Reznikoff 1982).

Another, more ænservative approach to attenuating gene expression is to take

advantage of a promoter which is known to have weaker promoter strength in vivo. A

comparison of 14 promoters @euschle et al.1986) demonstrated that several controllable

promoters have sEengths much less than the lambda P¡ promoter. The P¡ promoter was used

in the expression of the reconstructed T7 RNA polymerase gene described in the previous
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Table 4.1 Gene expression in E.coli from phage lambda and E,coli promoters

Legend

Prm promoter

Ti temperature of gene induction

Mr apparent moleculil weight in kD

NA not applicable

Vector Prm Ti Active Mr Gene Reference

T7 gene3

T4 gene32

T7 gene 19

Tl gene 19

T7 RNA pol

T4 DNA pol

T4 DNA pol
Poliovirus RNA
polymeræe
Poliovirus RNA
polymcrase

T4 DNA pol

T4 DNA pol

T4 PNK

T3 RNA pol

HIV RT

Pham & Coleman (1985)

Shamoo et a1.(1986)

White & Richardson (1988)

White & Richardson (1988)

Tabor & Richa¡dson (1985)

Lin et al.(1987)

Lin et al.(1987)

Plotch et al.(1989)

Plotch et al.(1989)

Lin et al.(1987)

Lin et al.(1987)

Midgley & Murray (1985)

Morris et a1.(1986)

Hizi et al.(1988)

pTP2

pYS6

pIW22

pIW27

pGP-1

pTL43W

pTLl3V/

pRC23

pT7-POL

pTLa3Q

pr[/3Q

1CM21

pCM56

pUC12N

P¡

Pl

P¡

P¡

Pl

Pl

P¡

P¡

n
Ptac

Ptac

P¡'

PlacUV5

Plac

420C

42oC

420C

420C

420C

420C

400c

420C

370C

420C

400c

370C

3'70C

370C

YES

YES

NA

NA

YES

NO

YES

NO

YES

NO

YES

YES

YES

YES

1l

34

66

66

98

94

94

55

55

94

94

JJ

100

66



chapter. The experimental strategy employed by Deuschle et al. (1986) involved substituting

va¡ious promoters ahead of a reporter gene, inducing gene expression and then probing

bacterial cell lysates with a single stranded M13 probe which bound to RNA transcripts from

the reporter gene. Unfortunately the promoter sequences were inserted into the expression

plasmid as restriction fragments. Hence the promoter-reporter gene distance, transcript length

ahead of the reporter gene and the restriction fragment size vary in each construct. These

factors higtrlight the difhculty of experimentally relating the function of a promoter element to

its nucleotide sequence, let alone the secondary and tertiary structures that may be involved in

promoter function.

Two other factors which correlate to the expression of soluble, active protein when

expressed in vivo are the temperature of induction and the size of the protein (see table 4.1).

The expression of cloned phage T4 DNA polymerase (Mr 94,000) from the lambda P¡

promoter in an expression vector (pTI.ul3W) was found to be insoluble and inactive when gene

expression was induced at 42oC, but was found to be soluble and active when the induction

temperature of the bacteria was 40oC (Lin et al. 1987). This is in contrast to the expression of

cloned T7 gene 3 (Mr 17,000) from the P¡promoter in another expression vector (pTP2)

which was soluble and active after induction at 42oC (Pham and Coleman 1985).

If the expression of T7 RNA polymerase in a soluble and active form depends on a

lesser rate of gene expression than its expression tn E.coli RS 101, it may be optimal to express

the T7 RNA polymerase gene under the control of a promoter that has a weaker promoter

strength in vivo and to keep the gene induction temperature below 40oC.

The approach taken to reduce the expression level of T7 RNA polymerase in E.coli was

to re-clone the gene into another expression vector (pEDV-1) downstream of a contollable

promoter (PU"), which exhibits weaker promoter strength invivo than the P¡ promoter

@euschle et al. 1986). Expression of the TT RNA polymerase gene in E.coli was then

induced at37oC by adding IPTG to the bacterial culture.

Prior to cloning the T7 RNA polymerase gene into pEDV-1, the T7 RNA polymerase

gene was isolated from T7 genomic DNA by exploiting the polymerase chain reaction (PCR).

This technique potentially allows for DNA fragments as large as the T7 RNA polymerase gene
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Figure 4.1 Conversion of PUC18 into PEDV-I

RBs f-Met* .$l- ÆL
FCCzuuTCacCTFcACCATGATTACeInTiCCAGCTCGGTACCCGGGGAT
T C CT T T GT C GATACT GGTAC TAATGCÎTÀAGC T CGAGCCATGGGCCCCTA

+
EcoRl digestion

RBS

AGGAAACAG CTAT GACCATGAT TAC G

T CC T T T GT C GATAC T GGTAC TAAT G CTTAA

+

_94-
A.AT T C GAGCT C GGTACCCGGGGAT

GCTCGAGCCATGGGCCCCTA

End-fill (dNTPs, Klenow polymerase)

f-Met

RBS f-Met

AGGAÄACAGCTAT GAC CAT GAT TACGA.A'T T

T CCTT TGTCGATACTGGTACTAATGCTTAA

-s4-AAT T CGAGCT CGGTACCCGGGGAT
T TAAGCT C GAGC CA T GGGCCCCTA

ReJigation of the blunt ends

I
RBS f-Met Thr Met Ile Th¡ Asn STOP Smal

AGGA.AAcAGcTATGAæilreerta-ccAATTAATTcGAGcTcGGTAcccGGGGAT
TCCTT TGTCGATACTGGTACTAATGCTTAATTAAGCT CGAGCCATGGGCCCCTA

Iægend

2¡l"gofpEDV-lwasdigestedrvi$l0unitsofEcoRl.orHindIIIinal0pl
reaction for 60 minutesä 3PC. The DNA was then electrophoresed through

a|%agwose-TAEgelandStainedwithl0pg/mlethidiumbromide.

E: oEDV-l dieested with EcoRl
H: þeov-t di[ested with HindIII

M: EcoRl-digested Phage SPP-I DNA



to be isolated from genomic DNA, with precisely defined termini (Saiki et al. 1986, Scha¡f et

al. 1986). This allowed a direct comparison to the previous approach of repairing Bal 31

nuclease-digested DNA with site-directed mutagenesis, as a means of isolating a specifrc DNA

fragment from genomic DNA, independently of restriction sites.

4.2 METHODS and RESULTS

4.2.1 Construction of expression vector pEDV-1

The cloning/expression vector described in this work was derived from pUC18. The P1u.

promoter in pUCl8 lies upstream from the coding region of a B-galactosidase gene, within

which is the EcoRl+HindIfI multiple cloning site polylinker. pUClS was designed to allow a

short peptide from the p-galactosidase gene to be fused to the translation product of a gene

cloned into the multiple cloning sites, and can be useful if the foreign gene lacks prokaryote

initiation signals.

The T7 RNA polymerase gene which is to be exmcted from T7 genomic DNA by

PCR (described below) includes 5'-untanslated sequence, including a RBS; hence, pUCl8

was modif,red by engineering a tra¡rslation stop codon at the start of the multiple cloning site

polylinker. The stop codon allows initiation of ranslation to occur from the first AUG codon

of the T7 RNA polymerase gene mRNA transcript rather than having the enzyme fused to a

B-galactosidase peptide.

Digestion of pUCl8 with EcoR1, followed by end hlling and religation of the blunt

ends results in the generation of the translation stop codon, in frame with the p-galactosidase

gene (see figure 4.1).

5 pg of pUC18 DNA was first digested with 10 units of EcoRl in medium salt buffer

for 90 minutes at37oC, in a reaction volume of 17 pl. The DNA was then end-filled by adding

1 pl of l0xend-frll buffer, 1 ¡tl of 1 mM dNTPs and 1 pl (1 unit) of Klenow polymerase and

incubated for 30 minutes at37oC. The DNA was then purifred on a l%o agarose-TAE gel,

isolated from the agarose with Bio-101 Geneclean and dissolved in water to a concentration of

150 ngl¡tl. The blunt ends of the DNA were then religated together by incubating 1 pl of the

DNA in a20 pl solution containing 50 mM Tris-Cl, p}J7 .6,5 mM MgCl2, 0.5 mM ATP, 0.5
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Fis.ure 4.2 Desierr of PCR primers for extracting the T7 RNA polymerase gene

from T7 genomic DNA

RBS f-Met Asn Thr

A: 5'- GAT T TAC TAAC T GGAÀGAGGCAC T A'U\T GA.A'CACG

5'- GAT T TAC TAAC T GGAÄ.GAGGCAC T3'B

A
B

: 5,-terminus of T7 DNA fragment bearing T7 RNA polymerase gene @avanloo et al. 1984)

: 24-merPCRprimer (RRS-887)

Phe Ala STOP T7 promoter 01.14

-JC: TTCGCGTAÀCGCCNU\T

Phe Ala STOP

D:' TTCGCGTAACGCCA'U\TC¡V\TACG4'ÇTç-31Iiill¡l¡ llll lllllllll lll
E: 3.- GCATTGCGGTTTAGTTATGCTGAG-5'

C: 3'-ærminus of T7 RNA polymerase gene and promoter 01.14

D: 3,-ærminus of fi DNA fragment bearing T7 RNA polymerase gene (Davanloo et al. 1984)

E: Z -merPCR primer (RRS-879)

TACGACTCACTAT



mM DTT 
^nd2 

units of T4 DNA ligase overnight at25oc. The entire ligation mixture was

used to transform 200 pl of competent E.coli JM101. The Eansformed bacteria were grown

ovemight at37oC on L-plates containing 100 pg/rnt ampicillin. Plasmids from six bacterial

colonies were isolated and digested with EcoRl or HindIII, in medium salt buffer. All

plasmids failed to be digested by EcoRl, indicating the absence of the EcoRl restriction site.

The multiple cloning site polylinker in pEDV-1 still maintained the unique Hind Itr site

downstream of the Sma I site. The HindtrI digestion of pEDV-1 was to verify that the plasmids

could be cut (see f,rgure 4.1).

4.2.2 Isolation of the T7 RNA polymerase gene from phage T7 DNA by

PCR

4.2.2.L Design of the PCR oligonucleotide primers

Given that the 5'-terminal nucleotide of the PCR oligonucleotide primers determines the limits

of the amplif,red DNA sequence, it is possible to extract a target sequence with absolute

precision. T)l.c E.coli clone described by Davanloo et al.(1984) which produces enzymically

active T7 RNA polymerase, explois a similar promoter (lac UV5) to the lac promoter in

pEDV-1, and as the DNA fragment which harbou¡s the T7 RNA polymerase gene does not

appear to affect the expression of the T7 RNA polymerase derimentally, it was decided to

extract, from T7 phage genomic DNA, a DNA fragment identical to that cloned by Davanloo

et al.(1984).

The T7 RNA polymerase clone described by Davanloo et al.(1984) is E.coli strain

HMS174 harbouring the recombinant vector pARl219, within which is the T7 RNA

polymerase gene, encoded in a Ï-derived DNA fragment that extends from 3,145 to 5,841

(I7 coordinates). Two 24-mer oligonucleotide primers, obtained from Bresatec, were designed

for use in the PCR to amplify the region of T7 genomic DNA from 3,145 bp to 5,841 bp

inclusive (see hgure 4.2).

4.2.2.2 PCR amplification of phage T7 DNA

The PCR protocol was determined empirically and was based on theoretical considerations
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described by Safü (1989)

Ten micrograms of T7 genomic DNA was digested in medium salt buffer with 14 units

of MboI, in a 20 pl reaction volume for 90 minutes at 3loc. The DNA was electrophoresed in

alVo agarose-TAE gel and stained with 10 pgrnl ethidium bromide. The first Mbo I restriction

site from the left end on the T7 genome is at position8,312. This S'-terminal8,312 bp MboI

restriction fragment (see figure 4.3) was isolated from the agarose using Bio-101 Geneclean

and the DNA dissolved in 20 pl of water.

The 50 pl reaction mixture contained about 150 ng of the Mbol-digested T7 DNA,

10 mM Tris-Cl, pH 8.4, 50 mM KCl, 1.5 mM MgCl2,2ltg of BSA, 200 pM of each dNTP,

1 pg of each 5'-phosphorylated 24-mer oligonucleotide primer and 3 units of Cetus Amplitaq

polymerase. The reaction mixture was incubated in a Cerus Thermal Cycler with denaturation

for 30 seconds at94oc, annealing for t minute at 55rc and extension at 72oC for 5 minutes,

through 30 cycles.

4.2.2.3 Cloning the PCR-derived DNA into E.coli

The PCR mixture from Exp. 4.2.2.3 was electrophoresed through a l%o af,arcse-TAE gel and

stained with 10 ttglml ethidium bromide. Visualisation of the gel under long wavelength UV

light showed a single band which co-migrated with a 2.7 kbp DNA marker (data not shown).

The DNA was purified from the agarose with Bio-101 Geneclean and dissolved in 20 pl of

water. A 10 pl sample of the DNA was ligated to 100 ng of Smal-cut, dephosphorylated

5
I

15
I

20
I

25
I

30 35

8,372

MboI restriction map of T7 genomeFieure 4.3

I kbp

1

10
I

MboI 39,936MboI MboI MboI
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pEDV-1 in a 20 ¡rl solution containing 50 mM Tris-Cl, p}l7.6,10 mM MgCl2, 10 mM DTf,

57oPEG 8000 and 7 units of T4 DNA ligase. The reaction proceeded overnight at 25oC. The

ligation mixture was used to transform 200 pl of competent E.coIí JM101. The transformed

bacteria were grown overnight at37oC on L-plates containing 100 pglpt ampicillin, yielding 88

colonies. There were no background colonies .

4.2.3 Assay for enzymically active T7 RNA polymerase E.coli clones

The bacterial colonies were toothpicked into 3 ml of L-broth containing 100 pdrnl ampicillin

and incubated at 37oC until the A6¡6 reached 1.0, and were then induced with IPTG to a final

concentration of 1 mlv{- A 1 ml sample of each induced culture was sonicated for 3 x 10

seconds and spun in an Eppendorf centrifuge for 15 minutes at 5oC. A 1 pl aliquot of

supernatant was assayed in a 50 pl solution containing 40 mM Tris-Cl, pH 8.0, 8 mM MgCl2,

5 mM p-mercaptoethanol, I mM KH2PO4, 0.4 mM of each NTP, 10 pCi (3.3 pmoles) cr-32p-

UTP and I Wg'n DNA. The reaction proceeded for 10 minutes at 37oC and was stopped by

spotting 40 ¡rl onto a Whatrnan GF/A filter and washing in 3 x 100 rnl of 1 M HCI /I7o

NaaP2OT /17o Kfl2Ða at 4oC. The filters were washed briefly in ethanol, dried and measured

by liquid scintillation counting.

Only one of the bacterial cultures, designated RS51, expressed active T7 RNA

polymerase and was used in the following experiments.

4.2.4 Validation of expression vector pEDV-1

Verification that the T7 RNA polymerase expressed from E.coli RS51 is not a fusion protein

was achieved by electrophoresing IPTG-induced bacteria on a polyacrylamide gel, transferring

the proteins electrophoretically to a polyvinylidene difluoride membrane, staining with

Coomassie blue R and then loading the Mr 98,000 protein onto an Applied Biosystems protein

sequencer. The method is described in detail in Exp. 3.3.11.5.

Analysis of the HPLC prohles from the Protein Sequencer revealed the amino terminal

sequence.
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r23
Met Asn Thr

Met Asn Thr

4567
IIe Asn lle AIa

IIe Asn lle Ala

10 ll 12

Asp Phe 2

Asp Phe Ser

13 14 15

Asp lle ?

Asp lle Glu

89
Lys Asn

Lys Asn

T6

Leu

Leu

T7

Ala

Ala

(Note: the protein sequence data is shown above the known T7 RNA polymerase amino.

terminal amino acid sequence. '?'indicates unreadable data).

The first eleven amino terminus amino acids of the sequenced Mr 98,000 protein

unambiguously matched the conesponding amino acids in T7 RNA polymerase, indicating the

presence of a functional stop codon 5' to the T7 RNA polymerase initiation codon.

4.2.5 T7 RNA polymerase expression in E.coli RS51

The commercial utility of E.coli RS51 was determined by inducing a liquid culture with IPTG

and sampling the induced culrure at hourly intervals. The samples were then assayed for T7

RNA polymerase activity and were also examined by SDS-PAGE.

A sample of E.coli RS51 was incubated at 37rc in 50 ml of L-broth containing 100

pglrnl ampicillin until the A6¡p reached 1.0. Two 1 ml aliquots of the culture were spun in an

Eppendorf centrifuge for 5 minutes and the pellets stored at -20 oC. These samples were used

as conrols for determining the level of T7 RNA polymerase expression prior to induction by

IPTG. The remaining culture was induced by adding IPTG to a f,rnal concentration of 0.5 mM,

with continued incubation at 37oC. At intervalsof 2.25,3,4,5,7.6,9 and23 hours, 1 ml

aliquos of culture were were spun in an Eppendorf centrifuge for 5 minutes and the pelles

stored at -200C.

4.2.5J Assay of enzyme activity

Shortly before assaying for T7 RNA polymerase activity, the pelleted cells were

resuspended in 200 ¡rl of 40 mM Tris-Cl, pH 8, 8 mM MgCt2 and lmM p-mercaptoethanol,

sonicated for 10 seconds and then spun in an Eppendorf centrifuge for 20 minutes. The

supernatant was diluted 1:10 into a solution containing 40 mM Tris-Cl, pH 8, 8 mM MgCl2,

lmM p-mercaptoethanol, 100 pgml BSA and 57o glycerol. The dilution was found to be
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necessary to keep the amount of 32P-hbelled RNA to a level that would give an accurate assay

from the scintillation counter.

A 1 pl aliquot of diluted supernatant was assayed in a 50 pl solution containing 40 mM

Tris-Cl, pH 8.0, 8 mM MgC12, 5 mM p-mercaptoethanol, 1 mM KH2POa, 0.4 mM of each

NTP, 2.5 pCi (0.8 pmoles) cr-32P-UTP and 1 ¡rg T7 DNA. The reaction proceeded for 10

minutes at37oC and was stopped by spotting 10 pl onto a Whatman GF/A filter and washing

in 3 x 100 ml of 1 M }lCI lIVo NaaP2OT /l7o \(fl2Ðaat 4oC. The filters were washed briefly

in ethanol, d¡ied and measured by liquid scintillation counting.

The time-cou¡se demonstrated that optimal recovery of T7 RNA polymerase from

E.coli RS51 is 3 hours after IPTG induction (see f,rgure 4.4).

4.2.5.2 Examination of E.colí RS51 by SDS-PAGE.

Pelleted bacteria from Exp.4.2.5 were resuspended in 100 pl of loading buffer, heated at 90oC

for five minutes and20 pl samples were then loaded onto an SDS-polyacrylamide gel as

described in the Methods chapter (2.1.8) except that a 4Vo stacking gel was used.

Each 20 pl sample of E.colí RS51 ttrat was loaded onto the SDS-polyacrylamide gel

Figure 4.4 Time-course of T7 RNA polymerase expression in lPTG-induced E.coliRS51
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Figure 4.5 Expression of fi RNA polymerase from E.cclj Rs5l (Exp. 4.2.5)

Incubation time after IPTG-induction (hours)
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T7 RNA
polymerase
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Mt: Phosphorylase b Mr 97,400

Mz: Amersham Rainbow protein ma¡kers

M¡: T7 RNA polymerase + BSA (Bresatec)



contained the equivalent of 200 pl of bacterial culture. Since each track of the ge1 received the

same volume of bacteria, the amount of protein in each track was primarily a function of cell

number. Consequently, the difference in protein expression between the pre-induced and

IPTG-induced samples was difficult to quantify. Nevertheless, the data demonstrates that the

IPTG-induced samples expressed a protein which co-migrated with, and had the same intensity

as a sample of T7 RNA polymerase (from Bresatec Ltd.) that was used as a marker (see figure

4.s).

The T7 RNA polymerase marker was approximately 200 units of enzyme,

consequently the culture of induced E.coli RS51 is expressing at least 1 million units of T7

RNA polymerase per litre of culture.

4.3 DISCUSSION

Clearly, the PCR protocol is appropriate for extracting a2.7 kbp DNA fragment from genomic

DNA. The highly specific assay for T7 RNA polymerase enabled the rapid identifrcation of

positive clones from among the transfonnarìts. The nucleotide sequence of the PCR-derived T7

DNA fragment ín E.coli RS51 has yet to be determined, so it remains possible that a

mutation(s) could have been introduced by the PCR. A report by Tindall and Kunkel (1988)

indicated a Taq polymerase error rate of 104 in the amplification of the p-galactosidase gene,

therefore on that error rate, the2.'7 kbp T7 RNA polymerase gene could be expected to average

about 7 nucleotide substitutions. Since only one of the 88 transformants from 8xp.4.2.2.3 was

expressing T7 RNA polymerase, it is possible that most of the other transformants were full-

length T7 RNA polymerase clones but with loss of function mutations. The 87 transformants

not expressingT7 RNA polymerase were not studied further.

The induction of T7 RNA polymerase expression in E.coli RS51 by IPTG was

followed 3 hours later by a peak level of T7 RNA polymerase activity. The measured level of

T7 RNA polymerase activity deøeased after 3 hours, dropping to half-maximal level by 10

hours after induction. The expression of T7 RNA polymerase reported by Davanloo et al.

(1984) and Tabor and Richardson (1985) also exhibited a peak of activity 3 hours after

induction, followed by a rapid decrease in activity. The kinetics of T7 RNA polymerase
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expression and degradation in E.coli RS51 are unknown. Hence, the decreasing leve1 of

enzyme activity after 3 hours could reflect a number of factors, such as a decreasing rate of

enzyme synthesis with a constant rate of degradation or a constant rate of synthesis with an

increasing rate of degradation.

The proteolytic cleavage of T7 RNA polymerase in E.coli is known to occur between

amino acidTl2 (lysine) and amino acid773 (arginine), giving rise to Mr 78,000 and Mr

20,000 fragments (Tabor and Richardson 1985). The protease mostly responsible for this is

believed to be an outer membrane endoprotease, OmpT (Grodberg and Dunn 1988). These

authors isolated ompT deletion strains by examining the ability of va¡ious E.coli strains for

their ability to cleave T7 RNA polymerase. One of the ompT deletion strains, an E.coli B strain

(BLZI), was already being used for the expression of T7 RNA polymerase from the cloned

gene (Studier and Moffatt 1986). The advantage of expressing fi RNA polymerase from

ompT deletion s[ains is the ability to geatly increase the time of induction without losing the

protein throu gh proteolysis.

Apart from the need to test the value of PCR in isolating a large DNA fragment without

mutations, the work described in this chapter aimed to determine the value of attenuating the

level of T7 RNA polymerase expression.

The level of expression, from a lac promoter, of T7 RNA polymerase in E.coli

RS5lwas very low in comparison to the level of expression observedin E.coli RS101

(Exp.3.3.10) which was controlled by the lambda P¡ promoter. A quantitative estimate of the

amount of T7 RNA polymerase protein produced by IPTG-induced E.coli RS51 has yet to be

determined, nonetheless the qualitative data provided by the protein gel (Exp.4.2.5.2) indicated

that the T7 RNA polymerase accounts for only a few percent of the total cellular protein.

The use of an IPTG-inducible lac promoter for expression of T7 RNA polymerase in

E .coli RS 51 certainly contributed to the yield of enzymically active protein, but the magnitude

of its contribution is unknown. The differences betwe en E .coli strains RS 1 0 1 and RS 5 1 also

included different temperatures of gene induction and variation in the RBS and spacer

sequences, either of which can effect the expression of protein in an active, soluble form

(Stanssens et a1. 1985, V/hite and Richardson 1988)"
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CHAPTER 5

BACTERIOPHAGE SP6 RNA POLYMERASE

.ISOLATING THE PHAGE SP6 RNA POLYMERASE GENE BY THE

POLYMERASE CHAIN REACTION

.EXPRESSION OF THE PCR.DERIVED SP6 RNA POLYMERASE GENB IN

E.COLI

57



5.1 INTRODUCTION

Bacteriophage SP6 has a double stranded DNA genome of about 43,500 bp that encodes an

RNA polymerase which is highly specific for SP6 promoters (Chamberlin et al. 1970). The

SP6 promoters Íre not recognised by other RNA polymerases. The protein has an Mr of

96,000 and is a single polypeptide (Butler and Chamberlin 1982).

SP6 RNA polymerase can be obtained from SP6-infected S.ryphímuriurn.However,

unlike the large scale purification of T7 RNA polymerase from T7-infected E.coli, the yields of

SP6 RNA polymerase are reasonable, and the enzyme is relatively stable. Nonetheless, cloning

the SP6 RNA polymerase gene allows for a significantly greater yield of SP6 RNA

polymerase/gram of bacteria and also avoids having to prepare large SP6 phage stocks.

The SP6 promoter was used to construct the first in a series of highly eff,rcient

transcription vectors, pSP6a/5 (Melton et al. 1984, Krieg and Melton 1984). The commercial

porential of SP6 RNA polymerase, and the need for large amounts of the enzyme for RNA

transcriptions, provided the impetus for cloning the SP6 RNA polymerase gene into E.colí.

Prior to the cloning of the SP6 RNA polymerase gene by Kotani et al.(1987) the locus

for the gene was unknown, though a restriction map of the SP6 genome was available

(Kassavetis et aI.1982). However considerable evidence indicated that SP6 genomic

organization was similar to that of phage T7. Transcription of SP6 DNA with SP6 RNA

polymerase was found to be from one strand of the genome and resulted in discreet transcripts,

indicating multiple SP6 promoters (Kassavetis et aI.1982).

Given that both SP6 a¡rd T7 phage a¡e simila¡ in having phage-encoded, phage

promoter-specihc RNA polymerases, our initial attempt at locating the SP6 RNA polymerase

gene assumed the possibility that the gene was located near an SP6 promoter, which could

complicate cloning the gene, but which could be a useful marker.

Essentially, the strategy involved probing SP6 DNA restriction fragments with a 5'-

32P-labelled 25-mer oligonucleotide which matches the DNA sequence of the SP6 promoter in

the transcription vector pSP64. After hybridizing the oligonucleotide probe to the SP6 DNA

restriction fragments, the probe was washed from the f,rlter in the presence of tetamethyl

ammonium chloride (Wood et al. 1985). This negated the dissimilar binding kinetics between
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A-T and G-C pairs, allowing for sensitive mapping of homologous sequences.The probe

identif,red al.94kbpregionof theSP6genome(39.45 kbpto 4I.39 kbp)whichboundthe

probe, indicating that if ttre SP6 promoters have a conserved sequence, they are not identical.

The existence of multiple conserved-sequence SP6 promoters was later demonstrated by

Brown et al.(1986).

The report by Kotani et al.(1987) of a cloned SP6 RNA polymerase gene ended our

need to find the gene locus. The development of the polymerase chain reaction made the

isolation, cloning and expression of SP6 RNA polymerase in E.coli a relatively trivial

procedure.

5.2 METHODS and RESULTS

5.2.1 Isolation of the SP6 RNA polymerase gene by PCR

5.2.1.L Design of the PCR oligonucleotide primers

The PCR oligonucleotide primers were designed from the DNA sequence data of Kotani et al.

(1987). The PCR primers were designed to amplify a region of DNA that includes the RNA

polymerase gene, its RBS and some DNA 3' to the stop codon (see figure 5.1).

5.2.L.2 PCR amplification of phage SP6 DNA

Five micrograms of SP6 genomic DNA was digested in medium salt buffer with 8 units of

Bgl II, in a20 pl reaction volume for 90 minutes at 37rc. Following this, 60 ¡tl of water was

added to the DNA solution, bringing the DNA concentration to 60 nglpl.

The 50 pl PCR mixture contained 60 ng of the Bgl Il-digested SP6 DNA, 10 mM

Tris-Cl, pH 8.4, 50 mM KCl, 1.5 mM MgCl2,2ltg of BSA, 200 pM of each dNTP, 1 pg of

each 5'-phosphorylated 24-mer oligonucleotide primer and 4 units of Cetus Amplitaq

polymerase. The reaction mixture was incubated in a Cetus Thermal Cycler with denaturation

for 30 seconds at94oc, annealing for I minute at 55oC and extension at 72oCfor 5 minutes,

through 30 cycles.
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Figure 5. Design of PCR primers for ext¡acting the SP6 RNA polymerase gene

from SP6 genomic DNA

RBS f-!k, gl
A: 5 I - GCGCTCA.ATTAÀGTTTTCTAGTACCGCATGAGGAT.A'CAAGATGCAA' .

B: 5 L GTACCGCATGAGGATÀCAAGATGC -3 I

A: S'-terminus of SP6 RNA polymerase gene (Kotani et al. 1987)

B: RRS-?82 24-mer oligonucleotide PCR primer

Àsp Ser Gl-u Tyr Val Phe Àla STOP

C: . . . GGATTCTGAATACGTATTIGCCTAÀTAGÀ.ACAA. ?r

Iililllililililrilllllll
D: 3r- AÀGACTTATGCATAÀACGGATTAT -5'

C: 3'-terminus of SP6 RNA polymerase gene (Kotani et at. 1987)

D: RRS-783 24-mer oligonucleotide PCR primer

5.2.2 Cloning the PCR-derived DNA into E.colí

The PCR mixture from Exp. 5.2.1.2 was electrophoresed through a 7Vo asarose-TAE gel and

stained with 10 pgml ethidium bromide. Visualisation of the gel under long wavelen$h UV

light showed a single band which cc.migrated with a 2.7 kbp DNA ma¡ker (data not shown).

The DNA was purified from the agarose with Bio-101 Geneclean and dissolved in 20 ¡tl of

warer. A 10 pl sample of the DNA was ligated to 100 ng of Smal-cut, dephosphorylated

pEDV-1 in a 20 pl solution containing 50 mM Tris-Cl, pH 7.6, 10 mM MgCl2, 10 mM DT'f,

57o PF:G 8000 and 7 units of T4 DNA ligase. The reaction proceeded overnight at 25oC. The

ligation mixture was used to transform 200 pl of competentE.coli JM101. The transformed

bacteria were grown overnight at37oc on L-plates containing 100 pglpl ampicillin, yielding

104 colonies. There were no background colonies.

5.2.3 Assay for enzymically active SP6 RNA polymerase E.colí clones

Sixty of the bacterial colonies were toothpicked into 3 ml of L-broth containing 100 ¡tg/ml

ampicillin and incubated at 37oC until the A6¡p reached 1.0, and were then induced with IPTG
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to a final concentration of 1 mM. A 1 ml sample of each induced culture was sonicated for 3 x

10 seconds and spun in an Eppendorf centrifuge for 15 minutes at 5oC. A 1 pl aliquot of

supernat¿urt was assayed in a 50 ¡rl solution containing 40 mM Tris-Cl, pH 8.0, 8 mM MgCl2,

5 mM p-mercaptoethanol, I mM KH2PO4,0.4 mM of each NTP, 10 pCi (3.3 pmoles) cr-32p-

UTP and 1 pg SP6 DNA. The reaction proceeded for 10 minutes at37oc and was stopped by

spotting 40 pl onto a Wharnan GF/A filter and washing in 3 x 100 ml of 1 M }JCI ll%o

NaaP2OT /l7o l{fl2Ðaat 4oC. The filters were washed briefly in ethanol, dried and measured

by liquid scintillation counting.

Eight of the bacterial cultures expressed active SP6 RNA polymerase and the most

active of these, designated E.coli RS49, was used in the following experiments (see f,rgure

s.2).

Figure 5.2 Assay of SP6 RNA polymerase activity in E.coli IiNll}l
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5.2.4 Protein sequencing the SP6 RNA polymerase from E.coli RS49

E.coli RS49 was used by Bresatec for the commercial preparation of SP6 RNA polymerase,

essentially as described by Butler and Chamberlin (1981) except the SP6 RNA polymerase
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gene was induced by adding IPTG to the culture, to a final concentration of 0.4 mM, after the

culture had reached an Aooo of 0.8. The bacteria were then pelleted by centrifugation and

ruptured by two passes through a French pressure cell. The E.coli RS49-derived SP6 RNA

polymerase used in this and the following experiment was donated by Bresatec.

Approximately 20 ¡tgof E.coli RS49-derived SP6 RNA polymerase was

electrophoresed on a polyacrylamide gel, and then transferred electrophoretically to a

polyvinylidene difluoride membrane, stained with Coomassie blue R and then loaded onto an

Applied Biosystems protein sequencer. The method is described in detail in Exp. 3.3.11.5.

The purification step was necessary to remove the BSA component in the enryme storage

buffer.

Protein sequencing unambiguously revealed the first nineteen amino acids of the

purified SP6 RNA polymerase, which exactly matched the sequence predicted by Kotani et al.

(1987) from their DNA sequence data.

5.2.5 Qualitative SP6 RNA polymerase transcription assay

E.coli RS49-derived SP6 RNA polymerase was compared to SP6 RNA polymerase identically

purifred from SP6-infected S.ryphímwiurn,to verify that RNA transcripts from the cloned

enzyme showed no aberrations.

The 20 pl transcription reactions contained 40 mM Tris-Cl, p}l7.6,6 mM MgCl2,

0.5 mM ATP, 0.5 mM GTP, 0.5 mM CTP, 150 ¡rM UTP, 17 pmoles q,-32P-UTP (3,000

CVmM), 2 pg BSA, 10 mM DTT, 1 pg transcription template (see below) and 4 units SP6

RNA polymerase.

One unit of enzyme is defined as the amount required to catalyse the incorporation of

UTP into an acid-insoluble form at the rate of I nmole/hour in a 10 minute reaction at37oc

(Butler and Chamberlin 1982). The assay template, pSH-l, is an SP6lf7 transcription vector

(pSP72) that harbours a 406 bp DNA fragment. Digestion of pSH-1 with SacI, followed by

ranscription with SP6 RNA polymerase results in the generation of a262 nucleotide major

transcript.

The transcription products were analysed by electrophoresis through a l5%o
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Fi-qure -5.3 Comparison of SP6 RNA polymerase RNA transpripts:
Clonèd en zyme vs S P6-infected S. rypålnøriurn-derived en zyme

2 M

501
489

404

33t

ffi
242

190

147

The assay template, pSH-1, contains a 406 bp insert next to an SP6
promotei. The vectoi was linearized with Sacl. Transcription with
Sp0 nNR polymerase generates a262 nt major transcript.

1 : S P6-infec te d S.ty p him urium-deriv ed enzyme
2: Enzyrrre front E.coli RS49

M: End-filled Hpall-digested pUClS markers



polyacrylamide, 8 M urea gel, followed by autradiogtaphy (see figure 5.3). The E.coli RS49-

derived SP6 RNA polymerase produced identical transcripts to those directed from pSH-1 by

the SP6 RNA polymerase purified from SP6-infected S.ryphimuriurn.

5.3 DISCUSSION

Isolation of the SP6 RNA polymerase gene from genomic DNA by PCR was successful and

posed few technical diffrculties. The selection of an E.coli clone harbouring the SP6 RNA

polymerase gene was made on the basis of a functional assay. Consequently, it was possible to

screen the bacterial transformans directly and quickly, so in the event of a very high mutation

rate, it would still be possible to identify a positive clone from a large background of

undesirable bacterial colonies.

An interesting result from Exp.5.2.3 is that clone number 51 showed 307o of the SP6

RNA polymerase activity as clone number 49 (E.coli RS49). The SP6 RNA polymerase gene

in the latter clone has not been DNA sequenced, but the enzyme isolated from the E.coli

JMl0lbearing this PCR-derived gene was purified to homogeneity, and was found to direct

the synthesis of identical RNA transcripts from an SP6 promoter as did the SP6 RNA

polymerase purihed from phage SP6-infected Salmonella typhimurium. Whether the SP6 RNA

polymerase expressed by clone number 51 is produced at a lower level than in E.coli RS49 or

is partially inactive has yet to be determined.
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GENERAL DISCUSSION

This work describes the gene cloning and expression, in E.coli, of the RNA polymerases from

bacteriopha ge T7 and SP6.

The major problem complicating the cloning of the full-length RNA polymerase genes

from both T7 and SP6 was known to be the deleterious effect to E.coli of being transformed

with plasmids encoding the RNA polymerase gene and also the phage-specifrc RNA

polymerase promoter (Davanloo et a1.1984, Kotani et aI.1987). Expression of the T7 and SP6

RNA polymerases from the cloned genes fintly involved the isolation of DNA fragments from

which the phage-specifïc promoters had been removed. The approaches used by Davanloo et

al.(1984) and Kota¡ri et al.(1987) toward that end were very different.

f)avanloo et at.(1984) took advantage of the complete genomic nucleotide sequence

and genetic mapping data of phage T7 in producing a heteroduplex DNA species from T7

double-deletion strains. Their heteroduplex DNA encoded the T7 RNA polymerase gene and its

RBS but lacked the T7 promoter 01.14.

By contrast, the SP6 RNA polymerase gene locus was unknown. Butler and

Chamberlin (1982) had previously determined ttre apparent molecula¡ weight of SP6 RNA

polymerase and in doing so predicted the approximate size of the SP6 RNA polymerase gene.

Furthermore, Kassavetis et al.(1982) had demonstrated va¡ious similarities of SP6 RNA

polymerase to the RNA polymerase from phage T7. In particular, Kassavetis et a1.(1982)

demonstrated that transcription of SP6 DNA with SP6 RNA polymerase resulted in discreet

transcripts towa¡d the right terminus of the genome, suggesting the presence of multiple SP6

promoters. SP6 RNA polymerase was also found to be highly specific for the SP6 promoter.

Together, these frndings indicated that both T7 RNA polymerase and SP6 RNA polymerase

were specific for their respective promoters and transcribed their genomes from promoters

which are spaced to control the expression of late function genes.

Kotani et al.(1987) DNA-sequenced the SP6 genome until they identifred an open

reading frame long enough to encode the SP6 RNA polymerase protein that was also near the

left terminus of the genome. Having determined ttre SP6 RNA polymerase gene locus, Kotani
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et al.(1987) cloned an SP6 DNA fragment which encoded the RNA polymerase gene into

E.coli. They were unable to identify bacterial colonies harbouring the SP6 RNA polymerase

gene. By reasoning that an SP6 promoter was located on the DNA fragment they had attempted

to clone into the bacteria, they digested the DNA fragment with Bal 31 exonuclease to produce

arange of DNA fragments. Some of these were successfully cloned tnto E.colí. Reducing the

size of the fragment which was lethal to E.coli potentially enabled the isolation of a full-length

SP6 RNA polymerase gene without the SP6 promoter. Transformation of E.coli with the Bal

31 nuclease-digested DNA was expected to produce viable clones harbouring either a partial-

length SP6 RNA polymerase gene with or without the SP6 promoter, or a full-length SP6

RNA polymerase gene without the SP6 promoter. One of thetr E.coli clones expressed

enzymically active SP6 RNA polymerase.

The difficulties for other laboratories in cloning the T7 and SP6 RNA polymerase genes

or any gene first cloned by the methods used by Davanloo et al.(1984) and Kotani et al.(1987)

are not completely overcome simply because the gene loci and DNA sequence is known.

Our initial approach to cloning the T7 RNA polymerase gene used combination of

imprecise and highly specific techniques. A T7 DNA restriction fragment encoding the RNA

polymerase gene and the T7 promoter was digested with Bal3l nuclease and a partial-length

T7 RNA polymerase gene was isolated and cloned into E.coli. Reconstruction of the gene to a

fullJength T7 RNA polymerase gene was accomplished by exploiting the site-directed

mutagenesis technique developed by Tnller and Smith (1983). Ou¡ second approach to cloning

the T7 RNA polymerase gene used the PCR to extract the gene from T7 DNA. Both

approaches to cloning the T7 RNA polymerase gene were successful.

The PCR approach involved only one step to isolate the T7 RNA polymerase gene

away from the genome, whereas the hrst approach required considerable manipulation of T7

DNA before a full-length T7 RNA polymerase gene was generated. However the first

approach, in using site-directed mutagenesis to repair a partialJength gene, used E.coli to

repair the deletion. The main limitation of our first approach was determined by the size of the

DNA fragment that could be cloned into the M13 RF DNA. This problem could have been

overcome by initially cloning the partial-length T7 RNA polymerase gene into a plasmid that
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also contained an fl origin of replication. This would have enabled the isolation of single-

stranded DNA for the mutagenesis reaction from the double-stranded plasmid by superinfection

of the bacterial host with helper phage. Any limitations to the use of single-stranded DNA for

site-directed mutagenesis could also be overcome to some extent by exploiting restriction site-

independent techniques for site-directed mutagenesis of double-stranded plasmid DNA.

We also used the PCR to isolate the SP6 RNA polymerase gene, which was

subsequently cloned into E.coli and found to express enzymically active SP6 RNA

polymerase. A signifrcant limitation of the PCR is the error rate of misincorporated nucleotides

causedbytheuseof TaqDNApolymerase invítro (TindallandKunkell 1988).Howeverif a

functional assay for a protein is available, the PCR-induced mutations may not be a

fundamental problem as non-mutated proteins may still be identifred from a background of

PCR mutants.
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