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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.



ABBREVIATIONS

Ag00 absorbance at 600 nm

BSA bovine serum albumin

CIp calf intestinal alkaline phosphatase
dNTP deoxynucleoside 5'-triphosphate
DTT dithiothreitol

EDTA ethylenediaminetetraacetic acid
GF/A glass fibre disk

HPLC high performance liquid chromatography
IPTG isopropyl-B-D-thiogalactopyranoside
kbp kilobase pair

NP40 Nonidet P40 detergent
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PCR polymerase chain reaction

PEG polyethylene glycol

PNK T4 polynucleotide kinase

RBS ribosome binding site

RF replicative form

SDS sodium dodecyl sulphate

SP6 bacteriophage SP6

T7 bacteriophage T7

TAE Tris acetate EDTA buffer

TBE Tris borate EDTA buffer

TEMED N,N,N',N',-tetramethylenediamine
TMAC tetramethylammonium chloride

Tris tris(thydroxymethyl)aminomethane



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 upstream to a promoter element, ¢1.1A (see figure 1).

Figure 1 The 5,822 bp fragment of BstN1-digested T7 DNA +1 (start of RNA)
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A DNA fragment encoding both the T7 RNA polymerase gene and promoter ¢1.1A 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 ¢1.1A (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 oligonucleotide mutagenesis.

Site-directed oligonucleotide mutagenesis using bacteriophage M13mp18 (Zoller and Smith
1983) was used in conjunction with Bal 31 nuclease to isolate the T7 RNA polymerase gene. The
strategy was to intentially over-digest ,with Bal 31 nuclease, a restriction fragment of T7 genomic
DNA that contained the T7 RNA polymerase gene and the potentially lethal promoter ¢1.1A, size

the fragments and then clone appropriately sized fragments into E.coli. The resulting bacterial



colonies will contain a recombinant vector in which there is a deletion of the T7 promoter ¢1.1A,
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 control of the leftward promoter (P) from bacterophage
lambda using the expression vector pPLC236 (Remaut et al. 1981). The E.coli 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 30°C to 42°C. The RNA polymerase
was expressed to a very high level 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 determined by
dideoxysequencing and found to match the sequence published by Moffatt et al. (1984).

In addition, the recombinant T7 RNA polymerase was purified and subjected to N-terminal amino
acid sequencing, revealing that the first 12 amino acids of the protein matched the first 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.coli at 42°C, yielded protein which was enzymically inactive.
However, attenuating the expression level of T7 gene 19 from the Py, promoter resulted in the
recovery of T7 gene 19 protein which showed enzymic activity (White and Richardson 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-1) downstream of a controllable promoter (Pjac),
which exhibits weaker promoter strength in vivo than the Py, promoter (Deuschle et al. 1986).
Expression of the T7 RNA polymerase gene in E.coli was then induced at 37°C 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. 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 specific 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 Py,
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 extracted from T7 genomic DNA with two

24-mer PCR primers (see figure 2).

Figure 2 Isolation of the 2.7 kbp PCR DNA fragment encoding the T7 RNA polymerase gene
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The 2.7 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 ¢1.1A. 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 (Pjzc) and
cloned into E.coli IM101.

Induction of the gene at 37°C 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 controllable 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 IM101. The SP6 RNA polymerase isolated from the
recombinant E.coli 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

typhimurium.

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 chain reaction.
2. Purification of the PCR products by agarose gel 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 IM101.

4. The E.coli transformants 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 were assayed for either SP6 RNA polymerase
or T7 RNA polymerase activity.

Among the E.coli transformants (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

its highly specific enzymic assay.
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CHAPTER 1

INTRODUCTION



The work reported in this thesis was directed towards developing strategies for optir'hi.s_i_ng the,_;_'
processes of cloning and expressing genes in bacteria. o

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
researchers 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 difficult. 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, or perhaps 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 convenient placcment of restriction 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 task of reproducing a gene-cloning experiment very difficult.

Essentially, the problem to be overcome in cloning the T7 RNA polymerase gene, in a
form that expressed enzymically active T7 RNA polymerase (Davanloo 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, ¢1.1A. Cloning a T7 DNA fragment encoding both the
T7 RNA polymerase gene and the T7 promoter ¢1.1A was found to be lethal to E.coli
(Davanloo 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 ¢1.1A
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



Figure 1.1 Initial strategy for isolating the T7 RNA polymerase gene away
from promoter ¢1.1A
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within the promoter which would not also digest the gene into fragments. Cloning of the T7
RNA polymerase gene by Davanloo et al.(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 ¢1.1A. 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.coli
using biochemical techniques, which could be applied to the rapid re-cloning of other genes.

When this research project began, the most promising methods for extracting specific
DNA sequences from genomic DNA involved a variety of site-directed mutagenesis techniques
(Wallace et al.1981, Zoller and Smith 1982). Site-directed mutagenesis using phage M13
enables a target DNA sequence to be modified precisely, but first 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 5'-end of the primer
binding at the start of the T7 promoter ¢p1.1A. 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 2.6 kb 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
¢1.1A. Unfortunately, the strategy 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 techniques. Essentially, nuclease Bal 31 was used

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



length gene was subsequently reconstructed by site-directed mutagenesis. Although this
strategy yielded an E.coli clone bearing a full-length 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 the RNA polymerase genes
from T7 and SP6 genomic DNA was then examined. The genes for both T7 and SP6 RNA
polymerase were successfully isolated with this approach. Subsequent cloning of these genes

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



CHAPTER 2

MATERIALS and METHODS



2.1 MATERIALS
2.1.1 Reagents

General laboratory reagents were of analytical grade.

Acrylamide: Sigma Chemical Co.

Agarose: Sigma Chemical Co.

Amberlite MB-1 ion exchange resin: Sigma chemical Co.

Ampicillin (sodium salt): Sigma Chemical Co. Stock solutions (50 mg/ml in water and stored
at -200C).

Ammonium persulphate: May and Baker.

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

Bovine serum albumin: Bresatec (Adelaide). Acetylated before use to remove nucleases
according to the procedure of Gonzalez et al.(1977) and kept as a 10 mg/ml solution in
water at -200C.

CsCl: Bethesda Research 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 been r
edissolved fro ninhydrin, followed by lyophylization and redissolving the compounds
in water and storing at -200C.

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

Ethidium bromide: Sigma Chemical Co. Stored as a 10 mg/ml solution in water at 4°C.

EDTA: Disodium salt. Sigma Chemical Co.

Formamide: B.D.H. Laboratories. Aust. De-ionised and stored in the dark at -20°C.

IPTG: Sigma Chemical Co. Stored as a 100 mM solution in water at -20°C.

B-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 -20°C.

PEG 8000: Sigma Chemical Co.

SDS: Sigma Chemical Co.



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 Nitrocellulose membrane (BA8S 0.45) were from Schleicher
and Schuell. Geneclean kits for DNA purification (Vogelstein and Gillespie 1979) from

Bio-101 (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 31 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
0-32P-dATP, o-33S-dATP, a-32P-dCTP, o-32P-UTP and y-32P-ATP (3,000 Ci/mmole) were

from Bresatec.

2.1.4 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 primers for Exp. 4.2.2.2



RRS-887 5'-dGATTTACTAACTGGAAGAGGCACT-3'

RRS-879 5'-dGAGTCGTATTGATTTGGCGTTACG-3'
PCR primers for Exp. 5.2.1.2

RRS-782 5'-dGTACCGCATGAGGATACAAGATGC-3'

RRS-783 5'-dTATTAGGCAAATACGTATTCAGAA-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 purpose 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 (Krieg and Melton 1987) was supplied by Bresatec. This vector
contains bacteriophage SP6 and T7 promoters for transcriptions in vitro of DNA cloned into
the multiple cloning site polylinker.

Plasmid pPLC236 (Remaut et al.1981) was a gift from Dr. Barry Egan, Biochemistry
Department, University of Adelaide. The vector contains the rightward promoter from
bacteriophage lambda. In the appropriate host (E.coli E832) a gene cloned into the few cloning
sites can be induced by heat induction at 420C.

Plasmid pEV601 (Brumby 1986) was a gift from Dr. Barry Egan, Biochemistry
Department, 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 IM101: A(lac, pro) supE44 thi F' traD36 proAB lacid ZAM15 (Messing 1979).
E.coli MC1061: araD139 A(ara, leu)7697 AlacX74 gal U- gal K- hsr hsm¥strA (Casadaban
and Cohen 1980).



E.coli E832: M72 lacZam SmR Abio-uvrB AtrpEA2 (A Nam 7 Nam53 cI857AH1)
AH1 deletes A genes cro-R-A-J-b2 (Bernard et al. 1979).
E.coli B.
S.typhimurium LT2.
Bacteriophage T7 and Bactriophage SP6: Generously provided by Dr. Peter Reeves (Sydney

University).

2.1.7 Media and Solutions

L (Luria) broth: 1% (w/v) bacto-tryptone, 0.5% (w/v) yeast extract, 1% (w/v) NaCl, pH 7.0.

2 X YT broth: 1.6% (w/v) Bacto-tryptone, 1% (w/v) yeast extraxt, 0.5% (w/v) NaCl, pH 7.0

ML-broth: 1% (w/v) Bacto-tryptone, 0.5% (w/v) yeast extract, 1% (w/v) NaCl, 0.3% (w/v)
KH7POy, 0.6% (w/v) NapHPO4.

M13 minimal medium: 1.05% (w/v) KoHPOy4, 0.45% (w/v) KHoPOy, 0.1% (w/v)
(NHg4)2S04, 0.05% (w/v) Nagzcitrate.2H20, made to a volume of one litre. This
solution was autoclaved, cooled to 45°C and the following added from separately
prepared solutions; 10 ml of 20% (w/v) glucose, 0.8 ml of 1 M MgSQy4, 0.5 ml of 1%
(w/v) thiamine-HCI.

100 x Denhardts solution: 2 % (w/v) Ficoll 400, 2% (w/v) BSA, 2% (w/v) polyvinyl

pyrrolidone.

2.1.8 SDS polyacrylamide (protein) slab gels

Electrode buffer (10 x). 250 mM Tris-glycine, pH 8.3, 0.2% (w/v) SDS.
10 x stock is prepared by adding glycine (approx. 144 g) to 30.25 g of Tris in water
until the solution reaches a pH of 8.3. 10 g of SDS is then added and the solution
adjusted to a volume of 1 litre.

Separating gel buffer (2x). 750 mM Tris-HCI, pH 8.8, 0.2% (w/v) SDS.

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

Loading buffer (2x). 125 mM Tris-HCl, pH 6.8, 4% (w/v) SDS, 20% (v/v) glycerol,
0.004% (w/v) bromophenol blue.



Separating gel acrylamide solution. 40% (w/v) acrylamide, 0.32% (w/v) N,N'-methylene-bis-
acrylamide.

Stacking gel acrylamide solution. 30% (w/v) acrylamide, 0.8% (w/v) N,N'-methylene-bis-
acrylamide.

The acrylamide solutions are dionized with amberlite MB-1 ion exchange resin (2 g/100 ml) for

at least 1 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-HCI, pH 8.0, 1 mM EDTA.

10 X CIP: 0.5 M Tris-HCl, pH 7.6, 10 mM spermidine, 1 mM ZnCl,.

10 x End-fill buffer: 0.5 M Tris-HCIl, pH 7.6, 0.5 M NaCl, 0.1 M MgCl,.

10 x PNK: 600 mM Tris-HC], pH 7.6, 90 mM MgCl,.

20 x SSC: 3 M Na(l, 0.3 M Nagcitrate, pH 7.4.

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

10 X Sucrose loading buffer: 40% (w/v) sucrose, 0.05% (w/v) xylene cyanol, 0.05% (w/v)
bromophenol blue.

10 x Glycerol loading buffer: 50% (v/v) glycerol, 0.5 mM EDTA, 0.02% (w/v) bromophenol

blue, 0.02% (w/v) xylene cyanol.

2.1.10 DNA molecular weight markers

Phage SPP-1 DNA digested with EcoR1. Obtained from Bresatec at 0.5 pg/pl in water.

Fragment sizes in bp: 7840, 6960, 5860, 4690, 3370, 2680, 1890, 1800, 1450, 1330, 1090,
880, 660, 480 and 380.

pUC19 DNA digested with Hpall. Obtained from Bresatec at 0.5 pg/ul in water.

Fragment sizes in bp: 501, 489, 404, 331, 242, 190, 147, 111, 110, 67, 2 X 34 and 26.
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2.2 METHODS

2.2.1 Preparation of single strand template DNA for sequencing
M13 clones

Single-stranded M13 DNA was prepared by the following protocol, based on the method of
Winter and Fields (1980).

An overnight culture of E.coli IM101, grown in minimal media at 37°C, was
inoculated (1:100 dilution) into 2 X YT broth with phage toothpicked from single plaques, and
incubated in 10 ml plastic tubes in a roller drum at 37°C 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 ul of 20% (w/v) PEG 8000
and 2.5 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 and 0.5% (w/v) SDS. To this was added 100 pl of Tris-saturated
phenol, with vortexing. The aqueous and phenol phases were 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 pl of 3 M sodium acetate, pH 5.2 and 375 pl of ethanol. After 15
minutes at -20°C the DNA was pelleted by spinning in an Eppendorf centrifuge for 10 minutes
at 4 °C, washed with 2 X 2 ml of ethanol, dried in vacuo and redissolved in 30 pl of TE buffer

Oor water.

2.2.2 Preparation of plasmid DNA
Small scale preparations of plasmid DNA were done by a variation of the method described by
Bimboim and Doly (1979) or by the method described by Serghini et al.(1989).

A single bacterial colony from a fresh plate was grown overnight at 37°C 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-HCI, pH 8.0, 15% (w/v) sucrose, 10 mM EDTA, lysozyme at 5 mg/ml and left for
5 minutes at room temperature. 200 pl of 0.2 M NaOH, 0.1% (w/v) SDS was then added and

the solution was left for 10 minutes at 4°C. 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 4°C. 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 ml 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, dried in vacuo and redissolved in 40 pl of TE buffer or water.

Despite the short incubation times and lack of phenol extraction, 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 with
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 centrifuge for 15 minutes at 4°C and then 200 pl
75% (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 X 2 ml of ethanol, dried in vacuo and redissolved in 40 pl of TE buffer

Oor water.

2.2.3 Agarose gel electrophoresis and extraction of DNA
Samples of DNA were run in TAE buffered horizontal (submarine) agarose gels, the
concentration of which depended on the size of the fragments to be resolved (Maniatis et al.
1982). 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 4°C. Bands were stained with 10 pg/ml 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),
transferred to DEAE-cellulose membrane (Schleicher and Schuell NA 45) in 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 with 10 pg/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-HC], 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 (total of 300
ul) of 20 mM Tris-HCI, pH 8.0, 0.1 mM EDTA, 1 M NaCl for 30 minutes at 68°C. 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 65°C, two volumes of preheated extraction buffer
(50 mM Tris-HCI, 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 at room 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 X 2 ml of ethanol, dried in vacuo 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 80°C and snap cooled on ice before loading onto a 35 X 20 x 0.05 cm
polyacrylamide gel. The gel percentage was usually 5% but varied according to the size of the
bands to be resolved (acrylamide: biacrylamide = 25:1 (w/w)). Gels were run in TBE (2.1.8).
Non-radioactive bands were visualized by staining in 0.05% (w/v) toluidine blue followed by
destaining in water. DNA was eluted from the gel slices in 10 mM Tris-HCI, pH 7.6, 0.1%
(w/v) SDS, 1 mM EDTA, for 6-16 hours at 37°C 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 4°C, washed with 2 X 2 ml 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 the 2.5 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 Laemmli (1970). The separating gel
concentration was 10% (w/v) acrylamide and the stacking gel concentration was 3% (w/v)
acrylamide (2.1.8). Samples to be electrophoresed were diluted 1:1 with 2 X loading buffer and
B-mercaptoethanol was added to a final concentration of 5% (v/v) and the sample heated for 5

minutes at 90°C. 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. (1982). Vector DNA was phosphatased using 1 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 20 or 40 ng/pl in 0.1 mM EDTA or water prior to use. When
the linearized, 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 fragments 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-HCI, pH 7.6, 10 mM MgClp, 10 mM DTT
and 1 mM ATP with T4 DNA ligase. 0.02 units/jtl of T4 DNA ligase was used for sticky-

ended fragments and 0.1 units/ul for blunt fragments.To increase the ligation efficiency of

blunt-ended fragments, 4% PEG 8000 was added when required. Ligation reactions were
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carried out at 15°C or at room temperature, usually overnight.

2.2.8 End-filling DNA fragments
DNA with 5'-overhanging ends was blunted using the Klenow fragment of DNA polymerase [
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-HCI, pH 7.4, 10 mM MgClp, 5 mM DTT, 0.5 mM dNTPs and 5
units of T4 DNA polymerase, for 20 minutes at 37°C. The reaction was stopped by heating for
10 minutes at 70°C.

2.2.9 Preparation of single-stranded DNA markers
pUC19 plasmid DNA was digested with Hpa II and end-labelled with a-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 100°C 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 30°C or 37°C) in a New Brunswick gyrotary water bath.

Log 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 cfu/ml, which occurs at Aggg=0.8 in L-broth). Cell density was measured by observing
the Agpo using a Gilford 300 T-1 spectrophotometer. Indicator bacteria were chilled and kept

on ice until required.

2.2.11 Transformation of E.coli

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 ml of liquid media to an Aggp of
0.4, and 40 ml was transferred to a clear polycarbonate oak ridge tube and centrifuged for 5
minutes at 5°C-25°C in a swing-out rotor (Sorval HB-4) at 4,000 rpm. The pelleted cells were
resuspended in 2 ml of cold 50 mM CaClj and used immediately.

For higher efficiency transformation, the protocol was as follows. A scrape of culture
from a fresh plate was grown in 50 ml of liquid media to an Aggo of 0.4, and 40 ml was
transferred to a clear polycarbonate oak ridge tube and centrifuged for 5 minutes at 5°Cin a
swing-out rotor (HB-4) at 4,000 rpm. The pelleted cells were resuspended in 5 ml of cold 50
mM CaCl, and left for 30 minutes on ice. The cells were again centrifuged for 5 minutes at 5°C
in a swing-out rotor at 4,000 rpm and the pelleted cells were resuspended in 2 ml of cold 50

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

2.2.12 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 pul of formamide loading buffer, heated at 80°C for 1 minute and snap cooled
on ice prior to loading onto a 4 cm wide well of a 15% polyacrylamide, 7 M urea, TBE gel
(2.2.4). Bands were visualized by staining with 0.05% (w/v) toluidine blue followed by
washing with sterile water. The slowest band (presumed to be the full-length product of
synthesis) was excised and eluted overnight at 370C in 400 ul of 10 mM Tris-HCI, pH 7.5,
0.1% (w/v) SDS, 1 mM EDTA. The DNA was precipitated by adding 40 pl of 3 M sodium
acetate, pH 5.2 and 880 pl of cold ethanol, and left for at least 15 minutes at -200C. The DNA
was pelleted by spinning in an Eppendorf centrifuge for 15-30 minutes at 4°C, washed with

1ml of ethanol, dried in vacuo and redissolved in TE buffer or water.

2.2.13 DNA sequencing

The dideoxy chain termination sequencing technique (Sanger et al. 1977, 1980) was used to
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determine DNA sequence. DNA sequencing was performed using Bresatec Dideoxy

Sequencing kits with either o-32P-dATP or a-35S-dATP.
Annealing,

6 ul of single-stranded DNA template (2.2.1) was mixed in an Eppendorf tube with
1 pl of 10 X annealing buffer (100 mM Tris-HCI, pH 8.0, 100 mM MgClp), 1 ul (2.5 ng) M13
sequencing primer and 1 pl of water. The tube was transferred to an aluminium block at 80°C
for 1 minute, and the block was then transferred to an aluminium plate, allowing the DNA

solution to cool slowly to < 37°C.

Sequencing.
DNA sequencing using o.-32P-dATP was carried 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 fixed in the gel by washing with 10%
(v/v) acetic acid until the dyes were no longer visible and then washed with 2 litres of 20%
(v/v) ethanol over a period of 30 minutes. The gel was dried in a 110°C exhaust-oven for 30
minutes.

DNA sequencing using a-35S-dATP was done on a plastic petri dish which was
floating in a 37°C 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 50°C under vacuum on a
gel-dryer.

2.2.14 Isolation and purification of bacteriophage DNA
Phage assays.

Phage lysates were assayed for phage by mixing 100 pl of the phage diluted in phage
storage buffer (PSB: 10 mM Tris-HCI, pH 7.0, 10 mM MgSO4), 200 ul of log phaée indicator
bacteria (2.2.10) and 3 ml of melted 0.7% (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 overnight 37°C. Plaques were counted and scored as plaque forming units per ml

(pfu/ml).
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Isolation of phage.

A stationary phase culture of bacteria was inoculated into 800 ml of the appropriate
broth and grown in an air shaker at 37°C until the Aggoreached 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 pg/ml and the solution left for 30
minutes at room temperature. NaCl was then added to a concentration of 0.5 M and the
solution left for 30 minutes at 4°C with gentle stirring. The solution was clarified by
centrifugation for 20 minutes at 9,000 rpm in a Sorval GS-3 rotor at 4°C. PEG 8000 was
added to the supernatant to a concentration of 6% (w/v) and left overnight at 4C with gentle
stirring. The phage were pelleted by centrifugation for 20 minutes at 10,500 rpm in a Sorval
GS-A rotor at 4°C. 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 10°C, and the phage
band removed and dialysed overnight against 1 litre of PSB, 0.5 m NaCl.

Isolation of phage DNA.
The phage suspension was adjusted to 20 mM EDTA, 0.5% (w/v) SDS, 50 pg/ml proteinase

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

ethanol precipitated.
2.2.15 Ethanol precipitation of DNA

To a given volume of DNA was added 0.1 volumes of 3 M sodium acetate, pH 5.2 and 2.2

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 E.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-infected 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 first cloning the T7
RNA polymerase gene into E.coli and then being able to induce expression of the gene for
several hours before attempting to harvest the bacteria.

The coliphage T7 genome is 39,936 bp and linear (Dunn and Studier 1983). The T7
RNA polymerase gene coordinates are 3,171 bp 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 (¢1.1A) 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 ¢1.1A is not recognised as a promoter element by E.coli RNA

Figure 3,1 T7 RNA polymerase gene and promoter ¢1,1A +1 (start of RNA)

CAATACGACTCACTATAGAGGGA
3,171 Transcription \' /
2.366 | DHOT g 5,822 8,188

| Wi s |

BstNI 11 bp BstNI

] rBS

T7 RNA polymerase ORF (2,652 bp)
B T7 promoter ¢1.1A

polymerase, however it has high specificity 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 in vitro, in the presence of T7 RNA polymerase. The specificity of the
T7 promoter prevents de novo 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
¢1.1A into E.coli (via an expression vector) can be to be lethal to the host bacterium (Davanloo
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 into E.coli with promoter ¢1.1A, could
result in enough enzyme to initiate transcription from promoter ¢1.1A. It may transcribe the
entire recombinant vector and in doing so produce more RNA polymerase which would
augment continuation of the process. An alternate possibility is that this recombinant vector is
lethal by virtue of depleting the ribonucleotide pool during the unregulated synthesis of short
transcripts close to promoter ¢1.1A.

Hence, the high specificity of T7 RNA polymerase for the T7 promoter ensures that
neither the T7 RNA polymerase gene or promoter ¢1.1A alone are lethal to E.coli. However,
when both the T7 RNA polymerase gene and promoter ¢1.1A are cloned in to 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 (Tabor and Richardson 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 ¢1.1A.

Before a functional T7 RNA polymerase gene was first 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 ¢1.1A 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 between 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 ¢1.1A (see figure 3.2). The T7 RNA polymerase
purified from this cloned gene is biochemically identical to the same enzyme purified from T7

phage-infected E.coli.

Isolation of T7 RN lymer ne from letion m DNA (Davanl
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The heteroduplex was formed in solution from a mixture of DNA samples
from the T7 deletion strains D159, C74, LG4 & 1.G26.

3.2 ISOLATING AND CLONING THE T7 RNA POLYMERASE GENE
3.2.1 INTRODUCTION

A simple approach to removing promoter ¢1.1A 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
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DNA fragments varying in length and may include fragments that encode the RNA polymerase
gene, but not promoter ¢1.1A. In practice, this approach has at least one problem. The deletion
of terminal nucleotides from a DNA fragment by an exonuclease rarely involves the
simultaneous binding of the enzyme to both termini. The asymmetry 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 fragments 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 particular 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 ¢1.1A. 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 into E.coli. 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 exists, 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

23



The development of phage M13 site-directed oligonucleotide mutagenesis (Zoller and Smith
1982, 1983) 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 polymerase gene with a deletion of part of the
open reading frame and/or a deletion of promoter ¢1.1A. Nuclease Bal 31 could generate a
range of variously sized DNA fragments which would be cloned into 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 ¢p1.1A.

Sizing the DNA insert would allow DNA fragments that may encode slightly truncated
RNA polymerase genes to be identified. This would be determined precisely by dideoxy
sequencing the termini of the inserts. Site-directed oligonucleotide mutagenesis would then be
carried 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 ¢1.1A.

If the 3.6 kbp BstNI-Dral restriction fragment of T7 genomic DNA was digested with
Bal 31 nuclease (figure 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-Dral 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 ¢1.1A. Site-directed oligonucleotide
mutagenesis could then be used to repair the deletion(s). In practice, this technique allows for
deletions of 30-50 bp to be repaired using a synthetic oligonucleotide (Zoller and Smith 1983).

The digestion of T7 genomic DNA with Bal 31 nuclease to produce 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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3.3 METHODS and RESULTS
3.3.1 Preparation of starting material
The starting material for the following experiments was the 5,822 bp BstN1 restriction

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

Fi 4 ing material for ex 2; 22bpB restriction fragment of T
genomic DNA

BSENI Transcription - 11 bp BeN
1777777777} & |

2,366 st 8,188

I3,171 5,82lz 23 bp
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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 ¢1.1A.

T7 DNA (100 pg) was digested with 140 units of BstN1 in low salt buffer in a reaction
volume of 200 pl for 2 hours at 37°C. The digested DNA was loaded onto a 20X 20 cm 1%
agarose-TAE submarine gel as two 170 pl samples and electrophoresed for 1 hour at 350 mA.
After staining with 10 pg/ml 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 under UV 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 % ethanol, dried in vacuo, and
dissolved in 170 pl of TE buffer. To determine the DNA concentration, 10pl1 of the DNA
solution and DNA markers (1pug of EcoRI-digested phage SPP-1 DNA) were electrophoresed
through a 1% agarose-TAE submarine gel and stained with 10 pg/ml 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 ng/ul.

3.3.2 Bal 31 digestion to remove promoter ¢1.1A
The aim was to digest the 5.8 kbp BstN1 T7 DNA restriction fragment with Dral, which cuts
the DNA fragment 140 bp from promoter ¢1.1A, followed by limited digestion with Bal
31nuclease (see figure 3.6).

Five micrograms of the 5.8 kbp BstN1 fragment was dried in vacuo. The pellet was
redissolved in 16 pl of water and digested with 40 units of Dral, in low salt buffer, in a
volume of 20 pl, for 1 hour at 37°C. The reaction volume was then increased by adding 15 pl
of water and 4 pl of 10 X Bal 31 buffer. The digestion was initiated on adding 1 ul of 0.75
units/pl Bal 31 nuclease and terminated at 30,90,108, and 115 seconds by transferring 10 j1l of
the reaction solution to an Eppendorf tube containing 10 pl of 40 mM EGTA. Each sample of
DNA was then purified using the Bio-101 Geneclean protocol and redissolved in 8 pl of water.

To this was added 1 ul of 10 x End Fill buffer and 1 pl of 1 unit/ul Klenow polymerase. The
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Figure 3.7 Candidate T7 RNA polymerase clones: Exp.3.33
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each plasmid was digested with 10 units of HindIIl for 90 min at 37°C. The linear
plasmids were electrophoresed through 1% agarose-TAE gels and stained with

10pg/ml ethidium bromide.
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solutions were incubated at 37°C for 15 minutes prior to adding 1 pl of ImM dNTPs and
incubating a further 30 minutes at 37°C. The blunt-end, Bal 31 nuclease digested DNA was
purified on a 1% agarose-TAE submarine gel. The DNA was extracted from the agarose using

the Geneclean protocol and redissolved in 20 pl of water.

3.3.3 Cloning the Bal 31 nuclease-digested DNA fragments
Each DNA sample (3 pl) was ligated with 20 ng of Sma 1-cut, dephosphorylated pUC19
DNA, in a 10 pl solution containing 50 mM Tris-Cl, pH 7.6, 5 mM MgCl,, 0.5 mM ATP, 0.5
mM DTT, 5 % PEG 8000 and 1 unit of T4 DNA ligase. The ligation reaction was done at 25°C
overnight and then used to transform 200 pl of competent E.coli IM101. The transformed
bacteria were grown overnight at 379C on L-plates containing 75 pg/ml 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 24 bacterial 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 harbouring a full-length T7 RNA polymerase gene
corresponded to the DNA from plasmid mini prep #16, designated pR75, as this plasmid has a
linear size of about 5 kbp. As the pUCI19 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 pg) was digested with EcoR1 and HindIIl, which excised the = 2.3
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kbp T7 DNA component from the multiple cloning site polylinker of pR75. The 2.3 kbp T7
DNA was purified by agarose gel electrophoresis and then subcloned into EcoR 1/HindIII-cut
M13mp18 and M13mp19 to determine the 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 coordinates 3,417 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 experiment.
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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 into E.coli and which are also large enough (= 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 BstN1 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 into E.coli.
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The transformed bacteria would then be probed for the RNA polymerase gene using the 2.3
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 units of BstN1 and 40 units of Dral in low
salt buffer in a volume of 20 pl for 2 hours at 37°C. Following this, the reaction volume was
increased with 15 il of water, 4 pul of 10X Bal 31 buffer, and 1 pl of 0.75 units/pl Bal 31
nuclease. The reaction proceeded for 90 seconds at 37°C after which 25 pl 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 Nal solution, and the DNA/Nal solution split
into 2 X 114 pl aliquots in Eppendorf tubes. Each tube then received 5 l of the Geneclean
glassmilk solution and the Geneclean protocol was followed, yielding 2 X 20 ul of aqueous
DNA solution. The combined 40 pl solution was dried with ethanol in vacuo 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 pl DNA solution was added 5 pl of
water, 2 ul of 10 X End Fill buffer and 2 pl of 1 unit/pl Klenow polymerase. The reaction
proceeded for 15 minutes at 37°C followed by the addition of 1 pl of 12.5 mM dNTPs and a
further 20 minutes at 37°C. The DNA fragments were then separated by electrophoresis
through a 1% agarose-TAE submarine gel. After staining with 10 pg/ml ethidium bromide
solution for 10 minutes, the gel was examined under UV light and a gel slice containing DNA
fragments large enough to bear the full-length T7 RNA polymerase gene was excised. These
DNA fragments correspond in size to DNA markers in the range 2,600 to 3,400 bp . DNA was

purified from the agarose using the Geneclean protocol and was redissolved in 20 ul of water.

3.3.6 Cloning the 2,600 to 3,400 bp T7 DNA fragments into E.coli
The T7 DNA fragments (10 pl) were ligated to 100 ng of Smal-cut, dephosphorylated pUC19
in a 25 pl solution containing 50 mM Tris-Cl, pH 7.6, 10 mM MgCl,, 10 mM DTT, 5 % PEG
8000 and 7 units of T4 DNA ligase. The reaction proceeded overnight at 25°C. The ligation
mixture was used to transform 1 ml of competent E.coli MC1061. The transformed bacteria

were grown overnight at 370C on L-plates containing 75 pg/pl ampicillin, yielding about 600
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colonies.

3.3.7 Identification of bacteria harbouring the T7 RNA polymerase
gene
This process involved fixing the bacteria to nitrocellulose and probing for the T7 RNA
polymerase gene with a 2.3 kbp EcoR1-HindIII DNA insert from pR7S5. The 2.3 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 EcoR1 and HindIII and the T7 insert (5 pLg) was
purified by agarose gel electrophoresis then radiolabelled by nick translation with 50 puCi of o~
32p-dCTP (16 pmoles) with 80 % incorporation of the radiolabel, giving a specific activity of
1.7 x 107 cpm/ug probe DNA. The nick translation reaction also included 50 mM Tris-Cl, pH
7.6, 10 mM MgSQy, 0.1 mM DTT, 25 mM each dATP, dGTP and dTTP, 1 uM dCTP and 2
pg of BSA in a volume of 30 pl. The reaction was initiated on adding 10 pl of a solution
containing 10 units of E.coli DNA polymerase I and 16 units of DNAse I, and proceeded for
90 minutes at 169C. The probe was purified using Bio-101 Geneclean and redissolved in 500

pl of 10 mM Tris-Cl, pH 7.6, containing 0.1 mM EDTA and 5 mM B-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 pg/ml ampicillin and grown overnight at 37°C. 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, pH 7.6, for 2 minutes followed by a 4 minute
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Figure 3.9 Candidate T7 RNA polymerase clones: Exp.3.3.6
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wash with a solution containing 0.5 M Tris-Cl, pH 7.6 and 1.5 M NaCl. The filter was then
dipped in chloroform and then into ethanol, dried at room temperature, and baked at 800C for 2
hours in vacuo. The filter was then washed in 20 ml of hybridization solution (6 X SSC, 5 x
Denhardts, 0.1 % SDS, 0.2 mg/ml salmon sperm DNA) for 4 hours at 68°C. Following this,
the radiolabelled probe was denatured by boiling for three minutes and added to the
hybridization solution. Hybridization continued overnight at 68°C. 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 % SDS. The first
wash was for 10 minutes, the latter washes were 30 minutes. The final procedure involved
washing twice in a solution containing 0.5 X SSC and 0.1 % 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 EcoR1
and HindIII in order to determine the size of the T7 DNA insert. The DNA samples were
electrophoresed in a 1% agarose-TAE submarine gel and stained in 10 pg/ml 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 EcoR1 and HindIII and the T7 DNA fragment
subcloned into EcoR1/HindIII-cut M13mp18 and M13mp19. The M13 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 ¢1.1A

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 polymerase gene in pR8Q
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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 ¢1.1A.

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 ¢1.1A, followed by insertion of the

missing 5'-nucleotides. An overview of the reconstruction is shown diagrammatically in
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Figure 3.11 Engineering the T7 DNA component of pR80 into a full-length T7 RNA polymerase
ne, with optimised RB d lacking T7 promoter$ 1.1A
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figure 3.11.

The approach taken to remove promoter ¢1.1A away from the T7 RNA polymerase
gene involved the site-directed mutagenesis of T7 DNA between the gene and promoter ¢1.1A,
from nucleotides 5,829 to 5,832. This mutagenesis transformed the DNA sequence, starting at
nucleotide 5,827 (in bold), from 5'-AAATCA-3' to 5'-AAGCTT-3' ; the latter DNA sequence
is the recognition site for the endonuclease HindIIl. Digestion of this construct with HindIII
allowed removal of the promoter and maintained a HindIII site 3'- to the polymerase gene,
maintaining portability of the polymerase gene as an EcoR 1-HindIII cassette. This was
followed by insertion of the missing 5'-nucleotides and also appropriate 5'-untranslated
sequences by site-directed mutagenesis.

The expression vector into which the RNA polymerase gene was ligated is pPLC236,
devised by Remaut et al. (1981) in which the Py, promoter from bacteriophage lambda is placed
upstream of unique EcoRI 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 16S 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 Dalgarmno (1974) and the consensus RBS (Scherer et al. 1980) is shown in figure 3.12.
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Figure 3.12 m ive RB 1
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A review by Gren (1984) showing the DNA sequences upstream from 273 genes from 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 % 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 5'-CATATG-3' is the recognition site for the
endonuclease Ndel. 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-HindIII restriction sites and into pPLC236 via the EcoRI-HindIII restriction sites (see
figure 3.13).

i 3.13 Cloni tors for tructed T7 RNA pol
P EcoRl
Hindlll

tre PL lambda promoter

Ndel trc Tac 17 promoter
Hindlll (DeBoer et al. 1983)

t
EcoRl RBS Ndel T7 RNA polymerase gene Hindll
————— GOAGGTMACATIATG 7777777 i ATAN
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Table 3.1 RBS and spacer sequences ahead of the initiation codons from T7 phage

T7 cene  Seauence 5'to initiation codon_  (from Dunn and Studier 1983)

1 GAGGCACTAAATG vereeesesneensmeen. RINA polymerase
2 GAGGTCAATGACTATG ............. Inactivates host
RNA polymerase

3 AGGAGGCGACATG ...................... Endonuclease

4+ AGGAGGGAATTGCATG....... Primase

5 AGGAGAAATCAATATG ............. DNA polymerase

6 AGGATGTGTCTAATG ................. Exonuclease

7 GGAGGTAAGAAGTGATG ......... Host range

8 GGAGACACATTTAATG .............. Head-tail protein

9 TAAG GAGACAATAATAATGHead assembly protein
10 AAGGAGATATACATATG .......... Head protein
11 AGGAGGAACTATATGTaﬂ protein
12 AGGAGGCTCTAATG .................... Tail protein
13 GGAGGGTTTTCTTATG ............... Internal virion protein
14 AGGAGGATAACCATATG .......... Internal virion protein
15 GGAGGTAATGAGCTATG .......... Internal virion protein
16 AGGAGGCCCTAAATG ................ Internal virion protein
17 TAAGGAGGTCAAATG ............... Internal virion protein
18 AGGAGTATATGTATG
19 AGGAGGCAATG

TAAGGAGGTGATC (Shine-dalgarno 1974)

14 AGGAGGATAACCATATG

GGAGGTAACATATG (RBS and spacer in the

reconstructed T7 RNA polymerase)

RBS sequences ( Shine-Dalgarno 1974) and the initiation sequences are shown in

bold.




The RBS and 6 nucleotide spacer ahead of the RNA polymerase gene initiation codon in
bacteriophage T7 has the sequence 5'-GAGGCACTAA-3' which is obviously different to the
sequence required to exploit vector pPEV601. 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 14 (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 ¢1.1A
Insertion of a HindIII 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 HindIII site

starting at position 5,827.

Figure 3.14 Binding site of 30-mer oligonucleotide SR463 to enable the insertion of HindII site between
T7 RNA polymerase gene stop codon and the T7 promoter.

3'-AGCGCATTGCGGTTCGAATATGCTGAGTGA-5" {SR463}
0000000000000 2000000000 00
[A] 5'-GTCGGACTTCGCGTTCGCGTAACGCCAAATCAATACGACTCACTATAG —#3'

[B] 5'-GTCGGACTTCGCGTTCGCGTAACGCCAAGCTTATACGACTCACTATAG —#»3'

H_ H_H_H—H_H__Jenp HindIII
codon

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

[B] 3'-sequence after mutagenesis

The mutagenesis required a 30-mer oligonucleotide, designated SR-463 which has the
sequence 5'-dAGTGAGCTGTATAAGCTTGGCGTTACGCGA-3'. The oligonucleotide was
obtained from Bresatec (Adelaide) as a crude preparation and then purified from a 15 %

polyacrylamide gel containing 8 M urea, ethanol precipitated and redissolved in 40 pl of water
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at a concentration of 111 ng/ul. The oligonucleotide (100 ng) was then 5'-phosphorylated by
incubation in a 10 pl solution containing 50 mM Tris-Cl, pH 7.6, 10 mM MgCl,, ImM ATP,

1 mM DTT and 3 units of T4 polynucleotide kinase. The reaction proceeded for 1 hour at 370C
followed by 5 minutes at 70°C 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
M13/6 DNA followed by primer extension and transformation of E.coli. The 13 pl annealing
reaction contained 4 ng of phosphorylated SR-463, 4 ng of universal sequencing primer, 1 pl
of M13/6 DNA (from a 25 pl DNA prep), 5 pl of 500 mM Tris-Cl, pH 7.6/100 mM MgCl,
and 5 pl of 200 mM NaCl. The solution was heated to 70°C, then 30°C for five minutes. The
volume was adjusted to 50 ul with the addition of 5 pl of 10 mM ATP, 5 ul of 10 mM DTT, 5
pl of 0.5 mM dNTPs, 1 pl of 2 units/l T4 DNA ligase, 2 pl of 3 units/ul Klenow polymerase
and 19 pl of water. The reaction proceeded for 4 hours at 250C. 0.5 ul of this solution was
then used to transform 200 pl of competent E.coli IM101. 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 M13/6 DNA
The resultant phage were lifted onto a sterile nitrocellulose filter and baked for 2 hours at 80°C
in vacuo. The filter was then incubated for 2 hours at 420C in a hybridization solution
containing 90 mM Tris-Cl, pH 7.6, 900 mM NaCl, 6 mM EDTA, 5 X Denhardts, 100 pg/ml
salmon sperm DNA and 0.5% NP40 detergent.

The probe for mutant detection was prepared by incubating 111 ng of the 30-mer
oligonucleotide primer (SR-463) with 50 pCi (10 pmoles) of y-32P-ATP, 50 mM Tris-Cl, pH
7.6, 10 mM MgCl,, 1 mM DTT and 3.5 units polynucleotide kinase in a volume of 10 pl. The
reaction proceeded for 1 hour at 370C, then S minutes at 700C.

The radiolabelled 30-mer probe was added to the hybridization solution and incubated
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Figure 3.15
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Ficure 3.16  Removal of T7 promoter ®1.1A from the engineered, partial
lenoth T7 RNA polymerase gene by digestion with Hindlll

HindIII

W/W//W/%—H Before 3'-mutagencsis

¢ mutagenesis

HindIII HindIII

286 kbp [P 77777774 Alter 3-mutagenesis

HindIII digestion
HindIII

2.64 ¥bop 7777777777

partial length T7 RNA polymerase gene
B T7 promoter $1.1A

mutagenesis

=  —
M After Before

-— M13 vector

2.68 kbp —B= <t— T7 DNA

M: EcoR1-digested phage SPP-1 DNA

1 g of the RF M13 DNA from phage bearing mutated or non-mutated T7 DNA was
digested with 14 units of EcoR1 and 5 units of HindIH for 90 min at 370 C. The DNA
was then electrophoresed through a 1% agarose-TAE gel and stained in 10p g/ml
cthidium bromide.




overnight at 420C. The filter was then washed twice at room temperature in 6 X SSC prior to 2
X 30 minute washes at 69°C in TMAC solution (3 M tetramethyl ammonium chloride, 50 mM
Tris-Cl, pH 8.0, 2 mM EDTA and 0.1 % SDS). The dissociation temperature for a 30-mer
oligonucleotide, in the presence of TMAC, is about 74°C (Wood et al.1985). The filter was
autoradiographed overnight at -80°C using a tungsten screen.

Mutant and wild type phage were identified and DNA from 12 mutant phage was
sequenced to verify the mutation, as shown by figure 3.15. Double stranded DNA was
subsequently isolated from a mutant phage, digested with EcoR1 and HindIlI, and the partial
length T7 RNA polymerase gene was subcloned into EcoR1/HindIII-cut M13mp18. This

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

3.3.9.4 Repair of the 5'-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 figure 3.17).

Figure 3.17 Insertion of RBS and five codons to vield full length T7 RNA pol gene

26 bp insertion E—
3-AGCTCGAGCCATGGGCCTCCATTGTATACTTGTGCTAATTGTAGCGATTCTTGCTGS' (SR-462)

0000000000 0000 POOGOOOORDSRODO
5‘~TCGAGCTCGGTACCQ(I-ZA(£T AAGATATG&WOGAWMGATCGCTAAGAACGAC-;
M13 DNA Tu_;s T7 DNA

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

Single stranded DNA of M13/6H was isolated and subjected to the the 5'-insertion mutagenesis
under essentially the same conditions as previously described for the HindIII insertion
mutagenesis. The 56-mer 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 85°C
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Figure 3.18
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Figure 3.19 Expression vector pPLC236 and verification of transformation of
E coli E832 with pPLC236 harboring the reconstructed T7 RNA
polymerase gene.

EcoR1-BamH]1-HindIII-HindIII-BamH1

R
Ap pPLC236 ApR. B-lactamase gene

=SKup ori:  Origin of
replication

wri

M pTISWT

N |— vector pPLC236 (4.5 kbp)

l<¢— T7 RNA polymerase gene

pT75WT is pPLC236 harboring the (2.7 kbp)

reconstructed T7 RNA polymerase gene

5 pg of pT7SWT was digested with

14 units each of EcoR1 and HindIII
for 60 minutes at 370C and then
electrophoresed through a 1% agarose-
TAE gel and stained with 10ug/ml
ethidium bromide.

M: EcoR1-digested phage SPP-1 DNA




(Wood et al. 1985). The probed filter was washed in TMAC solution at 80°C. The mutation
was verified by dideoxy DNA sequencing (see figure 3.18). The M13mp18 clone harbouring
the reconstructed full length T7 RNA polymerase gene was designated M13/6W.

3.3.10 Expression of T7 RNA polymerase in E.coli E832
Double stranded M13/6W DNA was isolated, digested with EcoR1 and HindIII and the T7
DNA ligated into the expression vector pPLC236 (see figure 3.19). This construct, designated
pT75WT, was used to transform E.coli E832, which expresses cI857 s protein. The
transformed, competent E.coli E832 were grown for 20 hours on L-plates containing 75 jtg/ml
ampicillin. The incubation temperature was 30°C to avoid release of cI857 control over
promoter Py ; however no transformants were found, probably because of poor transformation
efficiency. The pT75WT DNA was subsequently used to transform E.coli IM101. After
identification of clones bearing pT75WT, the supercoiled pT75WT DNA was isolated from the
E.coli JM101 and successfully used to transform E.coli E832.

The recombinant E.coli E832 bearing pT75WT (designated RS101) was grown at 30°C
in L-broth containing 100 pg/ml ampicillin until the Aggp reached 1.0. The 5 ml culture was
then transferred to a 429C water bath for another 2 hour incubation to induce expression of the
T7 RNA polymerase.

The control bacterium in these experiments was E.coli E832 that had been transformed
with an incomplete T7 RNA polymerase gene, prepared by the ligation of the EcoR 1/HindIII
T7 fragment of M13/6H into EcoR 1/HindIII-digested pPL.C236 and used to transform E.coli
E832. This clone, designated RSC10 is identical to RS101 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 RS101 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 polymerase gene in_E.coli RS101

1: E.coli RSCI0

2: E.coli RS101
M: Phosphorylase b

Note: E.coli RSC10 is E.coli strain E832 which has been transformed 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.coli RS$101 is E.coli strain E832 which has been transformed with vector pPLC236

s

=tf— Mr 97,400

that harbors the completely reconstructed T7 RNA polymerase gene.




resuspended in 20 pl of gel loading buffer, heated for 5 minutes at 95°C 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 25°C.
The sample was sonicated for 3 X 10 seconds and spun in an Eppendorf centrifuge for 15
minutes at 5°C. A 1 pl aliquot of supernatant was assayed in a 50 p solution containing 40
mM Tris-Cl, pH 8.0, 8 mM MgCl,, 5 mM B-mercaptoethanol, 1 mM KH;POy4, 0.4 mM of
each NTP, 5 pCi (1.7 pmoles) o-32P-UTP and 1 pg T7 DNA. The reaction proceeded for 10
minutes at 37°C and was stopped by spotting 40 [l onto a Whatman GF/A filter and washing
in 3 X 100 ml of 1 M HCl1 /1% NasP207 /1% KH,PO4 at 4°C. The filters were washed briefly
in ethanol, dried and measured by liquid scintillation counting. Clone RS101 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 correctly when expressed at very high levels.
2. The 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 enzyme 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 RS101 under phase contrast light microscopy was
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Figure 3.21 Expression of reconstructed T7 RNA polymerase gene in E.co/i RS101
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1-5 are samples of IPTG-induced E.coli RS101

Clone RS101 was grown to an Agooof 1.0 and then induced by the addition of
IPTG to 100 mM for 3 hours at 370C.

T: Total, 30 pl of the induced culture was spun at 3,000 rpm in an Eppendorf
centrifuge for 5 minutes. The supernatant was discarded and the pellet
dissolved in 30 pl of loading buffer. The pellet thus represents the total
protein from induced RS101. The sample was heated to 90°C for 5 minutes
and 20 1 loaded onto the polyacrylamide gel.

S: Supernatant. 1 ml of the induced culture was spun at 3,000 rpm in an
Eppendorf centrifuge for 5 minutes. The supernatant was discarded and the
pellet resuspended in 500 1 of 40 mM Tris-Cl, 10 mM MgCl , 2 mM
p-mercaptoethanol. The culture was then sonicated for 15 seconds and then
spun for 20 minutes in an Eppendorf centrifuge. To 15 pl of the supernatant
was added 15l of loading buffer. The sample was heated to 90°C for §
minutes and 20 pl loaded onto the gel.




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 1Is the Mr 98,000 protein from E.coli RS101 soluble or insoluble?
E.coli RS101 was grown in 100 ml of L-broth containing 100 pLg/ml ampicillin, at 37°C until
the Agpp reached 1.0, and then induced by the addition of IPTG to 100 mM and incubated a
further 3 hours at 37°C.

The total cellular protein was determined by centrifuging a 30 ul sample of the induced
culture, resuspending the pelleted cells in 30 pl of loading buffer, heating at 90°C for 5
minutes and then electrophoresing through a 10% polyacrylamide gel (with a 4% 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 p1 of 40 mM Tris-Cl, pH &,
10 mM MgCl, and 2 mM B-mercaptoethanol. The cells were then sonicated for 15 seconds apd
then centrifuged for 20 minutes in an Eppendorf centrifuge. To 15 il of each supernatant was
added 15 pl of 2 xloading buffer. The samples were heated to 90°C for 5 minutes prior to
loading onto the polyacrylamide gel.

Figure 3.21 compares 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, fi gure
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 first,
sample 2 second etc. Therefore, the variation in solubility from sample 1 to sample 5 may

indicate that protein is leaching from the pellets into the supernatant.

In a variation of this experiment, the pelleted cells were resuspended in loading buffer
and then sonicated and centrifuged. The solubilisation of the proteins by the 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 Cloning strategy for sequencing the 2.7 kbp reconstructed T7 RNA polymerase gene from pT75WT
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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 EcoR1 and HindIII and the 2.7 kbp T7 DNA
fragment was purified by agarose gel electrophoresis and then digested with HincII and Haelll.
The digested DNA was then purified on a 2 M urea , 6% polyacrylamide-TBE gel. The DNA
was stained with 0.5% 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 al.(1984).

3.3.11.5 Protein sequencing
Induced E.coli RS101 was electrophoresed on an SDS-polyacrylamide gel as described, then
electroblotted onto a sheet of polyvinylidene difluoride (Millipore immobilon) essentially as
described by Matsudaira (1988).

The polyacrylamide gel was allowed 24 hours to polymerize prior 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 methanol for 2 minutes, then soaked in transfer buffer (10 mM 3-[cyclohexylamino]-
1-propane sulfonic acid, pH 11.0, 10 % (v/v) methanol). Prior to the transfer, 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 in 50%
methanol/5% acetic acid/0.5% Coomassie blue R. After 10 minutes staining, the membrane
was destained in 50% methanol/ 10% 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 470A protein sequencer that
was linked to a Brownlee Labs HPLC and Waters 441 UV 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
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the Mr 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.coli RS101 expresses protein that has a normal amino-terminal sequence for T7 RNA
polymerase, the T7 RNA polymerase is clearly translated 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. H
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 in vitro 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. 3.3.11.4), but only 42% of the gene
was sequenced from both strands of the DNA. Although the complete nucleotide sequence
matched the known sequence, the possibility of an error in the DNA sequencing cannot be
excluded. Complete sequencing of the DNA of both strands of the gene from pT75WT would
have increased the confidence in recognising the recombinant T7 RNA polymerase gene as
having a wild-type DNA sequence.

The use of the lambda 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 example, 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 Py, promoter
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Figure 3.24 (a) The T7 DNA sequence upstream of the T7 RNA polymerase gene in pGP1-1 (Tabor and Richardson 1985)
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and expressed in E.coli at 42°C, 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 transcription terminator (Aty;) and the N-protein gene from phage lambda between the
Py, promoter and T7 gene 19 (see figure 3.23).

It had previously been demonstrated that the level of gene expression from Py in vitro
can be reduced by the combination of Aty ; and the lambda N gene when inserted between Py,
and a reporter gene (Das and Wolska 1984: see figure 3.23). The antitermination effect of the
N gene product overcomes the cessation of transcription that would otherwise occur if Aty ;
were placed between Pr, and a gene. The report by Das and Wolska (1984) describes the
quantitative estimate of galactokinase activity from the gal K cistron in several plasmids which
differ in the presence or absence of Aty ; between the gal K cistron and Py, The plasmid
pAD355 (figure 3.23) resulted in about 55% of the galactokinase activity as that directed by
plasmid pKS107.

White and Richardson (1988) argue that expression of T7 gene 19 from Py at 420C is
attenuated because the plasmid pJW27 encodes Aty and the lambda N gene between Py, and
gene 19. Whether the combination of Aty; and the lambda N gene would actually reduce gene
expression to the same degree in vivo is unknown. A comparative study by Brunner and
Bujard (1987) of nine promoters, including Py, demonstrated the poor correlation between
promoter strength in vitro and promoter strength in vivo. 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 data from studies of
recombinant genetic constructs in vitro, as an explanation for observations of similar genetic
constructs operating in vivo.

An alternate explanation of the success of pJW27 over pJW22 (which directs the
synthesis of inactive gene 19 product) could possibly be related to another observation of Das
and Wolska (1984); that pJW108 directs galactokinase synthesis to 78% of the level produced
from pKS107 (see figure 3.23). Plasmid pJW108 differs from pKS107 by having about 2 kbp
of lambda DNA and pBR322 DNA inserted between Py and the gal K cistron. That is, the
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Figure 3.25 The open reading frames upstream of the T7 RNA polymerase
gene in pGP1-1 (Tabor and Richardson 1985)

Translation

Leu Ser Tyr Arg Ser Ser Ala Gly Gly Leu Asn Arg Tyr Asp Leu Leuw Thr Gly Arg Gly Thr Lys S
TTA TCT TAC AGG TCA TCT GCG GGT GGC CTG AAT AGG TAC GAT TTA CTA ACT GGA AGA GGC ACT AAA TGA AC

Tyr Leu Thr Gly His Leu Arg Val Ala S RBS £-Met Asn
T TAT CTT ACA GGT CAT CTG CGG GTG GCC TGA ATAGGTACGATTTACTAACTGGAAGAGGCACTAA ATG AAC

Ile Len Gln Val lle Cys Gly Trp Pro Glu S Val Arg Phe Thr Asn Trp Lys Arg His S f-Met Asn

TT ATC TTA CAG GTIC ATC TGC GGG TGG CCT GAA TAG GTA CGA TTT ACT AAC TGG AAG AGG CAC TAA ATG AAC

S =stop codon

The initiation codon for the T7 RNA polymerase gene is shown in bold



attenuation of gal K expression from pJW108 appears to be due to the distance between Py, and
the gal K cistron. Plasmid pJW27 (encoding T7 gene 19) has about 650 bp more DNA
between Py, and T7 gene 19 than does pJW22. White and Richardson (1988) reported the
expression of T7 gene 19 protein from pJW27 to be about 30% 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 Aty ;
and the lambda 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 in E.coli, from the lambda Py,
promoter, after 420C heat induction. Their clone harbours the construct pGP1-1 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 pGP1-1
and pT75WT (Exp. 3.3.10) is unknown, partly because of the different host genotypes and
also because the 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
pGP1-1 and pT75WT could account for the observable difference in gene expression between
the two clones.

Another difference between the expression, in E.coli, of pGP1-1 and pT75WT (Exp.
3.3.10) is that from pGP1-1 "“Transcription from the Py, promoter also results in the synthesis
of a Mr 6,000 protein containing the first 33 amino acids of the N protein of A fused to 22
amino acids encoded by the region before gene 1, and terminating 2 bp before the start codon
for gene 1." (Tabor and Richardson 1985). However, this is unconvincing given that the T7
DNA fragment in pGP1-1, 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 codon, which starts within the AUG initiation codon. If 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 the T7 RNA polymerase open reading frame.

In pT75WT there is partial 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 between the
expression, in E.coli, of pGP1-1 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 POLYMERASE GENE IN
E.COLI
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4.1 INTRODUCTION

Attenuated expression of T7 RNA polymerase in E.coli

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 are the variants of the tac promoter. The promoter
Piac (DeBoer et al. 1983) is a hybrid promoter which has the -35 region of the E.coli
tryptophan operon promoter and the -10 region of the lac UVS promoter, with a 16 bp spacer.
These promoters, called Py, or TAC16 and two variants, TAC17 or Py and TAC18 or Py 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 TAC16 promoter has the greatest
promoter strength in vivo (Brosius et al. 1985). The attenuation of TAC16 promoter strength in
vivo was demonstrated by fusing the three TAC promoters to the E.coli 4.5S RNA gene and
quantifying the amount of RNA transcript by a densitometer scan of the RNA after
electrophoresis in a polyacrylamide gel. The TAC17 promoter produced 90% as much 4.5S
RNA as the TAC16 promoter and TAC18 produced only 65% as much 4.5 S RNA as the
TACI16 promoter. The experiment was not run in duplicate, hence the actual quantitative
difference between TAC16 and TAC17 directed gene expression is questionable. Similar
results are reported for a mutant lac promoter in which the mutant promoter having a 20 bp
spacer shows 25% of the expression observed with the wild type promoter having an 18 bp
spacer (Mandecki and Reznikoff 1982).

Another, more conservative 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 (Deuschle et al.1986) demonstrated that several controllable
promoters have strengths much less than the lambda Py, promoter. The Py 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

Vector Prm Ti Active Mr Gene Reference
pTP2 PL 420C  YES 17 T7 gene 3 Pham & Coleman (1985)
pYS6 PL 420C  YES 34 T4 gene 32 Shamoo et al.(1986)
pIW22 PL 420C NA 66 T7 gene 19 White & Richardson (1988)
pIw27 PL 420C NA 66 T7 gene 19 White & Richardson (1988)
pGP-1 PL 420C YES 98 T7 RNA pol Tabor & Richardson (1985)
pTLA3W  Pp 420C NO 94 T4 DNA pol Lin et al.(1987)
pTLA3W P 400C  YES 94 T4 DNA pol Lin et al.(1987)
Poliovirus RNA
pRC23 PL 420C NO 55 polymerase Plotch et al.(1989)
Poliovirus RNA
pT7-POL  T7 370C  YES 55 polymerase Plotch et al.(1989)
pTLA3Q Prac 420C NO 94 T4 DNA pol Lin et al.(1987)
pTL43Q Prac 400C  YES 94 T4 DNA pol Lin et al.(1987)
1CM21 Py 370C  YES 33 T4 PNK Midgley & Murray (1985)
pCM56 Placuvs 37°C  YES 100 T3 RNA pol Morris et al.(1986)
pUCI2N  Pilac 370C  YES 66 HIV RT Hizi et al.(1988)
Legend
Prm  promoter
Ti temperature of gene induction
Mr  apparent molecular weight in kD
NA  not applicable




chapter. The experimental strategy employed by Deuschle et al. (1986) involved substituting
various 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 highlight the difficulty 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 Py,
promoter in an expression vector (pTL43W) was found to be insoluble and inactive when gene
expression was induced at 429C, but was found to be soluble and active when the induction
temperature of the bacteria was 40°C (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 42°C (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 in E.coli RS101, 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 400C.

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 controllable
promoter (Piac), which exhibits weaker promoter strength in vivo than the Py, promoter
(Deuschle et al. 1986). Expression of the T7 RNA polymerase gene in E.coli was then
induced at 37°C 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

48



Figure 4.1 Conversion of pUC18 into pEDV-1

RBS f-Met — EcoR1 Smal

AGGAAACAGCTATGAC CATGATTACGAATTCGAGCTCGGTACCCGGGGAT
TCCTTTGTCGATACTGGTACTAATGCTTAAGCTCGAGCCATGGGCCCCTA

# EcoR1 digestion

RBS f-Met Smal
AGGAAACAGCTATGACCATGATTACG AATTCGAGCTCGGTACCCGGGGAT
TCCTTTGTCGATACTGGTACTAATGCTTAA GCTCGAGCCATGGGCCCCTA

{ End-fill (dNTPs, Klenow polymerase)
RBS f-Met Smal

AGGAAACAGCTATGACCATGATTACGAATT AATTCGAGCTCGGTACCCGGGGAT
TCCTTTGTCGATACTGGTACTAATGCTTAA TTAAGCTCGAGCCATGGGCCCCTA

* Re-ligation of the blunt ends

RBS £Met Thr Met Tie, Tor As STOP _Smal_
AGGAAACAGCTATGACCAT GATTACGAATTAATTCGAGCTCGGTACCCGGGGAT
TCCTTTGTCGATACTGGTACTAATGCTTAATTAAGCTCGAGCCATGGGCCCCTA

EHEHEHMEHEHEH

Legend

2 ug of pEDV-1 was digested with 10 units of EcoR1 or HindIIT'in a 10 pl
reaction for 60 minutes at 37°C. The DNA was then electrophoresed through
a 1% agarose-TAE gel and stained with 10 pg/ml ethidium bromide.

E: pEDV-1 digested with EcoR1
H: pEDV-1 digested with HindIII

M: EcoR1-digested phage SPP-1 DNA




to be isolated from genomic DNA, with precisely defined termini (Saiki et al. 1986, Scharf 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 specific 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 Py,
promoter in pUC18 lies upstream from the coding region of a 3-galactosidase gene, within
which is the EcoR1=HindIII multiple cloning site polylinker. pUC18 was designed to allow a
short peptide from the 3-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 extracted from T7 genomic DNA by
PCR (described below) includes 5'-untranslated sequence, including a RBS; hence, pUCI18
was modified by engineering a translation stop codon at the start of the multiple cloning site
polylinker. The stop codon allows initiation of translation 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 pUCI18 with EcoR1, followed by end filling and religation of the blunt
ends results in the generation of the translation stop codon, in frame with the B-galactosidase
gene (see figure 4.1).

5 pug of pUC18 DNA was first digested with 10 units of EcoR1 in medium salt buffer
for 90 minutes at 370C, in a reaction volume of 17 pl. The DNA was then end-filled by adding
1 pl of 10X end-fill buffer, 1 pl of 1 mM dNTPs and 1 pl (1 unit) of Klenow polymerase and
incubated for 30 minutes at 37°C. The DNA was then purified on a 1% agarose-TAE gel,
isolated from the agarose with Bio-101 Geneclean and dissolved in water to a concentration of
150 ng/ul. The blunt ends of the DNA were then religated together by incubating 1 pl of the
DNA in a 20 pl solution containing 50 mM Tris-Cl, pH 7.6, 5 mM MgClp, 0.5 mM ATP, 0.5
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Fisure 4.2 Design of PCR primers for extracting the T7 RNA polymerase gene
from T7 genomic DNA

RBS f-Met Asn Thr
A 5'- GATTTACTAACTGGAAGAGGCACTAAATGAACACG - * + = *

B: 5'- GATTTACTAACTGGAAGAGGCACT-3'

A:  5'-terminus of T7 DNA fragment bearing T7 RNA polymerase gene (Davanloo et al. 1984)
B: 24-mer PCR primer (RRS-887)

................................................................................................................

Phe Ala STOP T7 promoter $1.1A

C:* * * TTCGCGTAACGCCAAAT|CAATACGACTCACTATAGAGGGHCARA-3

Phe Ala STOP

* TTCGCGTAACGCCAAATCAATACGACTC-3'
AR RRRR RN R ARy
E: 3'- GCATTGCGGTTTAGTTATGCTGAG-S

C: 3'-terminus of T7 RNA polymerase gene and promoter ¢1.1A
D: 3'-terminus of T7 DNA fragment bearing T7 RNA polymerase gene (Davanloo et al. 1984)

E: 24-mer PCR primer (RRS-879)




mM DTT and 2 units of T4 DNA ligase overnight at 25°C. The entire ligation mixture was
used to transform 200 1 of competent E.coli IM101. The transformed bacteria were grown
overnight at 37°C on L-plates containing 100 pg/ml ampicillin. Plasmids from six bacterial
colonies were isolated and digested with EcoR1 or HindIIl, in medium salt buffer. All
plasmids failed to be digested by EcoR1, indicating the absence of the EcoR1 restriction site.
The multiple cloning site polylinker in pEDV-1 still maintained the unique Hind III site
downstream of the Sma I site. The HindIII digestion of pEDV-1 was to verify that the plasmids

could be cut (see figure 4.1).

4.2.2 Isolation of the T7 RNA polymerase gene from phage T7 DNA by
PCR

4.2.2.1 Design of the PCR oligonucleotide primers
Given that the 5'-terminal nucleotide of the PCR oligonucleotide primers determines the limits
of the amplified DNA sequence, it is possible to extract a target sequence with absolute
precision. The E.coli clone described by Davanloo et al.(1984) which produces enzymically
active T7 RNA polymerase, exploits a similar promoter (lac UVS5) to the lac promoter in
pEDV-1, and as the DNA fragment which harbours the T7 RNA polymerase gene does not
appear to affect the expression of the T7 RNA polymerase detrimentally, 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
HMS 174 harbouring the recombinant vector pAR1219, within which is the T7 RNA
polymerase gene, encoded in a T7-derived DNA fragment that extends from 3,145 to 5,841
(T7 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 figure 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 Saiki (1989).

Figure 4.3 Mbol restriction map of T7 genome
5 10 15 20 25 30 35
1 | ] | I 1 1 | kbp
1 Mbol  Mbol Mbol Mbol 39,936
L I 1 1 11 |
8,312

Ten micrograms of T7 genomic DNA was digested in medium salt buffer with 14 units
of Mbol, in a 20 pl reaction volume for 90 minutes at 37°C. The DNA was electrophoresed in
a 1% agarose-TAE gel and stained with 10 pg/ml ethidium bromide. The first Mbo I restriction
site from the left end on the T7 genome is at position 8,312. This 5'-terminal 8,312 bp Mbol
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 MgCly, 2 pg of BSA, 200 pM of each dANTP,
1 pg of each 5'-phosphorylated 24-mer oligonucleotide primer and 3 units of Cetus Amplitaq
polymerase. The reaction mixture was incubated in a Cetus Thermal Cycler with denaturation
for 30 seconds at 949C, annealing for 1 minute at 55°C and extension at 72°C 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 1% agarose-TAE gel and
stained with 10 pg/ml 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
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pEDV-1 in a 20 pl solution containing 50 mM Tris-Cl, pH 7.6, 10 mM MgCl,, 10 mM DTT,
5% PEG 8000 and 7 units of T4 DNA ligase. The reaction proceeded overnight at 250C. The
ligation mixture was used to transform 200 pl of competent E.coli JM101. The transformed
bacteria were grown overnight at 37°C on L-plates containing 100 pg/pl 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 pg/ml ampicillin
and incubated at 37°C until the Aggg reached 1.0, and were then induced with IPTG to a final
concentration of 1 mM. A 1 ml sample of each induced culture was sonicated for 3x 10
seconds and spun in an Eppendorf centrifuge for 15 minutes at 5°C. A 1 pl aliquot of
supernatant was assayed in a 50 pl solution containing 40 mM Tris-Cl, pH 8.0, 8 mM MgCl,,
5 mM B-mercaptoethanol, 1 mM KHyPOy4, 0.4 mM of each NTP, 10 pCi (3.3 pmoles) o-32P-
UTP and 1 ng T7 DNA. The reaction proceeded for 10 minutes at 37°C and was stopped by
spotting 40 pl onto a Whatman GF/A filter and washing in 3 X 100 ml of 1 M HC1/1%
Nay4P,07 /1% KH,PO4 at 49C. 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 profiles from the Protein Sequencer revealed the amino terminal

sequence.
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Met Asn Thr Ile Asn lle Ala Lys Asn Asp Phe ? Asp Ile 17 Leu Ala

Met Asn Thr Ile Asn lle Ala Lys Asn Asp Phe Ser Asp lle Glu Leu 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 corresponding 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 culture 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 37°C in 50 ml of L-broth containing 100
pg/ml ampicillin until the Agpo 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 ©C. These samples were used
as controls for determining the level of T7 RNA polymerase expression prior to induction by
IPTG. The remaining culture was induced by adding IPTG to a final concentration of 0.5 mM,
with continued incubation at 37°C. At intervals of 2.25, 3, 4, 5, 7.6, 9 and 23 hours, 1 ml
aliquots of culture were were spun in an Eppendorf centrifuge for 5 minutes and the pellets

stored at -20°C.

4.2.5.1 Assay of enzyme activity

Shortly before assaying for T7 RNA polymerase activity, the pelleted cells were
resuspended in 200 pl of 40 mM Tris-Cl, pH 8, 8 mM MgCly and 1mM [-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 MgCl,
1mM B-mercaptoethanol, 100 pg/ml BSA and 5% glycerol. The dilution was found to be
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necessary to keep the amount of 32P-labelled RNA to a level that would give an accurate assay
from the scintillation counter.

A 1 ul aliquot of diluted supernatant was assayed in a 50 pl solution containing 40 mM
Tris-Cl, pH 8.0, 8 mM MgCl,, 5 mM B-mercaptoethanol, 1 mM KH;PO4, 0.4 mM of each
NTP, 2.5 uCi (0.8 pmoles) a-32P-UTP and 1 pg T7 DNA. The reaction proceeded for 10
minutes at 37°C and was stopped by spotting 10 pl onto a Whatman GF/A filter and washing
in 3X 100 ml of 1 M HCl1/1% Na4P,07 /1% KH,POy4 at 40C. The filters were washed briefly
in ethanol, dried and measured by liquid scintillation counting.

The time-course demonstrated that optimal recovery of T7 RNA polymerase from

E.coli RS51 is 3 hours after IPTG induction (see figure 4.4).

Figure 4.4 Time-course of T7 RNA polymerase expression in IPTG-induced E.coliRS51

50000

£ 40000 -

&,

2

g 30000 -

3 .

;a

— 20000 ]

S~

g

8 10000
0 . ' v —0—
0 5 10 15 20 23 30

Hours after IPTG induction

4.2.5.2 Examination of E.coli RS51 by SDS-PAGE.
Pelleted bacteria from Exp.4.2.5 were resuspended in 100 pl of loading buffer, heated at 90°C
for five minutes and 20 pl samples were then loaded onto an SDS-polyacrylamide gel as
described in the Methods chapter (2.1.8) except that a 4% stacking gel was used.

Each 20 pl sample of E.coli RS51 that was loaded onto the SDS-polyacrylamide gel
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Figure 4.5 Expression of T7 RNA polymerase from E.coli RS51 (Exp. 4.2.

Incubation time after IPTG-induction (hours)
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Legend
Mi: Phosphorylase b Mr 97,400
M2: Amersham Rainbow protein markers

M3: T7 RNA polymerase + BSA (Bresatec)




contained the equivalent of 200 ul of bacterial culture. Since each track of the gel 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
4.5).

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 a 2.7 kbp DNA fragment from genomic
DNA. The highly specific assay for T7 RNA polymerase enabled the rapid identification of
positive clones from among the transformants. The nucleotide sequence of the PCR-derived T7
DNA fragment in 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 10 in the amplification of the B-galactosidase gene,
therefore on that error rate, the 2.7 kbp T7 RNA polymerase gene could be expected to average
about 7 nucleotide substitutions. Since only one of the 88 transformants from Exp.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 expressing T7 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 decreased 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 level 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 acid 172 (lysine) and amino acid 173 (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 various E.coli strains for
their ability to cleave T7 RNA polymerase. One of the ompT deletion strains, an E.coli B strain
(BL21), was already being used for the expression of T7 RNA polymerase from the cloned
gene (Studier and Moffatt 1986). The advantage of expressing T7 RNA polymerase from
omp'T deletion strains is the ability to greatly increase the time of induction without losing the
protein through 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
RS51was very low in comparison to the level of expression observed in E.coli RS101
(Exp.3.3.10) which was controlled by the lambda Py, 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 RINA 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 RS51 certainly contributed to the yield of enzymically active protein, but the magnitude
of its contribution is unknown. The differences between E.coli strains RS101 and RS51also
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 al. 1985, White 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 GENE IN
E.COLI
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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 are 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.typhimurium. 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 efficient
transcription vectors, pSP64/5 (Melton et al. 1984, Krieg and Melton 1984). The commercial
potential 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.coli.

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 al.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 al. 1982).

Given that both SP6 and T7 phage are similar in having phage-encoded, phage
promoter-specific 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 filter in the presence of tetramethyl

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
identified a 1.94 kbp region of the SP6 genome (39.45 kbp to 41.39 kbp) which bound the
probe, indicating that if the 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
5.2.1.1 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).

5.2.1.2 PCR amplification of phage SP6 DNA
Five micrograms of SP6 genomic DNA was digested in medium salt buffer with 8 units of
Bgl 11, in a 20 pl reaction volume for 90 minutes at 37°C. Following this, 60 pl of water was
added to the DNA solution, bringing the DNA concentration to 60 ng/pl.

The 50 pl PCR mixture contained 60 ng of the Bgl II-digested SP6 DNA, 10 mM
Tris-Cl, pH 8.4, 50 mM KCl, 1.5 mM MgCly, 2 pug of BSA, 200 uM of each dNTP, 1 pg of
each 5'-phosphorylated 24-mer oligonucleotide primer and 4 units of Cetus Amplitaq
polymerase. The reaction mixfure was incubated in a Cetus Thermal Cycler with denaturation
for 30 seconds at 94°C, annealing for 1 minute at 55°C and extension at 72°C for 5 minutes,

through 30 cycles.
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Figure 5, ign of PCR primers for ex in P6 RNA
from SP6 genomic DNA

RBS f-Met Gln

A: 5'-GCGCTCAATTAAGTTTTCTAGTACCGCATGAGGATACAAGATGCAA" """

B: 5% GTACCGCATGAGGATACAAGATGC -3

A: 5'-terminus of SP6 RNA polymerase gene (Kotani et al. 1987)
B: RRS-782 24-mer oligonucleotide PCR primer

.........................................................................................................................................

Asp Ser Glu Tyr Val Phe Ala STOP
—— T A e e A A e

N GGATTCTGAATACGTATTTGCCTAATAGAACAA" """ " 31"

D 3'~ AAGACTTATGCATAAACGGATTAT -5'

C: 3'-terminus of SP6 RNA polymerase gene (Kotani et al. 1987)
D: RRS-783 24-mer oligonucleotide PCR primer

5.2.2 Cloning the PCR-derived DNA into E.coli
The PCR mixture from Exp. 5.2.1.2 was electrophoresed through a 1% agarose-TAE gel and
stained with 10 pg/ml 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
pEDV-1 in a 20 pl solution containing 50 mM Tris-Cl, pH 7.6, 10 mM MgCl,, 10 mM DTT,
5% PEG 8000 and 7 units of T4 DNA ligase. The reaction proceeded overnight at 259C. The
ligation mixture was used to transform 200 pl of competent E.coli JM101. The transformed
bacteria were grown overnight at 37°C on L-plates containing 100 pg/ul ampicillin, yielding

104 colonies. There were no background colonies.

5.2.3 Assay for enzymically active SP6 RNA polymerase E.coli clones
Sixty of the bacterial colonies were toothpicked into 3 ml of L-broth containing 100 pg/ml

ampicillin and incubated at 37°C until the Agpp 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 5°C. A 1 pl aliquot of
supernatant was assayed in a 50 pl solution containing 40 mM Tris-Cl, pH 8.0, 8 mM MgCl,,
5 mM B-mercaptoethanol, 1 mM KH,PO4, 0.4 mM of each NTP, 10 uCi (3.3 pmoles) o-32P-
UTP and 1 pg SP6 DNA. The reaction proceeded for 10 minutes at 37°C and was stopped by
spotting 40 pl onto a Whatman GF/A filter and washing in 3 X 100 ml of 1 M HC1 /1%
NayP;07 /1% KH,PO4 at 49C. 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 figure

5.2).

Figure 5.2 Assay of SP6 RNA polymerase activity in E.coli JIM101
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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 Agyg 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 pg of 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 enzyme 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
purified from SP6-infected S.typhimurium, to verify that RNA transcripts from the cloned
enzyme showed no aberrations.

The 20 pl transcription reactions contained 40 mM Tris-Cl, pH 7.6, 6 mM MgCly,
0.5 mM ATP, 0.5 mM GTP, 0.5 mM CTP, 150 uM UTP, 17 pmoles o-32P-UTP (3,000
Ci/mM), 2 ug 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 1 nmole/hour in a 10 minute reaction at 370C
(Butler and Chamberlin 1982). The assay template, pSH-1, is an SP6/T7 transcription vector
(pSP72) that harbours a 406 bp DNA fragment. Digestion of pSH-1 with Sacl, followed by
transcription with SP6 RNA polymerase results in the generation of a 262 nucleotide major
transcript.

The transcription products were analysed by electrophoresis through a 15%
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Figure 5.3 Comparison of SP6 RNA polymerase RNA transcripts:
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The assay template, pSH-1, contains a 406 bp insert next to an SP6
promoter. The vector was linearized with Sacl. Transcription with
SP6 RNA polymerase generates a 262 nt major transcript.

1. SP6-infected S.typhimurium-derived enzyme
2: Enzyme from E.coli RS49

M: End-filled Hpall-digested pUC18 markers




polyacrylamide, 8 M urea gel, followed by autradiography (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.typhimurium.

5.3 DISCUSSION
Isolation of the SP6 RNA polymerase gene from genomic DNA by PCR was successful and
posed few technical difficulties. 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 transformants 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 30% 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
JM101bearing 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 purified 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
bacteriophage 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-specific RNA
polymerase promoter (Davanloo et al. 1984, Kotani et al.1987). Expression of the T7 and SP6
RNA polymerases from the cloned genes firstly involved the isolation of DNA fragments from
which the phage-specific promoters had been removed. The approaches used by Davanloo et
al.(1984) and Kotani et al.(1987) toward that end were very different.

Davanloo et al.(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 ¢1.1A.

By contrast, the SP6 RNA polymerase gene locus was unknown. Butler and
Chamberlin (1982) had previously determined the apparent molecular 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 various similarities of SP6 RNA
polymerase to the RNA polymerase from phage T7. In particular, Kassavetis et al.(1982)
demonstrated that transcription of SP6 DNA with SP6 RNA polymerase resulted in discreet
transcripts toward 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 findings 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 identified 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 the 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 into E.coli. 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 their 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.

Qur 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 Bal 31 nuclease and a partial-length
T7 RNA polymerase gene was isolated and cloned into E.coli. Reconstruction of the gene to a
full-length T7 RNA polymerase gene was accomplished by exploiting the site-directed
mutagenesis technique developed by Zoller and Smith (1983). Our 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 first 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 partial-length 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 f1 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 significant limitation of the PCR is the error rate of misincorporated nucleotides
caused by the use of Taq DNA polymerase in vitro (Tindall and Kunkell 1988). However if 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 identified from a background of

PCR mutants.
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