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SUMMARY

The in vitro transcription pattern of a prophage can
be considered the equivalent of the <n vivo transcription
pattern immediately after infection before phage protein
synthesis. That is, the <n vitro pattern should be
indicative of the early transcripts. This thesis describes
the establishment of an in vitro transcription system for 186
and the characterisation of the transcripts.

186 DNA was transcribed with E. colZ RNA polymerase and

four major transcripts were observed on polyacrylamide gels:

Band 1 = 1540 bases
Band 2 - 1450 bases
Band 3 = 590 bases
Band 4 - 290 bases

The direction of transcription was determined and pre-
liminary mapping of these transcripts was accomplished by
hybridizing each transcript to restriction digests of 186
DNA Southern blotted on to nitrocellulose. Then plasmid
clones containing appropriate 186 restriction fragments were
transcribed imn vitro which identified promoter containing
fragments and supported the hybridization data. Run-off
transcripts were analysed, which achieved a more precise
knowledge of the location of the 5'-ends of the trahscripts.
When the DNA sequence became available the 5'-ends of the
transcripts were precisely mapped and their accompanying
control features identified on the DNA sequence.

Bands 1 and 3 share a promoter, p95, which has been

mapped to the far right hand end of the 186 chromosome



ii.

at 95%. Their function is speculative and is discussed in
the context of features found in the DNA near the promoter.

The 5'-end of Band 2 was sequenced and found to
represent transcription from a promoter, pR, which maps
within the first of three computer predicted operators
which are presumably involved in the lysis/lysogeny decision
by binding repressor.

Band 4 was identified as the B gene transcript. The B
gene product is required for late gene expression. A
transcript, the same size as the B gene transcript, was
identified among the P2 in vitro transcripts and proved
to be the ogr gene transcript, the functional equivalent
of the 186 B gene.

The in vitro transcription pattern, represented the
early transcripts of 186. The transcripts are discussed
in relation to the DNA sequence and the biology of the

regions from which they originate.
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1. Phage 186

Phage 186 is a temperate bacteriophage of E. coli with
a double-stranded, non-permuted DNA molecule of molecular
weight 19.7 x 10% daltons (Wang, 1967). The DNA possesses
complementary cohesive ends, nineteen nucleotides long.

A linear genetic map of 186 has been constructed on
the basis of two- and three-factor crosses (Figure 1.1)
(Hocking and Egan, 1982a). Twenty-two genes essential for
lytic growth have been identified, as well as a number of
non-essential genes, such as ¢I and ¢II which are involved
in the establishment and maintenance of lysogeny, and int
which is required for lysogenisation of the host. 186 also
has a function, defined by a gene dhr, which depresses host
DNA synthesis upon infection (H. Richardson, pers. commun.).

Genes with related functions are clustered on the 186
map. To the left of the att site is the late control gene,
B. The left most end of the chromosome contains seven
genes involved in head morphogenesis, which are separated
from a group of eleven genes involved in formation of the
phage tail, by genes O and P. Gene P is the lysis gene
and the function of O is not clear. Sixteen of these genes
are organized into four transcription units based on the polar
effects of various amber mutants: groups D to G, H to J, K
to M and Q to V. The remaining six essential genes, A, B, N,
O, P and W do not belong to polarity groups (Hocking and
Egan, 1982b).

Replication of 186 DNA requires the cis-acting product
of the A gene (Hocking and Egan, 1982c). A.V. Sivaprasad in

our laboratory, has shown by sequence analysis that the A



FIGURE 1.1

GENETIC MAPS OF 186 AND P2

The relative location of the known genes of 186 and
P2 are shown in’'the figure. The gene functions are listed

below the map.
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gene region codes for two proteins designated LA (left) and
RA (right), both defined by amber mutations thought previously
to belong to separate alleles of the A gene. Preliminary
studies reveal that RA is needed directly for replication
whilst LA is required for the efficient translation of RA,
i.e., has an indirect role in replication.

A ¢II gene has been defined by an amber mutation which
is complemented by mutants in the ¢I repressor gene. The
map location of ¢II is not known, although it has been
shown to lie to the right of att (Hocking and Egan, 1982c).

2. Comparison of P2 and 186

P2 is perhaps the best studied of the non-inducible
phage. P2 and 186 show many similarities both in their
molecular biology and the morphology of the phage particles.

P2 and 186 have cohesive ends which differ in only two
of nineteen residues (Padmanabhan and Wu, 1972; Murray and
Murray, 1973). Electron microscope heteroduplex studies
have shown that the two phages share homologous sequences,
particularly in that part of the genome coding for phage
structural components (Skalka and Hanson, 1972; Younghusband
and Inman, 1974). The control sequences located on the right
third of the genome show no homology under the electron
microscope. For comparison of gene function and map
location, the genetic maps of 186 and P2 are presented in
Figure 1.1.

Replication of P2 DNA requires the products of the
early genes A and B (Lindahl, 1971). The A gene of 186
and the A gene of P2 are likely to be site-specific endo-

nucleases which cause a single~strand nick at the origin



of replication (Chattoraj and Inman, 1973; Geisselsoder, 1976) .

The B gene of P2 is involved in lagging strand synthesis
(Funnell and Inman, 1983). There is no evidence in 186
for a gene with analogous function to that of the P2 B gene.

There is no evidence in P2 for a ¢II gene, nor is there
a counterpart to dhr as P2 does not interfere with host DNA
synthesis (Hooper et al., 1981).

A is unable to plate on a P2 lysogen and this inter-
ference is abolished by a mutation in the P2 old gene
(Lindahl et al., 1970). 186 does not have a gene equivalent
to P2 0old as XA forms plaques on 186 lysogens.

The most striking difference between P2 and 186 is
inducibility of the prophage. 186 shares the induction
properties of A, i.e., UV irradiation, mitomycin C and
nalidixic acid all cause induction of the 186 prophage
(Woods and Egan, 1974). P2 is non-inducible and non-excisable
(G. Bertani, 1968) under these conditions.

The non-inducibility of P2 has been attributed to two
factors; firstly, P2 repressor is not inactivated by UV
irradiation (G. Bertani, 1968) and second, even when
repression is lifted by subjecting a prophage with a temp-
erature sensitive repressor to non-permissive temperatures,
the prophage fails to excise (L.E. Bertani, 1968).

To explain the non-excisability of P2, the "split-
operon" model was proposed by L.E. Bertani (1970). This
model relied on P2 <nt transcription being from left to
right relative to the genetic map, such that upon integration
into the host chromosome, the int gene is physically separated

from it's promoter which is situated on the opposite side of

R



the att site, hence no int protein can be made by the pro-
phage (see Figure 1.2). However, Ljungquist (pers. commun,)
sequenced an int amber mutant showing that int transcription
is from right to left which is not compatable with the
split-operon theory.

Our laboratory is ultimately interested in the further
description of prophage induction and excision. A comparison
of 186 with it's non-inducible relative P2 should provide an
insight into the reason for this difference in excisability.
It should also provide a greater understanding of the control
of phage integration and excision, a process that has an
analogy in eukaryotic cells with the integration and/or
excision of RNA tumor viruses.

3. Interaction of phage P4 with P2 and 186

Satellite phage P4 has a linear, non-permuted, double-
stranded DNA molecule (6.8 x 10° daltons), which terminates
in single-stranded complementary ends 19 nucleotides long.
These complementary ends are identical to those of P2.

Phage P4 is able to replicate it's own DNA and lysogenise
a host E. coli bacterium in the absence of a helper phage,
(Lindquist and Six, 1971); or it may maintain itself as a
plasmid (Shore et al., 1978; Goldstein et al., 1982).

For lytic development, P4 requires all the known head,
tail and lysis genes of a helper phage such as P2 (Six,
1975). P4 can utilise the genes of a co-infecting helper
phage or can stimulate expression of late genes from a pro-
phage helper (Six and Klug, 1973). P4 is able to derepress
a helper P2 prophage (Six and Lindquist, 1978) and thereby

utilise late genes. This derepression results in in situ
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FIGURE 1.2
THE SPLIT-OPERON MODEL

A, The arrangement of the int operon in the vegetative
phage is shown. pi represents the promoter for the int
gene, The model relies on the att site being located

between pi and <nt and also rightward transcription of

int indicated by the arrow.

B. The arrangement of the Znt operon upon integration
into the host chromosome is shown. The left (L att) and
right (R att) arms of the att site are shown. The int

gene is separated from its promoter.
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unidirectional replication of the integrated helper without
excision (Geisselsoder et al., 1981). A P4 mutant exists
which is defective in derepression and can not grow on a P2
lysogen; therefore it is likely that P4 requires a repressed
P2 function (Geisselsoder et al., 1981).

During lytic co-infection by P4 and P2, P4 interferes
with morphogenesis of P2 by directing the assembly of small
capsids capable of packaging P4 but unable to package the
larger genome of the P2 helper phage (Diana et al., 1978;
Geisselsoder ¢t al., 1978; Shore et al., 1978).

As well as causing expression of P2 late genes under
their normal mode of control, P4 activates expression of
P2 late genes by "transactivation" (souza et al., 1977),
which is defined by the ability of P4 to turn on P2 late
gene expression in the absence of two early P2 genes, A
and B. These genes are normally needed for P2 late gene
transcription and for P2 DNA replication (Six, 1975; Harris
and Calendar, 1978). The transactivation gene of P4 is
called §.

Like P2, 186 can act as a helper phage during a P4/186
mixed infection. P4 is able to transactivate 186 late gene
expression in the absence of 186 A and B genes.
Derepression of a 186 prophage (e.g., by temperature
induction) is a prerequisite for a P4 lytic infection
(Sauer et al., 1982). It seems that P4 requires a 186
function which is under the negative control of the cI
repressor protein, but in contrast to P2, P4 cannot derepress

a 186 prophage.

—



4. Comparison between 186-B gene, P2-ogr gene and P4-§

JENCE

The 186 B, P2 ogr and P4 6 genes are functionally
similar; they all turn on late gene expression. The ogr
gene of P2 is also similar to the 186 B gene in it's
relative position on the genetic map (Figure 1.1). Hocking
and Egan (1982d) have shown that 186/P2 hybrid phages which
lack the P2 ogr gene rely on the 186 B gene for expression
of P2 morphogenic genes. Thus the 186 B gene is able to-
replace the requirement for ogr to turn on P2 late gene
expression.

Both 186 B~ and P2 ogr phages can support a P4 st
infection, implying that P4 § gene substitues for B and
ogr in late turn on (Sauer et al., 1982). However, P4 §
mutants are unable to transactivate 186 A~ and P2 A  phage.
Sauer et al. (1982) explain this phenomenon by considering
the following observations. By complementation Sauer et al.
(1982) concluded that the P2 ogr gene can only be expressed
when the A gene is functional. Finnegan and Egan (1981)
concluded that 186 B gene transcription is dependent upon
A gene function. Thus in 186 A~ and P2 A  mutants, B and
ogr dgenes are not expressed, hence, there can be no late
gene expression.

5. Transcription Controls

A and the P2/186 family are the best studied of the
temperate coliphages. A is the paradigm for phage trans-
criptional control. Some aspects of P2 transcriptional

control have been studied and these differ in some respects



from the control of A.

A infection results in a sequential expression of phage
genes that is determined by the sequential synthesis of
regulatory proteins. Immediately after injection of A
DNA into a cell, host RNA polymerase binds at three promoters
(pR', pR, and pL) to produce three transcripts (Figure 1.3).
The pR' initiated transcript is extended by the antiterminator
protein Q at tR' to enable transcription of late genes
(Grayhack and Roberts, 1982). AN protein is encoded by the
pL transcript and Cro is encoded by pR.

N protein, a positive regulator, acts as an antiterm-
inator to allow expression of late genes past the terminators
tL, tRl and tR2 (Friedman et al., 1976a; Adhya et al., 1974;
Franklin, 1974). In order for N protein to promote anti-
termination of transcription, transcription must pass through
a region containing a N utilization (nut?) site (Salstrom and
Szybalski, 1978). A number of host functions, nusA, nusB,
nusC and nusD are required for AN activity (Greenblatt et al.,
1980; Friedman and Baron, 1974; Friedman et al., 1976b; Simon
et al., 1979; Friedman et al., 1981).

Cro, the protein encoded by the pR transcript is a
negative regulator which binds to oR to block premature
synthesis of ¢I. Cro represses early gene transcription
from pR and pL midway through infection (Takeda, 1979;

Echols et al., 1973; Reichardt, 1975). Acro mutants are
unable to grow lytically (Folkmanis et al., 1977). Hence,
depression of early protein synthesis is necessary for success-
ful 1lytic growth.

Negative control of the genes required for the lytic



FIGURE 1.3

THE TRANSCRIPTION MAP OF A

The transcripts essential to lytic development are
depicted above the map which shows the control genes and
the sites at which they act.

Early transcripts (1) of )\ cover the genes N and cro
and terminate at the ¢L and t¢Rl respectively. The N
protein allows elongation of both leftward and rightward
early transcripts (2) to cover ¢III, the recombination
and integration genes to the left of N, and ¢II, the
replication genes and Q which are transcribed rightward.
The late gene transcripts (3) are antiterminated by Q at
R

cIT and ¢III act together to stimulate transcripts
required to establish lysogeny (4) which are depicted below
the map. The major transcript made in the prophage state
(5) covers the ¢I gene and is maintained by the ¢I protein

itself,
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cycle is mediated by cI, the phage repressor. The repressor
binding sites oL and oR each contain three adjacent repressor
binding sites (Figure 1.4), and although these six sites have
similar nucleotide sequences, the affinities of c¢I for these
sites differs (Maniatis et al., 1975; Ptashne et al., 1976).
The site with the highest affinity for cI is oRl, then oR2
and oR3 (Johnson et al., 1979); likewise at oL, the sequence
of binding is oLl, oL2 and oL3. The relative affinities of
Cro at oR are opposite that of cI; oR3 > oR2 = oR1 (Johnson
et al., 1978).

oR also controls transcription initiation from another
promoter prm (the promoter for repressor maintenance) .
Because of the different binding affinities of Cro and cI to
the operator sites their effects on transcription from pR and
prm are quite different (see Herskowitz and Hagen for review,
also Gussin et al., 1983). These effects have been studied
in vitro by monitoring transcription from pR and prm after
addition of varying amounts of purified cI (Meyer et al.,
1975;: Walz et al., 1976) or Cro (Johnson et al., 1978; Takada,
1979). The binding of cI to oRl and oR2 activates trans-
cription from prm while repressing transcription from pR.
prm is repressed when cI is bound to oRl, oR2 and oR3 (Mauer
et al., 1980). In vitro transcription from prm (thelow level
seen in the absence of cI) is repressed by low concentrations
of Cro, which correspond to occupancy of oR3. At higher
concentrations, Cro represses transcription from pR by
filling oR2 and oR3.

P2 is the best known phage from another major group,

the non-inducible phages. Transcription studies on P2 have



FIGURE 1.4

THE STRUCTURE OF A oR REGION

The region of the A genome between c¢I and cro is
schematically drawn with the relative positions of the
repressor-binding sites, oR1l, oR2 and ¢R3, and the

promoters, pRM and pR.
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been confined to in vivo studies whereby early transcription
is found to originate exclusively from the right half of the
phage DNA molecule. Later in infection, transcription of
genes situated on the left half of the molecule is progress-
ively induced (Geisselsoder et al., 1973). Geisselsoder et
al. (1973) also found that P2 genes A and B are both necessary
to activate late gene transcription, since mutants in both
fail to produce significant amounts of left half specific

RNA.

The P2 specific immunity repressor, encoded by the C
gene, regulates expression of the P2 early operon. The
early operon, including the gene coxz, is located to the
right of the repressor gene (Figure 1.1).

So far, there is no evidence in P2 for genes comparable
to the A genes N, evlI, c¢III or cro.

An investigation of the control mechanisms of 186,
which is classed as a member of the P2 family by morphology
and yet shares the induction properties of the lambdoid
phages, will contribute to the understanding of the related-
ness of phage and perhaps shed some light on their evolution.
If 186 differs from A in it's transcriptional control, then
a contribution will be made to the field of control of gene
expression which is relevant to both prokaryotes and
eukaryotes.

6. Transcription studies

Transcription studies are important in the beginning of
any gene control study and RNA assays are the most direct

means for studying regulation of gene expression.
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Coliphage have three definite stages of lytic develop-
ment:

1) early

2) middle

3) late
The separation of early and middle stages can be inferred
from measurement of RNA synthesis under conditions in
which protein synthesis is inhibited, or in vitro.

For example, in A, initial evidence for the role of the
antiterminator, N, came from direct studies of transcripts
in vivo and inm vitro. The initial transcripts are delimited
in vitro if the termination factor rho is added (Roberts,
1970) or im viveo in the absence of N protein (Echols, 1971;
Kourilsky et al., 1971). Transcription is extended rather
than reinitiated inthe presence of N or absence of rho
(Portier et al., 1972). Thus N protein acts in vivo to
prevent termination.

Of immediate interest in our laboratory is the character-
isation of 186 initial early transcription. Essentially, this
is transcription in the absence of any phage protein synthesis.
To accomplish this characterisation two approaches may be
taken;

1) studies im vivo in the presence of chloramphenicol

2) studies in vitro in the absence of any translation

machinery.
Finnegan and Egan (1981) followed the first approach and
hybridized the RNA made upon induction of a 186 prophage in
chloramphenicol treated E. coli to cloned 186 restriction

fragments. The only detectable transcription was a low level
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hybridizing to pECl6 and a higher level which hybridized
to pEC35 (Figure 1.5). Since pEC35 was considered to
be diagnostic for B gene transcription, and Finnegan and
Egan had concluded from transcription analysis after
induction of an Aam prophage, that B gene transcription
was dependent upon a functional A gene, the B gene was not
expected to be active in chloramphenicol treated cells.
Thus, it was presumed that the transcriptional activity
of pEC35 originated from the interval to the right of A2
(74.2% to 77.3%). Finnegan and Egan (1981) therefore, post-
ulated the existence of a primary control gene X to map in
the region around 76% on the chromosome, whose protein pro-
duct is necessary for any further phage transcription.

To obtain maximum information from RNA assays, specific
RNA molecules must be studied, and thus transcriptional units
and their individual regulation may be defined. The follow-
ing are some of the methods used in this thesis to study
RNA's.

a) Hybridization

DNA/RNA hybridization is a powerful technique for the
analysis of phage-directed RNA transcripts. With the advent
of restriction endonucleases, radiolabelled RNA can be
hybridized to DNA restriction fragments which have been
separated by gel electrophoresis, denatured and transferred
onto nitrocellulose (Southern, 1975). With a restriction
map of defined genetic content, a great deal of information
may be gained about the origin of individual RNA species.

b) Transcription of cloned restriction fragments

Once RNA's have been assigned to regions on the chromo-



FIGURE 1.5

GENE X FUNCTION

A schematic representation of the position and function
of gene X is shown. Gene X is transcribed and its product
acts to extend rightward transcription through the
replication genes.

The position of the A2 deletion in pEC35 is indicated:

by a box.
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some by hybridization, then these regions may be cloned
into plasmid vectors and used as templates in an in vitro
transcription reaction. This technique allows the
assignment of promoters as only DNA fragments with

residing promoters will be transcriptionally active.
"Run-off" transcription, whereby cloned fragments are
digested with a restriction enzyme having an internal site,
and then used as templates for im vitro transcription, can
determine the direction of transcription, and also from the
size of the run-off RNA, predict the location of promoters.

c) Sequencing

The most definitive approach to RNA analysis lies in
the determination of the nucleotide sequence. The more
recent developments in RNA sequencing methods have focused
on the use of in vitro [32P] end—~labelling of RNA (Silberk-
lang et al., 1979). RNA's may be labelled at their 5'-term-
ini by the incorporation into an <n vitro transcription
reaction of an initiating triphosphate labelled at the
Y position with [32P]. Alternatively, T4 polynucleotide

32P]ATP may be used, following the

kinase along with [vy-
removal of any pre-existing 5'-terminal phosphates (Chaconas,
1980) . Once the RNA's are labelled, they may be sequenced
by the enzymatic cleavage method of Donis-Keller (1977).

Another method of obtaining an RNA sequence is by
extending a labelled DNA primer, which is hybridized to an
internal region of the RNA, with reverse transcriptase in
the presence of dideoxynucleoside triphosphates.

The RNA sequences of amber mutants may be obtained by

transcribing a DNA carrying the mutation. This not only
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allows confirmation of the gene content of an RNA species,
but also the elucidation of the reading frame of the
translation product along with the identification of the
protein initiation and termination signals.

7. Aim of this work

A sound knowledge of the molecular biology of 186 is
a prereqguisite for any experiments on the control of it's
gene expression.

A genetic map of 186 was constructed by Hocking (1982a)
and a physical map by Finnegan and Egan (1979). Finnegan & Egan,
(1981) investigated the temporal appearance of 186 messenger
RNA by hybridizing RNA from 186 infected cells to 186 DNA
restriction fragments. My aim was to provide a detailed
immediate early transcription map of 186 by <n vitro trans-—
cription studies employing the methods of RNA analysis

just alluded to.



CHAPTER 2

MATERIALS AND METHODS
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A. MATERTALS

All bacterial and bacteriophage strains used in this
work are described below.

1. Bacterial strains

The bacterial strains used in this study are described
in Table 2.1. '

2. Bacteriophage strains

The bacteriophage used in this study are described
below.

a) Phage 186 strains

186¢cIts: a heat inducible mutant of 186 (Baldwin et al.,
1966)

186¢cItsBaml7: has an amber mutation in the B gene,
allele 17 (Hocking and Egan, 1982b)

186¢cItsBam57: has an amber mutation in the B gene,
allele 57 (Hocking and Egan, 1982b).

186A1l: phage with a deletion from 67.9% to 74.2%,
phenotypically int ¢I  (Dharmarajah, 1975)

b) Phage P2 strains

P2: wild-type from C1l055 (P2) (Geisselsoder et al.,
1970)

P2vir220gr52: vir22 has a 5.0% deletion from 72.2% to
77.2% and a 0.5% insertion, ogr52 is a mutation in the ogr
gene permitting growth on an E. coli gro mutant (B. Sauer,
pers. commun) .

c) Other phage strains

Hy5: a P2/186 hybrid isolated in this laboratory

(Bradley et al., 1975)



TABLE 2.1 BACTERIAL STRAINS
Collection Strain Genotype Origin or reference
number
E. coli K12
E536 W3350 su” F~ galK galT strR Campbell (1965)
E508 C600 sut F~ thr leu thi lacY Appleyard (1954)
tonA supE
E574 C600 (186¢cIts) This laboratory, from 186cItsp described
by Baldwin et al., (1966)
E1017 E508 (186cItsBaml’) This laboratory, from 186c¢cItsp after uv
mutagenesis by Hocking and Egan (1982b)
E1057 E508 (186cItsBam57) This laboratory, after NNG mutagenesis
of 186¢Itsp by Hocking and Egan, (1982b)
E402 CGSC 5122 F' thi thy uvrh Rupp et al. (1971)
(Hy 5)
E2106 E536 carrying pBR322 Bolivar et al. (1977)
E2107 GM31 his thr leu Bl dem Bolivar et al. (1977)
(pBR325)
- o]
E2121 SR71 N100 recA gal Su Rag and Rogers (1979)

carrying pRC7



E,

E2234

E0605

E224]1

coli C

E814

E273

E536

JM101

E699 +
(186cI )

C1l792

c2121

carrying pEC35

Alae pro supE thi Fr
traD36 proAB laciq 2AM15

carrying pEC400

F  arg his trp Sulll strR

eta strR grol09

Finnegan and Egan, (1979)

Messing et al, (198la)

This laboratory, H. Richardson

Sunshine et al. (1971)

Sunshine et al. (1971)
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M13mp9: cloning vector with unique sites HindIII-PstI-
»
SalI-BamHI-Smal-EcoRI (Messing, 1981b) y
k
1,

3. Plasmids

186 restriction fragments were cloned into pBR322 or |
PBR325 and pKC7, derivatives of pBR322.

pEC35: 186 PstI fragment from 65.5-77.3% with a deletion
from 67.9-74.2% cloned into pBR322 (Finnegan and Egan, 1981).

pEC400: 186 XhoI-BglII fragment from 67.5-79.6% with
a deletion from 67.9-74.2% (Al) cloned into pKC7.

pEC200: This thesis, 186 EcoRI fragment from 92.0-2.3%

cloned into pBR325.

These plasmids are represented diagrammatically in Figure

5.6.

4, Chemicals

Unless otherwise stated chemicals were analytical grade.
CsCl: Bethesda Research Laboratories

Urea: Sigma Chemical Co.

PEG6000: for phage preparation, from Sigma Chemical Co.
PEG6000: for sequencing, from BDH Chemicals Aust. Pty.

Limited.

Phenol (Analar AR grade) was redistilled and stored
in the dark at -15°C.

Bacto-Tryptone, Bacto-Agar and Yeast Extract were
obtained from Difco Laboratories, U.S.A.

Amine A was obtained from Humpko Sheffield, U.S.A.

Brij58: Sigma Chemical Co.

Acrylamide: Sigma Chemical Co.

N,N'-Methylene-bis-Acrylamide: Sigma Chemical Co.

Diethyl-pryocarbonate: Sigma Chemical Co.
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Agarose: Sigma Chemical Co.

L.G.T. agarose: Bethesda Research Laboratories.

IPTG: Sigma Chemical Co.

BCIG: Sigma Chemical Co.

ampicillin: Sigma Chemical Co.

tetracycline: gift from Upjohn Pty. Limited

chloramphenicol: Sigma Chemical Co.

ribonucleoside triphosphates: Sigma Chemical Co.

deoxynucleoside triphosphates: Sigma Chemical Co.

dideoxynucleoside triphosphates: Sigma Chemical Co.
5. Isotopes.

[a—32P]—dCTP and [u—32P]—dATP at specific activities of

32

1000 Ci/mmol, and [y-
32

P]-ATP at a specific activity of 2000
Ci/mmol, and [a-""P]-GTP at a specific activity of 1000
Ci/mmol were prepared by Dr. R.H. Symons or more recently

by Biochemical Research Enterprises of South Australia.

6. Enzymes

RNA polymerase: gift from W. Zillig at a concentration
of 37 mg/ml.

Klenow fragment of E. coli DNA polymerase was obtained
from Boehringer

Restriction endonucleases were obtained from New England
Biolabs and used under the recommended conditions of the
manufacturer.

T4 polynucleotide kinase: Boehringer

T4 DNA ligase: Boehringer

calf-intestional alkaline phosphatase: Sigma Chemical

Co.
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Avian myeloblastosis virus reverse transcriptase:
Life Science Inc., Florida

RNases A, Tl and U2 were obtained from the Sigma
Chemical Co.

Phy M RNase and B. cereus RNase were gifts from J.
Haseloff

lysozyme: Sigma Chemical Co.

7. Ligquid media and buffers

All media and solutions of chemicals were prepared in
glass—distilled water and were sterilised by autoclaving
for 25 min at 120°C and 15 p.s.1i.

L broth: 1% Bacto-tryptone, 0.5% yeast extract, 1%
NaCl, pH 7.0

LGC broth: L broth supplemented with 0.1% glucose and
0.0024 M CaCl2 (the glucose was made separately as a 20%
sterile solution, the CaCl, was prepared as a 0.4 M solution
and added to sterile broth).

YT broth: 8 g/l1 Bacto-tryptone, 5 g/l yeast extract
5 g/1 NaCl (prepared as a 2 x solution).
4.5 g/1 KH

M13 minimal media: 10.5 g/1 K,HPO PO

4 2
1.0 g/1 (NH4)2SO4, 0.5 g/1 Na3 citrate.2H20, this was

4’

autoclaved then the following was added from separately
prepared sterile solutions; 0.8 ml of 1 M MgSO4, 10 ml of
20% glucose, 0.5 ml 1% thiamine HCI.
Antibiotics were added to liquid media at the following
concentrations; ampicillin 50 pg/ml, tetracycline 20 ug/ml.
T™: 0.01 M Tris-HCl, pH 7.1, 0.01 M MgSso0,
TE: 0.01 M Tris-HCl, pH 8.0, 0.001 M EDTA

TEO.l: 0.0l M Tris-HCl, pH 8.0, 0.1 mM EDTA
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TBE: 0.089 M Tris-HCl, 0.089 M boric acid, 2.7 mM EDTA
prepared as a 10 x solution and pH to 8.3.

TAE: 0.04 M Tris-acetate, 0.02 M Na acetate, 1 mM EDTA
prepared as a 10 x solution and pH to 8.2.

8. Solid Media

Soft agar: 1% Bacto-tryptone, 0.5% NaCl, 0.7% Bacto-
agar

YT soft agar: YT broth + 0.7% Bacto-agar

Z plates: 1% Amine A, 0.5% NaCl, 1.2% Bacto-agar

YGC plates: 1% Amine A, 0.5

oe

yeast extract, 1% NaCl,

1.5% Bacto-agar then add 5 ml 20% glucose and 6 ml 0.4 M
CaCl2 to one litre.

M13 cloning plates: add 1.5% Bacto-agar to M13 minimal
media

Antibiotic plates: antiobiotics were added to YGC plates
at the following concentrations; ampicillin 50 pg/ml,

tetracycline 20 ug/ml, chloramphenicol 30 pg/ml.

Plates were prepared from 30 ml of the relevant
mixture, dried with lids on at 37°C overnight and stored
at 4°C until required.

9. Miscellaneous

Nitrocellulose: Schleicher and Schuell (pore size 0.45 )
BSA: Sigma Chemical Co. To remove nucleases the BSA
was acetylated according to the method of Gonzalez et al.
(1977) .
t-RNA: Sigma Chemical Co. A soluiton was prepared
and phenol extracted three times before use.

M13 specific 17-mer primer (GTA4CGACG2CoAGT) was obtained
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from New England Biolabs.
Fuji Rx medical X-ray film: Fuji Photo Film Co. Ltd.
Positive/Negative Land Pack Film: Polaroid
Ethanol: redistilled under RNase free conditions and

stored -20°C.

B. METHODS

1. Storage of bacteria and bacteriophage

Long term storage of bacterial cultures was in 40%
glycerol frozen at -80°C. Bacterial stocks stored for
limited periods were maintained at 4°C on either Z or YGC
plates, or in the case of JM10l, on M13 minimal media plates.

Low titre P2 phage stocks were maintained in LGC broth
at 4°C after milliporing. High titre phage stocks were
prepared by CsCl density centrifugation and the CsCl was
removed by dialysis against 3 x 1 litre changes of TM and
then stored at 4°C.

2. Growth of Bacterial Cultures

A stationary phase bacterial culture was prepared by
inoculating broth with a loopful of bacteria from a plate
stock and incubating overnight in capped flasks at 30°C or
37°C in a New Brunswick gyrotory water bath.

Log phase cultures were prepared by diluting a freshly
grown stationary phase culture 50 fold into sterile broth,
and incubating at 30°C or 37°C until the required cell density
was reached. Cell density was measured by following OD600
using a Gilford 300 T-1 Spectrophotometer.

=31 ) Titration of phage stocks

Phage were diluted into TM buffer and a 0.1 ml sample

was added to 0,2 ml log phase indicator bacteria (log phase
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culture). Three ml of soft agar (melted and maintained at
45°C) was added and the contents of the tube poured over
an agar plate. When the agar had solidified the plates
were inverted and incubated overnight at 37°C. Plaques
were scored the following day.

For assays of 186, bacteria were grown in L broth and
7z plates were used. Indicator bacteria were grown in LGC
broth and YGC plates were used for assays of P2 and Hys5,

4, Preparation of phage stocks

High titre stocks of all phage were prepared with the
aim of obtaining phage DNA.

a) 186 phage

186¢cIts as well as 186¢ItsBaml7 and 186cltsBam57 were
prepared by heat induction of log phage cultures.

Stationary phase cultures grown at 30°C were diluted
fifty-fold into 500 ml L broth and incubated at 30°C with
aeration to an ODgnq = 0.8. Cultures were then transferred
to a 45°C water bath and shaken by hand for fifteen minutes.
They were then returned to 37°C and shaken until lysis was
complete. 19 g/l NaCl was added and allowed to dissolve.
The lysates were centrifuged (9,000 r.p.m., 4°C, 20 minutes)
to remove bacterial debris and then 100 g/1 PEG 6000 was
added to the supernatant. The solution was stored at 4°C
overnight and the precipitate was collected by centrifugation
(9,000 r.p.m., 4°C, 20 minutes) and resuspended in a small
volume of TM and then purified by centrifugation in CsCl.

b) P2 phage

High titre stocks of P2 and P2vir22ogr52 were prepared

by infection of a large scale culture with a low titre P2
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stock.
P2 was raised on E814 and P2vir22o0gr52 was raised on
E273. Low titre P2 stocks were prepared as follows. To
15 ml LGC broth 0.6 ml log phase bacteria were added and
the culture grown at 37°C to an OD600 = 0.8. P2 phage
leached from a single plaque into 1 ml LGC broth was
added to the culture and the optical density followed.
At the beginning of lysis 0.1 M EDTA, pH 8.0 was added to a
final concentration of 6 mM and incubation continued till
lysis was complete. Bacterial debris was removed by cent-
rifugation and the supernatant millipored and stored at 4°C.
For high titre P2 stocks stationary phase bacteria
were diluted a hundred-fold into 500 ml LGC broth. The
culture was grown to ODg,, = 0.2 and then infected (moi = 0.2)
with P2 phage from a low titre stock. Incubation was
continued at 37°C and 0.1 M EDTA, pH 8.0 added to a concent-
ration of 6 mM at the onset of lysis. The phage were
prepared for CsCl purification at the completion of lysis
as in Section 2.B.4(a) except that NaCl was added to the
lysate at 25 g/1 instead of 19 g/l1.

c) Hy5 phage

Stocks were prepared by heat induction of a Hy5
lysogen by the method described for 186 in Section 2.B.4(a)
except that L broth was supplemented with 10 mM MgSO, and
20 ug/ml thymine.

d) Block gradient centrifugation

Two solutions of CsCl were prepared in TM of densities
1.6 g/ml and 1.35 g/ml. The block gradient was prepared by

adding 3 ml of CsCl density 1.35 into a 10 ml polycarbonate



22.

oak ridge tube and underlaying it with 1.5 ml of CsCl
density 1.6. The phage suspension in TM was layered over
the block gradient and the tube centrifuged (45,000 r.p.m.,
8°C, 60 minutes) in a Beckman Ti-50 rotor.

The phage were recovered by piercing the bottom of
the tube and collecting the opaque phage band. The phage
were then further purified by reverse block centrifugation.
An equal volume of saturated CsCl was added to the phage
suspension and this was underlayed beneath 1.5 ml 1.6 density
and 2.5 ml 1.35 density. The tube was topped with paraffin
0il and centrifuged (45,000 r.p.m., 8°C, 90 minutes) in a
Ti-50 rotor.

5. Extraction of bacteriophage DNA

An equal volume of TE was added to redistilled phenol,
shaken and the phases allowed to separate. TE saturated
phenol was taken from the lower phase.

A sample of a high titre phage stock (generally 0.2 or
0.3 ml) was diluted to 5.0 ml in TE and an equal volume of
TE saturated phenol added. The mixture was shaken and the
phases separated by centrifugation in Corex 30 ml glass tubes
at 7,500 r.p.m., 4°C, 5 minutes. The aqueous phase was
withdrawn and re-extracted twice with an equal volume of TE
saturated phenol. The phenol layer was washed with an equal
volume of TE. The aqueous phases were pooled and 3 x ether
washed. 4 M NaCl was added to the aqueous phase to a final
concentration of 0.2 M along with 2.5 volumes of ethanol.

The DNA was allowed to precipitate at - 20°C overnight before
being pelleted by centrifugation (10,000 r.p.m., 4°C, 15

minutes) in a Beckman JA-20 rotor. The DNA pellet was dried
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in vacuo and resuspended in TE. To check the purity of the
DNA, spectraof absorbance over the range 230-340 nm were
determined on a Varian Super Scan 3 Ultra-Violet Spectro-
photometer. OD260/280 and OD260/230 ratios were greater
than 1.8 for all DNA used.

6. Plasmid DNA preparation

Two techniques were employed depending on the subsequent
use of the DNA. For transcription in vitro, plasmid DNA was
prepared by a gentle lysis procedure. For analysis of
plasmids by restriction endonuclease digestion, the alkaline/
SDS procedure of Birmboim and Doly (1979) was used. These
techniques are described below.

a) Gentle lysis procedure

10 ml plasmid containing cells were grown in L broth
+ antibiotic at 37°C overnight. This was subcultured into
800 ml of L broth and grown with aeration to an ODgng = 1.0.
The cells were amplified by adding chloramphenicol 160 mg/800
ml (for pBR325, amplification was omitted) and continuing
incubation at 37°C overnight. The cells were collected by
centrifugation and resuspended in 7.5 ml 25% sucrose, 50 mM
Tris, pH 8.0. 2.0 ml of a 10 mg/ml freshly prepared lyso-
zyme solution was added and the tube left on ice 5 minutes.
Then 3 ml 0.25 M EDTA, pH 8.0, was added, mixed gently and
kept on ice for 5 minutes. 12.0 ml of detergent solution

(1

oo

Brij 58, 0.4% Na deoxycholate, 50 mM Tris, 25 mM EDTA)
was added and the solution kept on ice a further 10 minutes.
The solution was then centrifuged (18,000 r.p.m., 4°C, 30
minutes) and 0.95 g CsCl and 20 uyl of a 10 mg/ml solution of

ethidium bromide added per ml of the supernatant. This
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mixture was centrifuged (45,000 rp.m., 20°C, 36 hours) in
a Ti-50 rotor. The plasmid band was recovered by piercing
the bottom of the polycarbonate tube and recentrifuged
after adding 6 ml of a 0.95 g/ml solution of CsCl (45,000
r.p.m., 20°C, 24 hours).

The ethidium bromide was removed by at least three
extractions with propan-2-ol. The DNA was ethanol precip-
itated, washed with 70% ethanol, dried <n vacuo and resus-
pended in TE.

b) Alkaline/SDS procedure

1 ml of a stationary phase plasmid containing culture
was centrifuged in an eppendorf centrifuge for 2 minutes
and the cells resuspended in 100 ul, 25 mM Tris, pH 8.0, 10
mM EDTA, 15% sucrose, to which 5 mg/ml lysozyme had been
freshly added. After 40 minutes on ice, 200 ul 0.2 N NaOH,
1% SDS was added and the mixture left on ice 10 minutes.
150 ul 3 M Na acetate, pH 4.6 was added, the tubes kept
on ice for 40 minutes and then centrifuged for 10 minutes.
The supernatant was ethanol precipitated, washed with 70%
ethanol, dried and redissolved in 39 ul water. 1 ul of a
5 mg/ml RNase A solution, which had been heated at 80°C
10 minutes to inactivate DNases, was added and the solution
incubated for 20 minutes at 37°C. Restriction endonuclease
digestion was carried out directly.

¥, Preparation of the replicative form of M13mp9

A 50 ml stationary culture of JM10l grown in M13 mini-
mal media was subcultured into 800 ml 2X YT broth and grown
at 37°C to an OD600 of 0.8. At the same time a 5 ml culture

of JM10l1 was grown to an OD600 of 0.6 and 200 ul of a single-
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strand M13mp9 phage supernatant added (see Section 2.B.17(a).
Incubation was continued at 37°C for 1 hour. This 5 ml culture
was then added to the 800 ml culture and grown overnight at
37°C. The gentle lysis procedure (Section 2.B.6(a))

including CsCl purification was then employed for the

isolation of replicative form M13mp9.

8. Cloning of 186 restriction fragments into plasmids

a) Ligation

Donor and vector DNA digested with the appropriate
restriction endonucleases were ethanol precipitated and
resuspended in TE. The insertion of specific fragments
into plasmid vectors was optimised by adjusting the concent-
ration of both insert and vector DNA according to the math-
ematical treatment of Dugaiczuk et al. (1975). Ligation
was carried out in 10 mM MgCl,, 10 mM DTT, 1 mM ATP with 0.2
units of T4 DNA ligase. The reaction mix was incubated at
14°C for 16 hours.

b) Transﬁg;mation

Stationary phase E536 bacteria were diluted into L broth
to a starting OD¢np = 0.01, and grown at 37°C with shaking to
an ODgyq = 0.3. The culture was chilled on ice for 10 minutes
and then the cells were washed once in one half volume of cold
0.1 M CaCl2 and left on ice for 20 minutes. The cells were
finally resuspended in one-tenth original volume of cold 0.1 M
CaCl, and left on ice for at least two hours. Aliquots of
ligation mix were added to 0.1 ml competent cells. This
mixture was chilled for 10 minutes then placed at 37°C for 5
minutes before 2 ml L broth was added. The cells were shaken
at 37°C for 2 hours and then 0.1 ml aliquots plated onto

YGC + antibiotic plates.
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Plates were incubated at 37°C overnight and then
recombinants were selected by screening for sensitivity
to the second antibiotic (i.e., the determinant destroyed
by insertion of the donor fragment) .

I Transfer of DNA from a gel to nitrocellulose

Urea/sucrose loading buffer (4 M urea, 50% sucrose,
50 mM EDTA, 0.1% bromophenol blue) was added to restriction
endonuclease digests of phage DNA and the fragments separated
on 1% agarose gels containing TAE buffer. The method used
for transferring the DNA from the agarose gel to nitro-
cellulose was essentially that described by Southern (1975)
and modified by Wahl et al. (1979).

The DNA was first denatured by bathing the gel twice
for 15 minutes in 0.25 N HCl. The gel was then rinsed
in water then shaken in 0.5 N NaOH, 1 M NaCl for a further
two 15 minute periods. It was rinsed once again then
neutralized in 0.5 M Tris, pH 7.4, 3 M NaCl twice for 15
minutes. Finally, the gel was bathed in 1 M NH, acetate,
20 mM NaOH for 30 minutes. The nitrocellulose was wetted
then bathed for 30 minutes in 1 M NH4 acetate, 20 mM NaOH
before being layed over the gel. A wad of paper towels
were placed on top of the nitrocellulose and held in place
by a light weight. The following morning the nitrocellulose
was air dried and baked in vacuo for three hours to immobilize
the DNA.

10. Hybridization to transferred DNA

The nitrocellulose was cut into strips 1 cm wide and
sealed in a plastic bag along with the radioactive probe in

2 x SsC (0.3 M NaCl, 0.03 M Na, citrate, pH 7.4), 0.1% SDS.

3
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The bags were immersed in water to prevent drying and
incubated at 60°C for 24 hours.

Upon removal, the nitrocellulose strips were
washed extensively as follows; twice for 5 minutes in
2 x SSC at room temperature followed by three 5 minute
washeg at room temperature in 2 X SSC, 0.1% SDS. Then
twice for 15 minutes in 0.1 x SSC, 0.1% SDS at 50°C and
finally two 45 minute washes in 0.01 x S&C, 0.1% SDS at
50°C.

The nitrocellulose strips were air dried then auto-
radiographed.

11. Extraction of DNA from L.G.T. agarose

Some of the methods to follow involve the manipulation
of isolated restriction fragments. When fragments were to
be isolated the DNA was electrophoresed in low gelling temp-
erature agarose.

The gel was stained with acridine orange (100 ug/ml)
and the DNA bands, visualised by eye, excised. The gel
slice (of volume 100 pl when melted) was incubated at 65°C
for 5 minutes and 200 uyl 0.2NETM (0.2 M NaCl,/mM EDTA,

10 mM Tris, pH 7.4, 10 mM MgClz) was added. The tube was
removed from 65°C and an equal volume of TE saturated phenol
added. The solution was mixed and the phases separated by
centrifugation. The aqueous phase was removed and the phenol
phase washed with a further 100 ul 0.2NETM, The aqueous
phases were pooled, ethanol precipitated, washed with 70%
ETOH, dried <n vacuo and resuspended in'TEO.l' The DNA thus
prepared was suitable for further digestion by restriction

endonucleases and for cloning.
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12. Binding single-stranded DNA to nitrocellulose

Single-stranded 186 DNA was prepared by B. Kalionis
using the method of Szybalski et al. (1971) and the single-
strands bound to nitrocellulose essentially as described
by Kafatos (1980). Nitrocellulose was pre-soaked in
water and placed on top of a wad of dry paper towels and
a moist nitrocellulose strip. An equal volume of 2 M ammonium
acetate was added to the DNA and this was then spotted onto
nitrocellulose using a drawn out capillary. The DNA spot
was washed through with drops of 1 M ammonium acetate, then
the filters were air dried and baked for 2 hours in vacuo
at 80°cC.

Hybridization, washing of filters and autoradiography
was exactly as described in Section 2.B.10.

13. In vitro transcription

The optimal conditions for 186 in vitro transcription
were determined as described in Chapter Three, therefore I
will only record the optimal conditions here, any variation
is given in the figure legends.

2.5 ug DNA (phage or plasmid) was added to a reaction
mix containing 25 mM Tris-HCl, pH 8.0, 0.15 M KCl, 1.6 mM
Na2 EDTA, 1.0 mM DTT (Added freshly), 0.2 mM each of ATP,

CTP, UTP and 0.02 mM GTP in a final reaction volume of 24 ul.

3251_GTP which had been

This mix was added to 2 uCi of [a-
dried im vacuo, then 4.6 pg of RNA polymerase was added.

The reaction was incubated at 37°C 5 minutes to allow pre-
binding of RNA polymerase to promoters, then the reaction

was initiated by the addition of MgCl, to a final concent-

ration of 10 mM. RNA synthesis was allowed to proceed for
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10 minutes then the reactions were stopped by the addition
of 2.5 volumes ethanol. 20 ug tRNA was added as carrier
and the precipitated RNA washed in 70% ethanol, dried in
vacuo and resuspended in water. An equal volume of form-
amide loading buffer (95% deionized formamide, 10 mM Na,
EDTA, 0.02% (w/v) bromophenol blue, 0.02% (w/v) xylene
cyanol FF) was added, and the tubes heated at 65°C for 5
minutes and snap cooled on ice before electrophoresis. The
samples were loaded onto either 20 x 40 x 0.025 cm or 16 x
16 x 0.05 cm 5% polyacrylamide gels containing TBE and 8 M
urea. For electrophoresis of transcription reactions, the
acrylamide:N,N'-methylene-bis-acrylamide ratio was 30:0.8.
After electrophoresis the gel was autoradiographed.

a) Preparative RNA synthesis

For preparative RNA synthesis the transcription
reactions were scaled up to 100 ul, the reactions pooled

and loaded onto a preparative track of a polyacrylamide

gel. If unlabelled RNA was required the [u—32P]“GTP was

omitted and replaced by 0.2 mM GTP.

32

b) [y-"“P]-ATP labelling of transcripts

In vitro transcription reactions were prepared on a
preparative scale as described above except that the radio-
labelled species was [Y—32P]—ATP and the other three nucleo-
tide triphosphates were at 0.2 mM. Unlabelled ATP was
omitted but after the addition of MgCl, followed by 10
minutes at 37°C, the reaction was "chased" by the addition
of 0.2 mM ATP and incubation continued for a further 10

minutes.
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14. Extraction of DNA/RNA from polyacrylamide gels

Whenever nucleic acids were to be excised, gels of
0.05 cm thickness were run. After autoradiography at
room temperature for 20-90 minutes, the resultant auto-
radiograph was used as a template to locate and excise the
32P—labelled fragments. Excised bands were eluted by soaking
overnight (at room temperature for RNA or at 37°C for DNA)
in 500 pl of 0.5 M ammonium acetate, 1 mM Na, EDTA, 0.1%
SDS, which contained 60 ug E. coli tRNA as carrier if the
RNA bands were to be sequenced using the partial enzymatic
cleavage technique. After soaking, the elution buffer was
removed and the fragments precipitated by the addition of 1
ml of ethanol. After centrifugation at 10,000 g for 10
minutes at 4°C, the pelleted fragments were washed with
70% ethanol, dried im vacuo and resuspended in water.

3

15. 5 2Pwlabelling of RNA

a) Removal of 5'-phosphates

RNA fragments were suspended in 50 ul water and 6 Wl 1 M
Tris, pH 9.0 added along with 2 pl 5% SDS and 0.3 units calf
intestinal alkaline phosphatase. The reaction was incubated
at 37°C for 30 minutes, heated at 65°C for 10 minutes and
then extracted with 50 pl TE saturated phenol. The aqueous
phase was removed and sodium acetate added to 0.3 M. The
RNA was then precipitated with 150 pl ethanol, washed with
70% ethanol, dried in vacuo.

This method was also employed to remove the 5'-phosphates
from pBR325 prior to cloning.

b) Kinasing of RNA

The precipitated, dried RNA was resuspended in 20 ul
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water and 5 ul of 5 x polynucleotide kinase buffer (125 mM
Tris-HC1l, pH 9.0, 50 mM MgClz, 50 mM DTT) added. This mix
was transferred to a tube in which 10 uCi [y—32P]—ATP

had been dried and 5.0 units of polynucleotide kinase

was added. The reaction was incubated at 37°C for 30 minutes
then ammonium acetate added to 0.3 M followed by sodium
acetate to 0.3 M. The RNA was ethanol precipitated, washed
with 70% ethanol, dried and resuspended in 5 pl water plus

5 pl formamide loading buffer (95% deionized formamide,

10 mM EDTA, 0.02% xylene cyanol FF, 0.02% bromophenol blue).
The tubes were heated at 65°C for 5 minutes then loaded onto
a 20 x 40 x 0.05 cm 5% polyacrylamide gel containing TBE and
8 M urea. After electrophoresis and autoradiography the
labelled RNA was excised and eluted from the gel slice as
described in Section 2.B.14.

16. Sequence determination of RNA using the partial

enzymatic cleavage technique

The procedure is essentially that of Donis-Keller et

al. (1977). 5'-32

P-labelled RNA with 60 ug E. coli tRNA,
was resuspended in 30 pl water and six aliquots of 5 ul
dispensed. The RNA was dried in vacuo and then resuspended

in the appropriate buffer as follows:

Tube N 6 ul 20 mM Na citrate, pH 5.0
(No enzyme) 1 mM Nap, EDTA
7 M urea
Tube T 6 ul 20 mM Na citrate, pH 5.0
(RNase T1) 1 mM Na, EDTA

7 M urea
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Tube U 6 ul 20 mM Na citrate, pH 3.5
(RNase U2) 1 mM Nay EDTA
7 M urea
Tube L 5 ul 50 mM Na2003/NaHCO3,
(alkali ladder) pH 9.0
Tube P 6 ul 20 mM Na citrate, pH 5.0
(RNase Phy M) 1 mM Na, EDTA
7 M urea
Tube B 5 ul 20 mM Na citrate, pH 5.0
(Bacillus cereus RNase) 1 mM Na, EDTA

Tubes N, T, U, P, and B were heated at 80°C for 1 minute,

snap cooled on ice, and the ribonucleases added.

Tube N -

Tube T 0.5 ul 10,000 units/ml RNase Tl; 5 units
Tube U 2 pul 200 units/ml RNase U2; 0.4 units
Tube L -

Tube P 1 pl RNase Phy M extract

Tube B 2.5 yl B. cereus RNase extract

Tube L was heated at 100°C for 90 seconds while the remaining
tubes were incubated at 50°C for 20 minutes. At completion
of the sequencing reactions formamide loading buffer (95%
deionized formamide, 10 mM EDTA, 0.02% xylene cyanol FF,
0.02% bromophenol blue) was added to the samples to a final
volume of 9 pl. Samples were heated at 80°C for 1 minute

and snap cooled on ice before being loaded onto a 20 x 40 x
0.05 cm 20% or 6% polyacrylamide gel (ratio acrylamide to
N-N'-methylene-bis-acrylamide was 19:1) containing TBE and

8 M urea. The bands were visualised by autoradiography at

-80°C, using calcium tungstate intensifying screens.
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17. Sequence determination of RNA using cloned DNA primers

The DNA primers used in this work were fragments
transcribed using recombinant phage M13 single-strand DNA
as a template. The recombinant M13 containing 186 sequences
of the same polarity as the RNA sequence was transcribed
using an M13 specific oligonucleotide primer and the Klenow
fragment of E. col? DNA polymerase 1 with [u—32P]deTP
essentially as described by Bruening et al. (1982). The
partially double-stranded DNA molecules were subjected to
restriction enzyme digestion, and the labelled fragments
fractionated by polyacrylamide gel electrophoresis. The
primer band was excised and eluted from the gel slice as

described in Section 2.B.1l4.

a) RNA-DNA hybridization

RNA-DNA hybrids were prepared as follows. The purified
primer and the appropriate RNA molecule were resuspended
in 25 ul water and 25 pl of 2 x hybridization buffer (0.36 M
NaCl, 20 mM Tris-HCl, pH 7.0, 2 mM EDTA, 0.1% SDS) was added.
The tube was heated at 100°C for 1% minutes, then incubated
at 60°C for 1-2 hours. The RNA-DNA hybrids were ethanol
precipitated, washed with 70% ethanol and dried in vacuo.

b) Reverse transcription

The RNA-DNA hybrids were resuspended in 10 pl of water
and 2 pl dispensed into each of four tubes, A, C, G, T
containing 2 ul of the following triphosphate mixes in 1 x
reverse transcriptase buffer (50 mM Tris-HCl, pH 8.3, 50 mM
KCl, 10 mM MgCl2, 10 mM DTT).
A: 0,02 mM dATP, 0.2 mM 4CTP, 4dGTP, dTTP, 0.01 mM 4ddATP

C: 0.02 mM dCTP, 0.2 mM, 4ATP, 4GTP, dTTP, 0.002 mM ddCTP
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G: 0.02 mM AGTP, 0.2 mM dATP, d4dCTP, 4TTP, 0.002 mM ddGTP
T: 0.02 mM AdTTP, 0.2 mM 4dATP, dCTP, dGTP, 0.01 mM ddTTP.
To this mix 2 units of avian myeloblastosis virus reverse
transcriptase in 50 mM Tris-HC1l, pH 8.3, 50 mM KC1l, 10 mM
MgCly, 10 mM DTT was added to give a final volume of 5 ul.
The tubes were incubated at 37°C for 30 minutes then 5 ul
formamide loading buffer (95% deionized formamide, 10 mM
EDTA, 0.02% xylene cyanol FF, 0.02% bromophenol blue) was
added to each reaction and the tubes heated at 100°C for

3 minutes before electrophoresis on 20 x 40 x 0.025 cm 5%
polyacrylamide gels, (acrylamide to N-N'-methylene-bis-
acrylamide was 19:1 ratio) containing TBE and 8 M urea.
The gels were fixed by washing in 20% ethanol, 10% acetic
acid and dried at 120°C before autoradiography.

18. Sequence determination of DNA using the dideoxynucleotide

technique
a) Cloning of DNA into M13mp9

To obtain a DNA sequence using the dideoxynucleotide
technique of Sanger et al. (1977) phage DNA was firstly
recombined into the replicative form of M13mp9.

Preparative amounts of the DNA fragment to be sequenced
were isolated from a low gelling temperature agarose gel
(Section 2.B.11) and mixed in a donor to vector ratio of
10 ng/kb donor to 20 ng mp9 vector digested with the
appropriate restriction enzymes. The ligation reaction was
carried out in a total volume of 10 ul containing 10 mM MgCl,,
1 mM ATP, 10 mM DTT, and 0.2 units of T4 DNA ligase at 14°C
overnight.

Competent JM101l were prepared by inoculating 2 x YT
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bfoth with a stationary phase JM10l grown overnight in M13 r
minimal media at 37°C. Cells were grown to OD600 of 0.6-0.8 {
and the culture chilled for 10 minutes on ice. The cells
were resuspended after centrifugation at 5,000 r.p.m. f
at 4°C in one fifth the original volume of cold 0.1 M
CaCl, and kept on ice for at least 2 hours.

200 yl competent JM10l were transfected with 1-5ul
of the ligation mix and left on ice for 40 minutes. The
cells were heat shocked at 45°C for 2 minutes and added to
a tube containing 3 ml YT soft agar, 200 pl log phase JM101,
20 yl IPTG (24 mg/ml) and 20 ul BCIG (20 mg/ml). This tube
was poured onto a M13 cloning plate, allowed to set and
incubated at 37°C overnight.

Colourless M13 plaques were toothpicked into 2 ml 2 x YT
broth inoculated with a stationary phase JM101l, and grown
at 37°C with shaking for 6 hours. The DNA was prepared from
the supernatant as follows. The cells were pelleted and
270 ul 20% PEG, 0.25 M NaCl added to 1 ml of the supernatant.
This was left at room temperature for 15 minutes then
centrifuged 10,000 g for 5 minutes. The resultant pellet

was resuspended in 200 pl TE and extracted with 100 ul

0.1
TE saturated phenol. The aqueous phase was ethanol pre-
cipitated after adding 6 ul 3 M ammonium acetate, pH 4.6.
The DNA pellet was washed with 95% ethanol, dried in vacuo
and resuspended in 18 pyl water. DNA thus prepared was

stored at -20°C.

b) Sequence determination

In a final volume of 10 ul, 1 ul of the M13 specific
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17-mer was mixed with 6 pl of the recombinant DNA prepared
above and 1 pl of 10 x TM. This mixture was incubated at
60°C for 60 minutes, then at room temperature for 10 minutes.
This annealed DNA was added into a tube in which 3.2 uM
[a—32P]—dCTP and 2 pyl of 15.75 uM dCTP had been dried,

and then 2 upl of this DNA-label dispensed into four tubes
containing the remaining deoxynucleotides and a single

dideoxynucleotide species at the following final concent-

rations;

A: 2.8 uM dATP, 43.5 pM 4GTP, 4TTP, 100 uM 4dA
C: 30 uyM 4ATP, 4GTP, dTTP, 20 uM ddC

G: 43 uM 4ATP, 4TTP, 3.2 uM dGTP, 60 uM d4ddG

T: 43 uM 4dATP, 4GTP, 3.2 uM 4TTP, 160 uM d4ddT

0.25 units Klenow was added to each tube and the reactions
incubated at 37°C for 15 minutes. After synthesis the
reactions were "chased" with 2 pl of a solution containing
all four deoxynucleotides at 0.25 mM each for 15 minutes at
37°C. 4 ul of formamide loading buffer (95% deionized
formamide, 10 mM EDTA, 0.02% bromophenol blue, 0.02% xylene
cyanol FF) was added and the tubes heated at 100°C for 3
minutes before being loaded onto 20 x 40 x 0.025 cm 5%
polyacrylamide gels (acrylamide to N-N'-methylene-bis-
acrylamide was 19:1) containing TBE and 8 M urea. After
electrophoresis the gels were fixed in 20% ethanol and 10%

acetic acid before autoradiography at room temperature.



The work described in this thesis is divided into

three sections. The first section, Chapter 3, describes

the establishment of an in vitro transcription system for

186 DNA. The second section, Chapters 4 to 7, are concerned

with the characterisation of the transcripts. The final

section describes the characterisation of the P2 ogr gene

transcript with the aim of comparing it to the 186 B gene.
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CHAPTER 3

ESTABLISHMENT OF 186 IN VITRO TRANSCRIPTION
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A. INTRODUCTION

This chapter comprises Section One, it describes the
establishment of a 186 in vitro transcription system.

A prerequisite for faithful, specific transcription
is RNA polymerase holoenzyme. The sigma subunit confers
specificity on the enzyme by recognising promoter sequences
on the DNA template. Core polymerase is capable of initiating
synthesis at biologically incorrect sites on a template,
for example at single-strand nicks. W. Zillig (Max-Planck-
Institute for Biochemistry, Munich, Germany) sent RNA poly-
merase holoenzyme which was used in all the <n vitro trans-
cription experiments.

Technical difficulties were encountered before a
system was established which enabled visualisation of 186
in vitro transcripts. Obtaining transcription of 186
DNA was not a problem as was indicated by the incorporation
of labelled precursor into nucleic acid which was retained
by TCA precipitation on GF/A filters. The problems were
encountered in the treatment of the RNA prior to gel electro-

phoresis and in the choice of gel system.

B. RESULTS AND DISCUSSION

1. Technical Difficulties

Initially, 186 DNA was transcribed using the conditions
described by Dunn and Studier (1973) for analysis of T7 <n
vitro transcripts. The reaction mix contained 20 mM Tris-
HCl, pH 7.9, 10 mM MgCly, 50 mM KC1l, 0.1 mM EDTA, 0.1 mM
DTT, 0.1 pg/pwl BSA which had been acetylated to remove

nucleases, 0.185 ug/ul RNA polymerase, 0.1 ug/ul 186 DNA
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and 0.2 mM each of ATP, CTP, UTP and 0.02 mM GTp plus

2 uCi [0->27P]-GTP. The reaction mixes were prepared at 0°C
and a 2 ul sample removed and spotted onto a GF/A filter.
The filter was not TCA precipitated and so represented total
counts in the reaction mix. The tubes were transferred to
37°C for 15 minutes and an equal volume of 50 mM EDTA was
added to stop the reaction. A 5 pl aliquot was spotted onto
GF/A filters which were immediately plunged into ice-cold
10% TCA + 2% NaH2PO4 + 2% NayP207. The filters were washed
four times and finally washed in ether/acetone (v:v; 1:1),
then dried and Cherenkov counted. A control reaction was
included which contained no RNA polymerase. A representative
comparison of TCA precipitable counts obtained with 186 DNA
in the presence and absence of RNA polymerase 1is presented
in Table 3.1. It was evident from the counts retained above
the control that the system was capable of 186 in vitro
transcription.

For gel electrophoresis the im vitro transcription
reactions were ethanol precipitated, the samples dried <n
vacuo and resuspended in sample buffer (1 x TBE, 30% glycerol,
1% sDs, 0.1% bromophenol blue). They were then heated for
2 minutes in a boiling water bath according to Dunn and
Studier (1973) prior to electrophoresis on 2% polyacrylamide/

0.5% agarose composite gels containing TBE and 0.1% SDS as

described by Golomb and Chamberlin (1974). The gel is shown
in Figure 3.1(a). A smear, with no visible 186 transcripts
resulted.

Later experiments involved electrophoresis of 186

transcription reactions prepared according to Dunn and Studier



TABLE 3.1

186 TCA PRECIPITABLE COUNTS

(Control)
Minus RNA poly- plus RNA polymerase
merase
Total c.p.m. 269,990 310,880
TCA precipitable
C:p.m. 1,050 20,246

The counts are calculated per 10 pl aliquot of the in vitro

transcription reaction.
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(1973) on 1.5% agarose gels containing 2.2 M formaldehyde
(Lehrach et al., 1977). RNA samples were heated in 2.2 M
formaldehyde, 50% formamide, 0.018 M NapHPOy, - 0.002 M
NaHyPO4, for 5 minutes at 60°C. The gel is presented in
Figure 3.1(b). Visible above a background smear are three
ill defined 186 transcripts. Although RNA breakdown was
still apparent, this combination of sample preparation and
gel system did permit the visualisation of 186 transcripts.

A literature survey revealed numerous <in vitro trans-
cription reaction mixes, all containing similar components
but the concentrations of these components varied. A
reaction mix was devised and successfully employed for the
in vitro transcription of 186 DNA. This method is detailed
in the Materials and Methods section in Chapter 2, except
that transcription was terminated by the addition of 6 ul of
stop buffer (1 x TBE, 22.5 mM EDTA, 0.1% SDS, 8 M urea, 1%
bromophenol blue, 1% xylene cyanol FF). The samples were
loaded directly onto a 16 x 16 x 0.2 cm 5% polyacrylamide
gel containing TBE and 8 M urea after heating at 65°C for
5 minutes. The result is shown in Figure 3.1(c). Three
discrete transcripts were evident.

Resolution of the transcripts was improved by ethanol
precipitation of the RNA prior to electrophoresis and then
resuspending the transcripts in formamide loading buffer.
Gels of 0.05 or 0.025 cm thickness also improved band
resolution.

This procedure was followed for all subsequent in vitro

transcription reactions and is recorded in the Materials and



FIGURE 3.1

TECHNICAL DIFFICULTIES

a) 2% acylamide/0.5% agarose composite gel containing
TBE and 0.1% SDS. Samples were boiled for 2 minutes

before electrophoresis.

b) 1.5% agarose containing 2.2 M formaldehyde. The
3 186 transcripts are indicated by arrows.
The transcription reactions were as described by

Dunn and Studier (1973).

c) 5% polyacrylamide gel containing TBE and 8 M urea.
(16 x 16 x 0.2 cm). The transcription reaction was as
described in the Materials and Methods except stop buffer
was added instead of formamide loading buffer before

electrophoresis.

The three transcripts are designated.
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Methods section.

In summary then, before 186 in vitro transcripts
could be visualised, three technical difficulties were
surmounted. Most importantly, was theabolition of boiling
the RNA prior to electrophoresis as boiling of samples
resulted in breakdown of the RNA manifested by a smear on
the gel. Heating at 65°C for 5 minutes in a denaturant
such as formamide is sufficient for disrupting RNA aggregates
and RNA secondary structures. The choice of gel system was
also an important aspect to consider, as resolution of the
transcripts on agarose/formaldehyde or acrylamide/SDS gels
(even without boiling the samples) was inferior to that of
polyacrylamide/urea gels. The choice of loading buffer also
contributed to the resolution of the transcripts. Superior
resolution was obtained with formamide as the denaturant
rather than urea.

V. Optimal conditions for 186 transcription

Conditions had been established for 186 <in vitro trans-
cription. The following section is concerned with the
optimisation of these conditions.

From a literature survey, the two components influencing
the specificity of transcription initiation were the concen-
tration of RNA polymerase and the ionic strength.

It had been found empirically that dilution of RNA
polymerase into a storage buffer before addition to a
reaction mix caused a loss of enzyme activity, so the
smallest practicable amount (0.125 pl) of RNA polymerase

was added from the original 37 ug/ul stock to the in vitro
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reaction mix attaining a final enzyme concentration of 0.185
ug/ul, which fortuitously produced discrete 186 transcripts.
The amount of RNA polymerase was varied to see the effect,
if any, on the 186 in vitro transcription pattern to
empirically determine the optimal concentration of RNA
polymerase for 186 transcription. 2.5 pg of 186 DNA was
transcribed at 100 mM KCl whilst varying the amount of RNA
polymerase from 0.185 ug/ul to 1.48 ug/ul (the volume varied
from 0.125 pl to 1 pl). Figure 3.2 shows the result of such
an expériment. As the RNA polymerase concentration increased
from 0.185 ug/pul to 1.48 ug/ul the level of transcription
decreased. This is difficult to explain as, above an
optimum RNA polymerase concentration, I would have expected
to see an increase in non-specific transcription due to
initiation from minor promoters, which only exhibit
initiation when RNA polymerase is added in excess of that
needed to saturate the stronger early promoters (Stahl and
Chamberlin, 1977), and non-specific initiation. This total
decrease in the level of transcription was baffling but was
not pursued further. Future transcription reactions used
0.185 ug/pl RNA polymerase.

To determine the optimal salt conditions for 186 trans-
cription, 186 DNA was transcribed, keeping other reaction
components constant, but varying the KCl concentration.
Figure 3.3 shows an autoradiogram of 186 transcription
reactions at KCl concentrations ranging from 50 to 200 mM.
As the KCl concentration increased so the background of

non~specific transcription decreased. There is a marked



FIGURE 3,2

VARYING THE RNA POLYMERASE CONCENTRATION

2.5 ug 186 DNA was transcribed at a KCl concentration
of 100 mM and various RNA polymerase concentrations as
indicated above the autoradiogram. The transcripts were
electrophoresed on a 16 x 16 x 0.05 cm 5% polyacrylamide

gel containing 8 M urea and TBE.
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FIGURE 3.3

VARYING THE CONCENTRATION OF KCl

2.5 yg 186 DNA was transcribed with 0.185 ug/ul RNA
polymerase whilst varying the concentration of KCl as
indicated above the autoradiogram. The transcripts were

separated on a 16 x 16 x 0.05 cm 5% acrylamide/8 M urea

gel containing TBE.
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decrease in the intensity of the four major 186 transcripts
and an increase in the background transcription level at

a KCl concentration of 50 mM compared with 150 mM. All
future transcriptions contained 150 mM KCl.

Figure 3.4 shows 186 in vitro transcripts generated
under optimal RNA polymerase and KCl concentrations.
Resolution of the bands is maximized by loading the RNA in
formamide loading buffer onto a 20 x 40 x 0.025 cm sequencing
gel. There are four major transcripts, designated Bands
1, 2, 3 and 4.

3. Sizing of 186 <in vitro transcripts

The four major 186 in vitro transcripts were sized on
methyl mercury/agarose gels (Bailey and Davidson, 1976) .
Under the complete denaturation conditions of methyl mercury,
it was possible to use DNA as size markers as RNA size markers

were unavailable. The DNA used was a HaeIII digest of ¢X174

and a HindIII digest of A. A plot of vVmolecular weight/2
versus log mobility (Lehrach et al., 1977) was prepared

for the DNA size markers and a line of best fit drawn by

eye as shown in Figure 3.5. The sizes of the 186 transcripts
were calculated from this line and as such are only approxi-

mate. The sizes are as follows:

Band 1 1,540 bases
Band 2 1,450 bases
Band 3 590 bases
Band 4 290 bases.
4, Molar ratio of the transcripts

Once the sizes of the transcripts were known their

molar ratios could be determined. 186 DNA was transcribed



FIGURE 3.4

186 IN VITRO TRANSCRIPTS

2,5 pg 186 DNA was transcribed in vitro at a KC1l
concentration of 150 mM and 0,185 ug/ul RNA polymerase.
The transcripts were electrophoresed on a 20 x 40 x 0.025
cm 5% polyacrylamide gel containing TBE and 8 M urea.

The xylene cyanol (XC) was run to the bottom.
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FIGURE 335

STANDARD CURVE FOR THE SIZE DETERMINATION OF

186 TRANSCRIPTS

186 in vitro transcripts were electrophoresed along
with a Hae III digest of ¢$X174 DNA and a HindIII digest

of A DNA on methyl mercury gels. A plot of

vmolecular weight/2 versus log mobility is shown. The
molecular weight is divided by 2 because DNA was used as
standard size markers. A line of best fit was drawn by
eye and the sizes of the 186 im vitro transcripts estimated.
The sizes of the DNA markers are indicated in kb.
The sizes of the ¢X174 and A markers in base pairs are:

¢xX174: 1,353, 1,078, 872, 603; A: 2,322, 2,028, 564.
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under optimal conditions and the transcripts separated
by electrophoresis. The bands were excised and the gel slices
Cherenkov counted in a Packard scintillation spectro-

meter. From the counts the molar ratios were calculated.

band 1 2 3 4

gel slice c.p.m. 4,398 18,089 6,364 12,339
RNA size (base pairs) 1,540 1,450 590 290
molar ratio 1 4.4 3.8 14.9

Band 4, the smallest of the transcripts was the most actively
transcribed, being 3.4 times more abundant than Band 2 and

almost 15 times more abundant than Band 1.



CHAPTER 4

CHARACTERISATION OF TRANSCRIPTS:DIRECTION OF TRANSCRIPTION




44,

This is the first in a series of Chapters (4 - 7)

which comprise the second section of this thesis, i.e.,

the characterisation of the four 186 in vitro transcripts.

These chapters record the sequence of experiments which
initially permitted the approximate assignment of the
transcripts to regions on the 186 genome, and later prog-

ressively focused on the precise location of the 5'-ends

of the transcripts.

A. INTRODUCTION

To determine the direction of transcription, 186 <in
vitro transcripts were hybridized to separated strands of

186 DNA.

Kalionis and Egan (1981) oriented the strands of 186

DNA. By convention the 186 genetic map is drawn with head

and tail genes to the left and early genes to the right.

Head Tail Replication
genes genes genes
37 r 51
51 1 3!

The 1 strand is the template for left message.

B. RESULTS AND DISCUSSION

The 1 and r strands of 186 DNA were bound to nitro-
cellulose and probed with [a—32P]—GTP labelled Bands 1, 2
3 and 4 which had been isolated from polyacrylamide/urea

gels. The hybridization results are shown in Figure 4.1.



=

FIGURE 4,1

DIRECTION OF TRANSCRIPTION

2 uyg each of 186 left and right strands were dot-
blotted onto nitrocellulose. 2 100 ul Zmn vitro trans-
cription reactions were electrophoresed on 20 x 40 x 0.05
cm 5% polyacrylamide gels and Bands 1, 2, 3 and 4 excised
and eluted. The transcripts were hybridized to the

nitrocellulose strips /Gwd awhmwﬂbyw+kob
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All the transcripts were synthesised from left to right

relative to the 186 genetic map.

transcription

5 3



CHAPTER 5

CHARACTERISATION OF TRANSCRIPTS:

PRELIMINARY MAPPING OF IN VITRO TRANSCRIPTS




46.

Chapter 5 is divided into two parts. Part 1 describes
the preliminary mapping of the in vitro transcripts by
hybridization to 186 restriction fragments. Part 2 describes
the transcriptional analysis of cloned restriction fragments.
Based on the hybridization data, plasmid clones were chosen
which contained the DNA regions to which the transcripts
hybridized, and these were transcribed in vitro. In addition,
to confirming the hybridization data, specific regions of 186
DNA could be studied in isolation and the fragments containing
promoters identified by virtue of their ability to initiate
in vitro transcription. It was envisaged that this approach
would assign an entire transcript to a restriction fragment
and then by choosing restriction sites within the coding
sequences, "run-off" transcription would position the 5'-ends

of the transcripts.

PART 1, HYBRIDIZATION OF 186 IN VITRO TRANSCRIPTS TO 186

AND HY> DNA DIGESTED WITH RESTRICTION ENDONUCLEASES

A. INTRODUCTION

186 early in vivo transcripts originate to the right of
64% (Finnegan and Egan, 1981) and it was the expectation that
in vitro transcripts would also originate from within this
region. The fragments generated upon a BamHI digestion of
186 DNA would readily indicate the validity of this expect-
ation as most of the 186 early region resides on one fragment
of 11.2 kb (58.4-95.7%). The early region can be partitioned
into well defined fragments using a PstI digestion which

would be useful for locating the transcripts more precisely.
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However, the late region of 186 possesses numerous Pstl
recognition sites which are not separated on agarose gels
from the early fragments and would thus make the assignment
of a transcript to a particular fragment impossible. To
circumvent this problem, Hy5 , a P2/186 hybrid, containing
the early genes of 186 and the morphogenic genes of P2, was
used since a PstI digest of Hy5 generates fragments readily
separated by agarose gel electrophoresis.

A physical map of 186 showing the Hy5 crossover point
is presented in Figure 5.1. The positions of BamHI and Pstl

restriction sites are indicated.

B. RESULTS AND DISCUSSION

Digested 186 and Hy5 DNA was separated by agarose gel
electrophoresis and transferred onto nitrocellulose. The
filters were then probed with [a->2P]-GTP labelled 186
transcripts which had been isolated from preparative gels.

1. Location of Band 3

The hybridization pattern of Band 3 to BamHI digested
186 DNA is presented in Figure 5.2. Band 3 hybridized pre-
dominently to the 11.2 kb fragment (58.4-95.7%) and also to
the adjacent 4.2 kb fragment (186 cohesive ends; 95.7-10.0%).
Thus Band 3 traversed the BamHI site at 95.7%. The length
of Band 3 is 590 bases and its direction of transcription is
rightward, so it must originate to the left of 95.7% and is
precluded by its size from traversing the cohesive ends.

Band 3 hybridized to the 6.3 kb annealed 186/P2 ends
fragment of a PstI digest of Hy5 (Figure 5.3). This result

confirmed the location of this band to the righthand end of



FIGURE 5.1

PHYSICAL MAP OF 186

This map shows the positions of 186 genes and the
crossover position of Hy5 in relation to the BamHI and
PstI restriction sites.

The sizes of the fragments generated are given

above the lines.
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"FIGURE 5.2

HYBRIDIZATION OF BANDS 3 AND 4 TO BamHI

DIGESTED 186

5 ug 186 DNA was digested with BamHI, the fragments
separated by 1% agarose gel electrophoresis and transferred
onto nitrocellulose. Before transfer the gel was stained
with 2 pg/ml ethidium bromide and photographed. 2 100 ul
in vitro transcription reactions were loaded onto a
preparative 5% polyacrylamide gel containing TBE and 8 M
urea. The relevant bands were excised, eluted and hybrid-
ized to the nitrocellulose strips. The sizes of the
restriction fragments are given next to the photograph
of the gel. The size of the annealed ends fragment is in

brackets.
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the genome.

2. Location of quﬁ 4

Band 4 was hybridized to a BamHI digest of 186 (Figure
5.2). This transcript originated within the 11.2 kb frag-
ment (58.4-95.7%) encoding the early genes.

The hybridization pattern of Band 4 to PstI digested
Hy5 is shown in Figure 5.3. Band 4 hybridized to the 3.5 kb
fragment spanning 65.5% to 77.3% of the 186 genome, so
reducing the size of the region within which the transcript
originated from 11.2 kb to 3.5 kb.

It was anticipated that Bands 1 and 2 would also
originate from the early region, so these transcripts were
hybridized to a PstI digest of Hy5 DNA directly, bypassing
the hybridization to BamHI digested 186.

3. Location of Band 1

Band 1 annealed to the same PstI fragment as Band 3,
i.e., the 1.9 kb rightmost fragment (Figure 5.4). Since
Band 1 is synthesised in a rightward direction it must
originate within this rightmost fragment with transcription
towards the cohesive ends. It may be encoded entirely on
this fragment or it may traverse the cohesive ends.

4, Location of Band 2

Figure 5.4 shows the hybridization of Band 2 to a PstI
digest of Hy5 DNA.

Band 2 hybridized to the adjacent 3.5 kb (65.5-77.3%)
and 2.3 kb (77.3-84.6%) fragments indicating that this
transcript originated within the 3.5 kb fragment and was
synthesised in a rightward direction across the PstI site

at 77.3% into the 2.3 kb fragment. Band 2 also hybridized



FIGURE 5.3

HYBRIDIZATION OF BANDS 3 AND 4 TO PstI

DIGESTED HY5

5 ug Hy5 DNA was digested with PstI, the fragments
separated on a 1% agarose gel and transferred onto nitro-
cellulose. The DNA probed by Band 4 underwent end
denaturation by heating at 80°C for 7 minutes prior to
electrophoresis. The sizes of the end fragments are
underlined and the size of the annealed ends is in
brackets. The DNA probed by Band 3 was not end denatured.
Experimental details are given in the legend to Figure

5.2.
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FIGURE 5.4

HYBRIDIZATION OF BANDS 1 AND 2 TO PstI

DIGESTED HY5

Experimental details are exactly as described in
the legend to Figure 5.3. Hy>5 DNA was not end denatured

before electrophoresis.
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to a lesser extent to the annealed ends. This observation
is difficult to explain as the regions to which hybridization
occurred are separated by more than 5 kb. There are two
possible explanations for the observed hybridization to the
rightmost PstI fragment. Band 2 may be composed of two RNA
species of similar size, which are not resolved on the gel
system used, one originating from the rightmost end, the
other originating in the 3.5 kb Pst¢I fragment. Alternatively,
and probably most likely, the hybridization to the rightmost
end results from contamination of Band 2 by the Band 1 trans-
cript. These RNAs differ in size by less than 100 bases and
remain in the log region of a 5% polyacrylamide/8 M urea gel,
hence they are difficult to excise without cross-contamination.
This is supported by the observed hybridization of Band 1 to
the 3.5 kb and the 2.3 kb fragments after a long period of
autoradiography.

A summary of the gross location of the four major

transcripts is presented in Figure 5.5.

PART 2. IN VITRO TRANSCRIPTION OF CLONED 186 RESTRICTION
FRAGMENTS
A. INTRODUCTION

Bands 2 and 4 hybridized to the 3.5 kb PstI fragment
(65.5-77.3%) . Plasmid clones were available which contained
sequences from this region, but the entire sequence was not
represented as these clones were derived from 186 deletion
phage.

Earlier attempts to clone the 3.5 kb fragment as well as



FIGURE 5.5

LOCATION BY HYBRIDIZATION OF THE 186 IN VITRO

TRANSCRIPTS

The 186 <n vitro transcripts located by hybridization
are shown below the 186 physical map. The map is drawn
from 60% across the cohesive ends to 10%.

The diagram is drawn to scale and the transcripts
are within the fragments to which they hybridized.

The dashed lines represent the 5'- or 3'-extremeties

of the transcripts.
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an attempt during this work to clone the XhoI-BglII frag-
ment (67.6-79.6%) into plasmids were unsuccessful. Unstable
plasmids were produced, probably due to the presence of the
int gene on these fragments whose product would mediate
recombination. An apparent enigma exists because the 3.5 kb
PstI fragment can be cloned stably into M13mp7 (B. Kalionis,
pers. commun.).

186A2 isolated by Dharmarajah (1975) has a 1.8 kb
deletion from 67.9% to 74.2% and a 0.4 kb insertion in the
PstI-BglII fragment (77.3-79.6%). 186A1 also isolated by
Dharmarajah (1975) has been shown, within the accuracy of
heteroduplex mapping (R. O'Connor, pers. commun.) and rest-
riction analysis (B. Kalionis, pers. commun.) to have the
same deletion as 186A2 which removed the att site, int and

¢Il genes.

Finnegan and Egan (1981) cloned the 2.7 kb PstI frag-

ment from 186A2 into pBR322 (the sizes have been modified since

Finnegan and Egan by sequence analysis). H.R. Richardson
(pers. commun.) cloned the XhoI-BglII fragment (67.6-79.6%)
from 186A1 into pKC7, thus both of these clones contained
sequences from the 3.5 kb PstI fragment to which Bands 2 and
4 hybridized.

Bands 1 and 3 hybridized to the right of the PstI site

at 87.5%. A plasmid clone containing this region was not

available so I cloned the rightmost EcoRI fragment from 92.0%

which extends across the cohesive ends to 2.3% and named

this clone pEC200.

The 186 fragments cloned into plasmids and used in in

vitro transcription experiments are shown in Figure 5.6.

R = aia
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FIGURE 5.6 {
N f
MAP- SHOWING THE 186 FRAGMENTS CLONED TO GIVE

pEC35, pEC400, pEC200 \

The position of the 1.8 kb deletion has been deter- k
mined by sequence analysis (B. Kalionis, pers. commun.)
and is represented by a box. The sites for PstI, EcoRI,
XhoI and BglII are shown to the right of 60%, across the
cohesive ends to 2.3%.
The fragments cloned to give the plasmids pEC35,

PEC400 and pEC200 are indicated below the map.
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B. RESULTS AND DISCUSSION

To avoid fusion transcripts, the plasmids were digested
to release the cloned fragment. This mixture of linearised
plasmid and 186 restriction fragment was then transcribed
in vitro. The parent plasmid digested with the same
restriction enzymes was transcribed as a control to discern
plasmid transcripts from phage transcripts.

1. Bands 1 and 3

a) Cloning of 92.0-2.3% (pEC200)

The cohesive ends of 186 were ligated prior to digestion
with EFcoRI. The three EcoRI fragmenEs produced (2.3-13.3% ,
3.3 kb; 13.3-92.0%, 23.6 kb; 92.0—3f#é, 3.1 kb) were "shot-gun"
cloned into pBR325, which had been digested with EcoRI and
phosphatased to prevent recircularisation of the plasmid.
The 23.6 kb fragment was too large to be cloned into a
plasmid so the only recombinants would contain the 3.3 kb
or the 3.1 kb inserts.
Detection of recombinants containing the 3.1 cohesive
end insert could be accomplished by screening for those clones
unable to rescue genes V and W which are encoded on the
3.3 kb fragment. Recombinant cells were grown in L broth
plus ampicillin to stationary phase and used to seed a plate
lawn. 186 Wamber and Vamber lysogens were spotted onto the
lawns, and those recombinants which showed no clearing in
the spots further tested for the 3.1 kb cohesive ends insert.
Plasmids were prepared by the alkaline/SDS method and
the size of the insert determined by digestion with EFcoRI.
Figure 5.7 (a) shows an EcoRI digestion of three of the

recombinant plasmids. All three contained a plasmid band of



FIGURE 5.7

RESTRICTION ANALYSIS OF THE COHESIVE ENDS INSERT

a) EcoRI digest of pEC200

The sizes of the 5.4 kb linearised plasmid and the

released insert are given next to the photograph.

b) EcoRI/BamHI double digestion of pEC200

The 3.1 kb cohesive ends insert gave two fragments of
1.2 and 1.9 kb when digested with BamHI. The other 2 bands
are plasmid.

The sizes of the )\ HindIII markers are indicated
beside the A track. The separation was in 1% agarose

containing TAE.
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5.4 kb and a smaller insert. The smaller band ran between
the 2.32 and 4.37 kb A HindIII markers compatible with the
expected size.

The 3.1 kb cohesive ends fragment has a diagnostic
BamHI site. The fragment sizes produced upon BamHI digestion
are shown in Figure 5.7 (b). These fragments confirmed that
the recombinants contained the cohesive ends insert. The
clone was named pEC200.

b) In vitro transcription of pEC200

pEC200 and pBR325 were digested with EcoRI and transcribed
in vitro. The transcription pattern is presented in Figure
5.8. Bands at the positions of 1 and 3 were visible in the
pEC200 track but not in the pBR325 control track, indicating
that these transcripts were of phage origin, and supporting
the assignment of Bands 1 and 3 to the righthand end of the
genome by hybridization.

2. Bands 2 and 4

a) In vitro transcription of 18641

186A1 DNA was transcribed im vitro to determine the
suitability of plasmids pEC35 and pEC400 for further char-
acterisation of Bands 2 and 4. If promoter sequences for
Bands 2 and 4 were deleted then these plasmids would prove
unsuitable. Figure 5.9 shows an in vitro transcription
pattern of 186A1. All four major transcripts were observed;
the deletion did not alter the transcription pattern.

It is necessary to point out here that although all
four <im vitro transcripts were observed, these bands were
not further characterised. The deletion would have no

effect on Bands 1 and 3 as their sequences are remote to



FIGURE 5.8

IN VITRO TRANSCRIPTION OF pEC200

2,5 ug of EcoRI digested pEC200 and pBR325 were trans-
cribed in vitro in a total reaction volume of 25 ul.
2.5 yug 186 was also transcribed. The transcripts were
separated on 20 x 40 x 0.025 cm 5% polyacrylamide gels
containing TBE and 8 M urea. The xylene cyanol (XC) was
run to the bottom. The tracks are indicated above the

autoradiograph and the bands identified at the side.
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FIGURE 5,9

IN VITRO TRANSCRIPTION OF 186A1

2.5 ug 186A1 DNA was transcribed in vitro and the
transcripts electrophoresed as described in the legend

to Figure 5.8.
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the deleted DNA. However, the possibility that Bands 2 and
4 were fortuitous products of 186A1 transcription cannot be
discounted. For instance, the rearrangement of DNA around
the deleted region may have destroyed the Band 4 wild-type
sequences but created a promoter or a terminator which
fortuitously generates a transcript the same size as Band
4,

Whilst mindful of this reservation, transcription of
PEC400 and pEC35 was initiated.

b) In vitro transcription of pEC400

XhoI/BglIl digested pEC400 was transcribed in vitro.
The resultant transcription pattern is shown in Figure 5.10.
A transcript the size of Band 2 was evident as a phage
encoded transcript.

c) In vitro transcription of pEC35

Figure 5.11 shows an im vitro transcription of pEC35
digested with PstI. There were two prominent transcripts
which did not have corresponding bands in the pBR322 track.
One was at the position of Band 4. The larger band,
subsequently sized on methyl mercury gels, was approximately
860 bases in length. There was no transcript at the position
of Band 2. Since it had already been established that Band
2 traversed the PstI site at 77.3% in a rightward direction,
this 860 base transcript was a candidate for a run-off
product of Band 2.

A transcript the size of Band 4 was not observed when
pEC400 was transcribed. Band 4 did appear upon transcription
of pEC35, therefore this transcript must originate to the

left of the XhoI site at 67.6% and is thus located entirely



"FIGURE 5.10

IN VITRO TRANSCRIPTION OF pEC400

2.5 pg pEC400 and pKC7 were digested with XhoI and
BglII and then transcribed <n vitro. 186 DNA was also
transcribed. Electrophoresis was as described in the

legend to Figure 5.8.



pEC
186 400 pKC7

.




FIGURE 5.11

IN VITRO TRANSCRIPTION OF pEC35

2.5 ug pEC35 and pBR322 were digested with Ps#I and
transcribed <mn vitro. 2.5 ug of 186 was also transcribed.

Electrophoresis was as described in the legend to Figure

5.8.
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on the 710 base pair fragment between the PstI site at
65.5% and the left boundary of the deletion.

A diagram summarising what has thus far been established
about the location of the 186 in vitro transcripts is

presented in Figure 5.12.



FIGURE 5.12

~ SUMMARY OF TRANSCRIPT LOCATION

The diagram represents a summary of the location of
the four 186 in vitro transcripts from the data thus far
attained.

The 860 base transcript is considered here as a run-
off product of Band 2, so the 5'-end of Band 2 has been
drawn 860 bases to the left of the PstI site at 77.3%.
The positions of the 5'-ends of the other 3 transcripts

are unknown as indicated by the dashed lines.
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CHAPTER 6

CHARACTERISATION OF TRANSCRIPTS:

FINER MAPPING OF IN VITRO TRANSCRIPTS
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A. INTRODUCTION

Restriction fragments encoding each transcript in its
entirety had been identified, and now, experiments designed
to map the transcripts more precisely were initiated. Two ¥
approaches were pursued. One involved hybridization of the 2
transcripts to subfragments of cloned 186 DNA, the other
analysed the run-off products generated upon transcription
of 186 DNA fragments which had been cleaved by restriction
endonucleases within the transcript coding sequences. The
sizes of the run-off products would locate the 5'-ends of the
transcripts to a region within the accuracy of size estimation.

These techniques were applied to bands 1, 2 and 3. DNA
sequence analysis of the region to which Band 4 had been
assigned was in progress, so it was decided to locate Band

4 directly by sequencing as described in Chapter 7.

B. RESULTS AND DISCUSSION

1. Band 2

As discussed in the previous Chapter, the transcription
data from pEC35 identified an 860 base transcript, which was
considered a candidate for the run-off transcription product
of Band 2. However, the transcription pattern of Pstl
digested pBR322 (the parent plasmid of pEC35) had been
inexplicably variable throughout this work. Indeed, the
examples of pBR322 transcription in Figures 5.11, and 6.2
are rather different, regardless of being produced from the
same plasmid preparation, albeit a month apart. This
variation was not apparent with other plasmid templates

although some differences, particularly in the levels of
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background transcription were evident depending on the
age of the template and of radioactive label.

Due to this variability in pBR322 transcription,
hybridization of the 860 band to 186 sequences was performed
to verify that the band was of phage origin.

a) Hybridization of the 860 base transcript to phage

derived DNA

The 3.5 kb PstI fragment (65.5%-77.3%) had been cloned
into the M13 vector mp7 by B. Kalionis (this laboratory).
This fragment was excised and separated from the replicative
form by 1% low gelling temperature agarose gel electro-
phoresis. The fragment was extracted and then digested with
SalIl (73.0%), SacI (70.2%), KpnI (69.1%) and XhoIl (67.6%).
Figure 6.1(a) shows a cleavage map of the 3.5 kb fragment.
The fragments were separated on a 2% agarose gel and the
DNA transferred to nitrocellulose. The 860 band from pEC35
transcription was hybridized to the filter. The result is
shown in Figure 6.1(b). The 860 base transcript was phage
derived and hybridized to the right hand end 1290 base pair
fragment, a location expected for a run-off product of Band
2,

b) Run-off transcription of Band 2

If the 860 base RNA was a Band 2 run-off transcript,
then 186 DNA digested with PstI should produce a similar
sized product.

To ascertain that 186 DNA digested with restriction
enzymes was a suitable template for in vitro transcription,
the DNA was firstly digested with HindIII. Figure 6.2 shows

a HindIII cleavage map of 186 DNA. The four major in vitro



FIGURE 6.1

HYBRIDIZATION OF THE 860 RUN-OFF TRANSCRIPT TO

THE 3.5 KB PstI FRAGMENT (65.5 to 77.3%)

a) The positions of the SacI, Sall, KpnI and Xhol
restriction sites are shown for the 3.5 kb PstI fragment
from 65,5-77.3%. The sizes of the fragments generated

are indicated in base pairs.

b) 2 100 pl Zn vitro transcription reactions of pEC35
digested with PstI were electrophoresed on a preparative
5% polyacrylamide/8 M urea gel. The 860 base band was
excised, eluted and hybridized to a nitrocellulose filter
on which the 3.5 kb PstI fragment digested with SacI, SalI,

KpnI and XhoI had been transferred.
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FIGURE 6.2

PHYSICAL MAP OF 186 SHOWING HindIII CLEAVAGE SITES

The sizes in kb of the fragments generated upon HindIII

cleavage are indicated above the line.
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transcripts were preserved when HindIII digested 186 was
transcribed as shown in Figure 6.3. A transcription pattern
of 186 DNA digested with HindIII and PstI is also shown in
this figure. A prominent band at 860 bases was evident
along with concomitant disappearance of Band 2. Thus Band
2 initiates approximately 860 base pairs to the left of the
PstI site at 77.3% and extends rightward, terminating about
590 base pairs to the right of 77.3%. Its promoter lies to
the right of the Al deletion. There are 1020 base pairs
from the right boundary of the deletion to the PstI site
at 77.3% (B. Kalionis, pers. commun.), enough to accomodate
a transcript of 860 bases and its accompanying promoter
sequences.

2. Bands 1 and 3

It was determined, by hybridization to BamHI digested
186 DNA, that Band 3 traversed the BamHI site at 95.7%. ©So
a BamHI digestion of 186 DNA was the obvious choice for
analysing run-off transcription of Band 3. No such inform-
ation was available for Band 1, it was known only to originate
to the right of 94.0%, within the 1.9 kb rightmost PstI
fragment. To facilitate the choice of an appropriate
restriction enzyme for generating a run-off product of Band
1, this transcript was more precisely mapped within pEC200 by
hybridization to subfragments of this clone. To confirm the
earlier hybridization data, Band 3 was also hybridized to the
subfragments of pEC200.

a) Hybridization of Bands 1 and 3 to pEC200 digested with

EcoRI/PstI/BamHI

A nitrocellulose filter containing an EcoRI, PstI,



FIGURE 6.3

RUN-OFF TRANSCRIPTION OF BAND 2

2,5 pyg of 186 DNA either digested with HindIII or
with HZndIII and Pstl were transcribed in vitro. 2.5 ug
each of uncut 186 DNA and PstI digested pEC35 and pBR322
were transcribed and run in adjacent tracks for comparison.
Electrophoresis was on a 20 x 40 x 0.025 cm 5% polyacrylamide

gel containing TBE and 8 M urea.
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BamHI triple digest of pEC200 was probed with 186 derived
Bands 1 and 3. The results are presented in Figure 6.4.
Bands 1 and 3 both hybridized to the adjacent 650 and
1390 base pair fragments. Thus, Bands 1 and 3 both traverse
the BamHI site at 95.7% indicating that these transcripts
share sequences. However, it is not known whether these
transcripts have the same 5'-ends.

Run-off transcription should locate the 5'-ends of
Bands 1 and 3 and in so doing, reveal the arrangement of
shared sequences.

b) Run-off transcription of Bands 1 and 3

To generate run-off transcripts for both Bands 1 and 3,
186 DNA was digested with BamHI and transcribed in vitro.
Figure 6.5 shows the result. The disappearance of Bands
1 and 3 was concomitant with the appearance of a single
transcript approximately 390 bases in length. No other
new transcript was detected, so it was likely that Bands
1 and 3 share a 5'-initiation site.

Figure 6.6 summarises the data obtained thus far,

on the location of the four 186 in vitro transcripts.



FIGURE 6.4

HYBRIDIZATION OF BANDS 1 AND 3 TO pEC200

DIGESTED WITH FcoRI, PstI AND BamHI

The diagram above the gel indicates the fragment
sizes and positions of the BamHI and PstI sites on the
FcoRI/EcoRI coehsive ends insert in pEC200.

2 100 ul Zn vitro transcription reactions of 186
were electrophoresed on a 20 x 40 x 0.05 cm preparative 5%
polyacrylamide/8 M urea gel and Bands 1 and 3 excised,
eluted and hybridized to a nitrocellulose filter onto
which an EcoRI, BamHI, PstI digest of pEC200 had been

transferred.
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FIGURE 6.5

RUN-OFF TRANSCRIPTS OF BANDS 1 AND 3

2.5 ug of 186 DNA, undigested or digested with
BamHI was transcribed <in vitro. Electrophoresis was
as described in Figure 6.3. The tracks are indicated

above the gel, and the transcripts at the side.
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FIGURE 6.6

MAP SHOWING THE LOCATION OF 186 IN VITRO

TRANSCRIPTS

The map is drawn from 60% to 2.3% of the 186 genome.
It shows a summary of the transcription data from
Chapters 3, 4 5 and 6. The position of the Al deletion
is shown, indicated by a box in pEC35 and pECA400.

Band 4 is positioned within the 710 base pair frag-
ment bounded on the left by a PstI site and on the right
by the left boundary of the deletion. The location of
its 5'-end is unknown.

Bands 1 and 3 are drawn with the same 5'-end.
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CHAPTER 7

CHARACTERISATION OF TRANSCRIPTS:

SEQUENCE ANALYSIS OF IN VITRO TRANSCRIPTS
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A. INTRODUCTION

The most definitive approach to the characterisation of
RNA is by sequence analysis. The work presented in the
previous chapters was undertaken prior to the availability
of 186 DNA sequence information. 9.0 kb of the 186 genome
has now been sequenced by cloning 186 fragments into M13
and then using the dideoxynucleotide chain termination
technique of Sanger et al. (1977).

There is limited value in sequencing transcripts with-
out the existence of the corresponding DNA sequence. Infor-
mation about the control of transcription, for example, the
location of promoters and repressor binding sites, is
contained within the DNA sequence. However, there are two
instances when the RNA sequence is valuable regardless of
the existence of a DNA sequence with which to compare it.
Firstly, once a transcript has been assigned to a genomic
region by hybridization, DNA carrying nonsense mutations in
the genes within this region, can be transcribed, and the
mutant transcript sequenced. The identity of the gene
encoding the transcript and hence the identity of the RNA
would be determined by comparing the nucleotide sequence
of the mutant and wild-type RNA's. Secondly, pertaining
to this work, the sequence determination of Bands 1 and 3
would immediately corroborate or otherwise the run-off
transcription data, indicating that Bands 1 and 3 have a
common 5'-terminus.

The techniques available for the sequence determination
of RNA rely on the presence of a fixed reference point with-

in the RNA, e.g., a unique site for primed synthesis of
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transcripts or a 5'- or 3'- radiolabelled terminus. The
approach first envisaged for sequencing 186 RNA was to label
the 5'-ends of the transcripts and then obtain their

sequence by the enzymatic cleavage technique of Donis-Keller
et al. (1977). The limiting factor in this approach was

the efficiency of the 5'- labelling. Bands 3 and 4 were
sequenced using this technique but the approach was unsuccess-
ful for Bands 1 and 2.

Having DNA sequence data available for the regions to
which Bands 1 and 2 had been assigned facilitated the choice
of DNA fragments which were used as specific primers for
sequencing by the dideoxynucleotide chain termination
technique.

This chapter describes the sequencing of the 186 <n
vitro transcripts and the identification of Band 4 as the

186 B gene transcript.

B. RESULTS
32

[Y=-""P]-ribonucleotides may replace [a—32P]—GTP as the

labelled species in an in vitro transcription reaction,

generating transcripts labelled at their 5'-terminii.

3 32

2P]—ATP and [y-~“P]-GTP were generally available. D.

32

[y-
Eckerman (BRESA) synthesised [y-~"P]-UTP and [Y—32P]—CTP
especially. The four 186 <m vitro transcripts were all
visible when [y—32P]—ATP was included in the transcription
reaction mix, signifying that they all initiated with an

ATP. However, only Bands 3 and 4 were labelled sufficiently

for sequencing.
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1. Band 4

a) Sequence by enzymatic cleavage

3 100 ul inm vitro transcription reactions were prepared
using [y—32P]—ATP as the radiolabelled species. Band 4
was excised, eluted and sequenced by the enzymatic cleavage
technique. Examples of 20% and 5% sequencing gels of Band
4 are presented in Figure 7.1. Band 4 was sequenced
extensively with the view of comparing its sequence to
Band 4 transcripts derived from Bamber mutants (see below).
The enzymatic sequence of Band 4 persistently gave an
ion front which obscured the initiating nucleotide. From
[Y—32P]—ATP labelling it was ascertained that Band 4 initiated
with an ATP, therefore even though the first readable nucle-

otide was a G residue, the transcript must initiate with an

ATP.
b) Identification of Band 4

On comparison of the Band 4 RNA sequence with the 186
DNA sequence generated by B. Kalionis (pers. commun.), this

transcript was found to originate from the region, defined
from genetic studies, to encode the 186 late turn on gene,
B.

Computer analysis of the DNA sequence predicted an
open reading frame with an AUG initiation codon (see Chapter
9). Within this open reading frame, the positions of base
pair changes which would generate amber codons were determined.
The RNA sequences of Band 4 from amber mutants could then be
scanned for these base changes. Band 4 was identified, firstly
by confirming that it was the B gene transcript by sequencing

the Band 4 RNA's generated upon transcription of 186 Bamber

B o



FIGURE 7.1
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SEQUENCE BY ENZYMATIC CLEAVAGE OF BAND 4

[y—32P]—ATP labelled Band 4 was sequenced by the

S et oeeE Lz

enzymatic cleavage technique of Donis-Keller et al. )
(1977) and the fragments separated on 20% or 5% poly-

acrylamide gels (20 x 40 x 0.05 cm or 20 x 80 x 0.05 cm)

containing TBE and 8 M urea. The figure shows an example

of each of these gels, the enzymes are written above the

tracks and portions of the Band 4 sequence are written

beside the sequence. Autoradiography was at -80°C with

an intensifying screen.
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mutants, and secondly, because interpretation of the RNA
sequences of the Bamber mutants was uncertain, by sequencing
the DNA of Bamber mutants.

i) RNA sequence of Baml7 and Bam57

DNA from Baml7 and Bam57 phage was transcribed <n vitro

32P]—ATP and the Band 4 transcripts isolated and

with [y-
sequenced enzymatically.

The nucleotide changes corresponding to the amber
codons are indicated in Figure 7.2 next to the autoradio-
grams of the RNA sequencing gels. The amber codon for Baml?
could not be read as such due to over digestion of the RNA
by RNases U2 and B. cereus, but was recognized by the dis-
appearance of a G residue comparable with the change in the
Baml7 DNA sequence (see below). Bam57 showed an amber codon

in phase with the computer predicted initiating AUG.

ii) DNA sequence of Baml7 and Bam57

Hocking and Egan (198la) established the map order of
186 amber mutants. DNA from Baml7 and Bam57 phage was
isolated and digested with PstI and the 3.5 kb fragment
(65.5%-77.3%) excised and extracted from low gelling temp-
erature agarose. This fragment was further digested with
XhoI and the 630 base pair fragment isolated from 2% low
gelling temperature agarose and cloned into M13mp9 as
described in Chapter 2, which had been doubly digested with
Pstl and Sall.

DNA from white plaque recombinants was propogated and
sequenced as described in Materials and Methods. In Figure
7.3 is a sequencing ladder indicating the nucleotide changes

responsible for the Baml7 and Bam57 mutations. The 186 amber



FIGURE 7.2

RNA SEQUENCE OF Baml7 AND Bam57

32P]—ATP labelled transcripts from Baml7 and Bam57

[y-
DNA were sequenced enzymatically. The base change to give
Bam57 is indicated next to the gel. The tracks are
indicated above the gels. The gels were both 5% poly-
acrylamide containing TBE and 8 M urea. The dimensions

of the gel showing the Bam57 mutation was 20 x 80 x 0.05

cm and the Baml7 was 20 x 40 x 0.05 cm.

NOTE: Only the G residues are indicated on the Baml7 gel.
The number of nucleotides (N) between the G residues are
shown as XN. Below the sequence obtained is aligned with
the wild type sequence to emphasise the missing G residue.
400 410 420 430
AGTTGTACGTTTATGACAATGGAAACGATAGAGCG

G G GG G

GonC3n 5N 5N any G5y G G

Baml7
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FIGURE 7.3

DNA SEQUENCE OF Baml7 AND Bam57

DNA sequencing ladders are shown depicting the base
changes for the Baml7 and Bam57 mutations. The reactions
were loaded onto 20 x 40 x 0.025 cm 5% polyacrylamide gels
containing TBE and 8 M urea. The tracks are above the gel
and the sequence is shown at the side. The incorporation
of label in the C tracks was low, so the other tracks are
over exposed.

The sequence is leftward from the XZoI site, hence
is complementary to the RNA so the nucleotide changes
which generate the amber codons in the RNA are seen here

in the sense strand.
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DNA was sequenced leftward from the Xhol site at 67.6% towards

the PstI site at 65.5% and compared to the wild-type DNA

sequence of the B gene (B. Kalionis, pers. commun.) . Bamb57
c T G T
was a | = | transition and Baml7 was a | - | transversion.
G A C A
2, Bands 1 and 3
a) Sequence by enzymatic cleavage of Band 3
Band 3 was labelled at its 5'-end with [Y—32P]—ATP in

an-in vitro transcription reaction and then sequenced by the
enzymatic cleavage technique. The result is shown in Figure
7.4. Due to underdigestion of the RNA by the RNase U2,
there is some doubt in the assignment of A residues, however
the sequence was sufficient to locate Band 3 precisely by
comparison with the DNA sequence to the left of the BamHI
site at 95.7%.

The 5'-sequence of Band 3 was also determined by nrimer
extension.

b) Sequence by primer extension of Bands 1l and 3

The sequence of 186 DNA has been determined to the left
of the BamHI site at 95.7% (A.V. Sivaprasad, pers. commun.).
Data presented previously has shown that Bands 1 and 3 both
cross the BamHI site at 95.7%. A DNA primer was chosen to
the left of the BamHI site as illustrated in Figure 7.5.

A single-stranded M13 clone of the PstI to BamHI (87.5%-95.7%)

fragment of the same polarity as the RNA was supplied by

A.V. Sivaprasad. A radio-labelled copy of the fragment was
He DNA olqestedl e EORT e B ) anol than,

synthesised and_the i i i j i

hechro prousr b h— LGTEqon0se

with EeoRI and—HiundIII—wirtcirproduced—2—£ragments (see Figure

7.5). The 1.2 kb EcoRI-BamHI (92.0%-95.7%) fragment was



FIGURE 7.4

SEQUENCE BY ENZYMATIC CLEAVAGE OF BAND 3

32P]—ATP labelled Band 3 RNA was sequenced enzymat-

[y-
ically and electrophoresed on 20% polyacrylamide gels
(20 x 40 x 0.05 cm) containing TBE and 8 M urea. The
tracks are marked as in Figure 7.1. Autoradiography was

at -80°C with an intensifying screen.

The U2 RNase track was under digested.
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excised from low gelling temperature agarose, extracted,
redigested with HinfI and HgiAI and then loaded onto a 5%
polyacrylamide non-denaturing gel. The 84 base pair
primer was excised and eluted.

Unlabelled transcripts were synthesised in three 100 ul

32P]-GTP

transcription reaction mixes by substituting the [a-
with unlabelled GTP. The unlabelled transcripts were
separated by electrophoresis. Bands 1 and 3 were excised
using radioactive 186 transcripts run in adjacent tracks as
markers. The RNA was eluted, then hybridized to the
denatured 84 base primer and sequenced by extension of the
primer. The sequencing ladders generated by Bands 1 and 3
are shown in Figure 7.5. Bands 1 and 3 have identical 5'-
sequences, i.e., have the same initiation site.

Band 1 resulted as a readthrough at the Band 3 terminator.
From the molar ratio of Bands 1 and 3, the termination effic-

iency was calculated to be 79%.

3. Band 2

Band 2 has its 5'-end approximately 860 nucleotides to
the left of the PstI site at 77.3%. The DNA sequence in
this region has been determined (B. Kalionis, pers. commun. ) .
An appropriate primer was chosen by scanning the DNA sequence
for restriction endonuclease recognition sites which would
generate a primer of the desired length and position.

Figure 7.6 shows a cleavage map of the region from which
the primer was chosen. B. Kalionis supplied an M13mp7 Hpall
(73.7%-75.2%) clone from which a radioactive copy was
synthesised. The 450 base pair HpalIl insert was excised

by digestion with EcoRI and isolated from a 2% low gelling



FIGURE 7.5

SEQUENCE BY PRIMER EXTENSION OF BANDS 1 AND 3.

A cleavage map of the cloned PstI/BamHI fragment
from which the 84 base pair primer was chosen is shown
above the sequencing gel. The gel was 5% polyacrylamide
(20 x 40 x 0.025 cm) containing TBE and 8 M urea. The
tracks are indicated above the gel. The size of the
primer is indicated. Autoradiography was at room temp-

erature.

NOTE: The initiating nucleotide of Bands 1 and 3 is
obscured by an intense crossband which occurs as a
consequence of the reverse transcriptase encountering
the end of its template. Studies with [Y—32P]—ATP
indicate that both transcripts initiate with an ATP,

therefore the crossband is interpreted as a T residue.
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temperature agarose gel. This fragment was further digested
with Hinfl to produce the fragment sizes illustrated in
Figure 7.6. The 118 base pair primer was hybridized to
unlabelled Band 2 RNA and the primer extended using reverse
transcriptase along with deoxy- and dideoxynucleotides.

The sequence of the 5'-end of Band 2 is shown in Figure 7.6.

&l DISCUSSION

The reason for the low level of [Y—32P]—ATP incorporation

into Bands 1 and 2 cannot be completely explained by the low
levels of these RNA's. The molar ratio of Band 2 is slightly
higher than Band 3 and yet sufficient label was incorporated
to enable the enzymatic sequencing of Band 3. Attempts to
5'-label Bands 1 and 2 by adding a labelled phosphate group
to their 5'-terminii using T4 polynucleotide kinase were

also unsuccessful, in that the specific activity of the RNA's
was too low for any further manipulation.

I subsequently found that sequencing by extending a
primer was a superior method as the RNases were susceptible
to non-specific cleavage, particularly those of B. cereus
and Phy M. Uncertainty in the interpretation of a sequence
was disadvantageous especially when searching for amber
codons.

In summary, all four of the 186 in vitro transcripts
were located, only Band 4 was assigned to a particular gene.
Bands 1, 2 and 3 originated from 186 regions of unknown
gene content.

The transcripts are related to the DNA sequence and



FIGURE 7.6

SEQUENCE BY PRIMER EXTENSION OF BAND 2

A cleavage map of the cloned HpaIIl fragment from
which the 118 base pair primer was derived is shown above
the sequencing gel.

The gel was as described in Figure 7.5. Compressed
regions are underlined and crossbanded nucleotides are in
brackets.

The note in Figure 7.5 also applies to the inter-

pretation of the Band 2 initiating nucleotide.
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discussed in context of the accompanying control features
found in the DNA sequence in the general discussion

(Chapter 9).



CHAPTER 8

COMPARISON OF 186 B AND P2 OGR GENES AT THE PRIMARY LEVEL
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i W

A. INTRODUCTION

The introduction to this thesis described the relation-

e

ship between 186 and P2. The functional relationship of the

186 B gene and the P2 ogr gene was also discussed. Since

—

ogr and B proteins are functionally similar and are inter-

changeable for the turn on of P2 late gene expression, it

was the expectation that they would share amino acid homology.
E. Ljungquist (pers. commun.) had provided a preliminary

sequence of the P2 early operon. The sequence was derived

from a P2 phage carrying a deletion known as del6 which

removes, by our estimation about 500 base pairs including

the 3'-region of the P2 int gene. To the left of the

deletionwas a rightward reading frame which stopped presumably

within the deleted sequences. This open reading frame

occupied the same relative map position as the 186 B gene,

and although not designated as such by Ljungquist, was

presumed to be the ogr gene. Figure 8.1 shows preliminary P2

sequence to the left of the del6 deletion as determined by

Ljungguist. When this sequence was examined a rho-independ-

ent terminator was observed in the region 237 to 260. This
gccccrTC

terminator had a | | | | | | | stem, and a 4 base loop
CGGAGAG

followed by 6 T residues and was located in the same relative

position as the 186 B gene terminator.

If the AUG at position 6 of the sequence was assigned

as a protein initiation codorn, the open reading frame continued

beyond the rho-independent terminator. If this terminator

was active, then this was somewhat of a dilemma. Since this

region presumably encoded the ogr gene, it was reasoned that

like the 186 B gene it may be present as an in vitro trans-



FIGURE 8.1

LJUNGQUIST'S PRELIMINARY P2 SEQUENCE

The preliminary P2 sequence to the left of the delé6
deletion, provided by E. ‘Ljungquist is shown. The stem of
the rho-independent terminator is indicated by arrowed
lines and the T residues are overlined with dashes.

The ATG initiation codon assigned by B. Kalionis (this
laboratory) is boxed and the open reading frame, continuing

beyond the end of the sequence, is coloured.
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GACAAAAGAG
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TGAGTCGGTA
ACTCAGCCAT

TTGCCATCAG
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ANTTTATTGT
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CGTTATCATC
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CAGCGATACA
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GGCAGCAAAT
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GACGTGACCA
CTGCACTGGT
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CACGCCGTAA
GTGCGGCATT

e 240

CAGAAAGCCC
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cript.

P2 DNA was transcribed in vitro and a transcript the
same size as the 186 B gene transcript was observed. This
transcript was sequenced and was found to map within Ljungquist's
DNA sequence. The size of the in vitro transcript placed its
3'-end in the vicinity of the termination signal. Since the
terminator was active, the P2 DNA sequence to the left of
the del6 deletion was checked with the aim of discovering an
error which would change the reading frame and allow the

protein to terminate before the end of the transcript.

B. RESULTS

1. In vitro transcription of P2

P2 DNA was transcribed im vitro and the transcripts
separated by electrophoresis. The result is shown in Figure
8.2 A P2 transcript the same size as 186 Band 4 was observed.
This transcript was designated as the 290 base band. Other
transcripts were evident but were not further characterised.

2, Sequence of the 290 base P2 transcript by enzymatic

cleavage

In vitro transcription reactions were prepared in the
absence of a radiolabelled substrate and the transcripts
separated by electrophoresis. Radioactive markers were
loaded in adjacent tracks to facilitate excision of the
unlabelled 290 base transcript. The transcript was eluted,
phosphatased and the 5'-terminii labelled using [y—32P]—ATP
and T4 polynucleotide kinase. The labelled transcript was
then subjected to enzymatic cleavage to generate a sequence.

The sequencing gel is shown in Figure 8.3. The RNA sequence



FIGURE 8,2

IN VITRO TRANSCRIPTION OF P2

2,5 uyg P2 and 186 DNA were transcribed in an Zn vitro
transcription reaction. The transcripts were loaded onto
a 5% (20 x 40 x 0.025 cm) polyacrylamide gel containing TBE
and 8 M urea. The xylene cyanol was run to the bottom.
The tracks are indicated above the gel, the 290 base P2

transcript is indicated beside the band.
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FIGURE 8.3

SEQUENCE BY ENZYMATIC CLEAVAGE OF THE P2 290

BASE TRANSCRIPT

Unlabelled 290 base transcript was 5'-end labelled
and subjected to enzymatic cleavage to generate a sequence.
The gel is 20 x 40 x 0.05 cm 5% polyacrylamide containing
TBE and 8 M urea. The tracks are indicated and the sequence
written beside the ladder. RNase Tl and U2 were used to
distinguish G and A residues. The positions of C or U are

indicated by an N.

NOTE: Varying concentrations of U2 and Tl RNases were used

as indicated.

Below is the RNA sequence obtained aligned with the
sequence of Ljungquist which begins 5 residues before the

AUG initiation codon.

10 20 30
TCGCGATGTTTCATTGTCCTTTATGCCAGCATGCCGCA
AANAAAANNGGAAGAGGNGNNNGNGANGNNNNANNGNNNNNNANGNNAGNANGNNGNA

40 50
CATGCGCGTACAAG
NANGNGNGNNNNNG
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matches the DNA sequence of Ljungquist.

3. DNA sequence of a P2 ogr mutant

An ogr mutant was sequenced to establish the identity
of the gene to the left of del6 and at the same time to
check the sequence of Ljungquist.

The DNA to be cloned into M13 and sequenced was derived
from a P2 vir22ogr52 phage. The vir22 phenotype has a 1.5 kb
deletion, whose left boundary is believed to be the same
as del6, and a 0.5% insertion, to the left of the BglII site
at 77.2%. The P2 vir22ogr52 DNA was digested with PstI and
BglII and the 3.0 kb (62.6%-77.2%) fragment extracted from
low gelling temperature agarose and ligated into M13mp9
digested with PstI and BamHI. This fragment was sequenced
in a leftward direction from the BamHI/BglII site to approx-
imately 60 bases beyond the beginning of Ljungquists pre-
liminary sequence. The DNA sequence to the left of Ljungquist's
sequence was confirmed and extended by B. Kalionis (this
laboratory) using primed synthesis on the DNA of the PstI-=BglII
mp9 clone. Compared with Ljungquist's sequence two changes
were evident, one was a ? > T transition at position 130,
the other was a T insertion ai position 182. Figure 8.4
shows an autorad?gram of a sequencing gel depicting these

changes.

4. 5'-sequence of P2 290 transcript by primer extension

Once the 290 base transcript had been located within the
region to the left of del6 and the DNA of this region cloned,
an appropriate DNA fragment was chosen as a primer. A radio-
active copy of the PstI-BglII mp9 clone was synthesised and

the primer, a 66 base pair Hhal fragment (see Figure 8.5)



FIGURE 8.4

DNA SEQUENCE OF P2vir22ogr52

Sequencing ladders of the P2 ogr gene are shown. The
sequence is read leftward from the BglII site so is com-
plementary to the 290 base transcript. The T - C trans-
ition is indicated by an arrow. This creates the TAT -+ TGT
codon change in the 290 base transcript. The insertion is
also indicated by underlining the inserted G.

The gel is 5% polyacrylamide (20 x 40 x 0.025 cm)

containing TBE and 8 M urea.
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was excised and used to primer extend the unlabelled P2

290 base transcript. The sequence is presented in Figure
8.5. As is evident from the autoradiogram, the 5'-start
site is not definitive, there are two T residues followed
by a cross-band then an A and finally the characteristic
intense cross-banding which signifies the end of the
template. When the RNA sequence was matched to the DNA
sequence, the nucleotide at which the intense cross-banding
occurs is an adenine residue. This A has been designated

as the initiating nucleotide for the 290 base transcript.

C. DISCUSSION

A 290 base in vitro P2 transcript was observed which
when sequenced was found to originate from the P2 region
presumed, from genetic studies to encode the ogr gene.

An apparent dilemma existed in that the transcript from
this region terminated some 82 bases before the left boundary
of the del6 deletion, whereas the translation of this region
continued past the del6 boundary and presumably terminated
within the region deleted by del6. A classical prokaryotic
terminator with a stem-loop followed by a stretch of T
residues, at position 237 to 260 of the P2 preliminary DNA
sequence was found. The position of this terminator was
compatible with the size of the 290 base transcript whose
5'-end had been located by primer extension (Figure 8.6).

The reasons for sequencing the DNA of an ogr mutant were
two-fold. Firstly, to confirm the identity of the ogr gene
and hence the identity of the 290 base transcript and

secondly, to look for a sequencing error which would enable



FIGURE 8:5

RNA SEQUENCE BY PRIMER EXTENSION OF THE 290

BASE TRANSCRIPT

A radiolabelled 66 base pair Hhal fragment was
annealed to the 290 base transcript and primer extended.
The sequencing reactions were loaded onto a 5% (20 x 40 x
0.025 cm) polyacrylamide gel containing TBE and 8 M urea.

The sequence is indicated alongside the ladder.
Areas difficult to interprete due to compressions are

underlined.
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the ogr protein to encounter a stop codon before the end of
the transcript.

The revised sequence is presented in Figure 8.6. Two
changes to Ljungquist's sequence were found. One was a
transition ? > ? which upon translation of the RNA would
substitute z cygteine for a tvrosine. The other was a ?
insertion which changed the reading frame of the proteii,
bringing the TAA stop codon at position 222 into phase,
permitting the protein to terminate before the transcription
termination signal.

Since the wild type P2 sequence has not been rechecked
to support the existence of the i insertion, it is possible
that this insertion is responsible for the ogr mutation by
causing the premature termination of the ogr protein.
However, the discovery of a second change in the sequence
of the ogr mutant and the existence of the 290 base in vitro
transcript along with a termination signal compatible with
the size of the in vitro RNA, make this highly unlikely.

Thus the 186 B gene and the P2 ogr gene, whose protein
products are functionally similar, encode the same size
transcripts. Their translation products are also the same
size, 72 amino acids.

A comparison of the translation products of the 186 B

gene and the P2 ogr gene is presented in the Appendix.



FIGURE 8.6,

DNA SEQUENCE OF P20gr52

The DNA sequence of P2vir220gr52 is shown. (this work
and B. Kalionis, pers. commun.). The two changes from
Ljungquist's sequence are depicted, one is the ogr52
mutation, the other is an insertion which changes the
translation reading frame. The -10 and -35 regions of the
ogr gene promoter are indicated. +1 represents the start
of the ogr gene transcript. The ogr protein ribosome
binding site is underlined and the initiation and term-
ination codons are boxed. The open reading frame is
coloured. The stem of the terminator structure is
indicated by arrowed lines and the T residues are over-
lined with dashes. The Hhal fragment used as a primer is

also indicated.



TTTGTTTTAT
AAACAAAATA

CGGAAGAGGT
GCCTTCTCCA

CAAGTCGCTA
GTTCAGCGAT

Hha

J .
GCAGCGCCAC
CGTQECGGTG

TCCACGCCGT
AGGTGCGGCA

-36

-10
1 ] L .
CTGTTYGTTT TGTAAGGATA AATTAACTAA AATGGCACCA

+H

GACAAACAAAN ACATTCCTAT TTAATTGATT TTACCGTGGT

GCTCGCdATGITTTCATTGTC CTTTATGCCA

CGAGCGCT

TATCACTGAC
ATAGTGACTG

GTTCATCACT
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AAGGCCGCAC
TTCCGGCGTG

—
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GENERAL DISCUSSION
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A. INTRODUCTION

The control of 186 gene expression is the ultimate
interest of the group but before any controls can be
elucidated a knowledge of the basic molecular biology of 186
is required. One facet of this study is to determine the
first transcripts made by 186 upon entry of its DNA into a
host cell. An Zn vitro transcription system was chosen
because it contains no translation machinery and therefore,
only the first transcripts made independently of phage
protein synthesis would be generated. Thus an in vitro
system should approximate the in vivo situation prior to
phage protein synthesis.

186 DNA was transcribed im vitro by E. coli RNA poly-
merase and four major transcripts were observed on 5% poly-
acrylamide/urea gels. Preliminary mapping of the transcripts
was accomplished by hybridizing them to restriction digests
of 186 DNA Southern blotted onto nitrocellulose, and by
analysis of the run-off transcription products generated
upon in vitro transcription of 186 DNA digested with approp-
riate restriction enzymes. Sequencing the transcripts
precisely located their 5'-ends.

Figure 9.1 presents a summary of the location of the
four transcripts. Depicted on the figure are promoters,
terminators and proteins associated with the in vitro trans-
cripts.

Promoters, -10 and -35 regions were predicted using a
computer program designed by I. Dodd (this laboratory)
similar to that of Staden (1984). Rho-independent terminators

were identified by searching the DNA sequence for the char-



FIGURE 9.1

186 IN VITRO TRANSCRIPTION PATTERN

The map is drawn from 60% to 100%. The transcripts
are drawn below the map corresponding to the positions of
their promoters and terminators determined by sequencing
the DNA. The terminators for Bands 1 and 3 have not been
determined by sequence analysis and do not appear on the
map.

The positions of the known genes and predicted open

reading frames (computer proteins:CP) are shown.
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acteristics described by Rosenberg and Court (1979), these
being a G-C rich stem-loop followed by a stretch of T
residues. Open reading frames were designated as encoding
proteins by three criteria:

1) the presence of an initiation codon

2) the presence of a ribosome binding site using the

program of Stormo et al. (1982)
3) codon usage, based on the program of Staden and
McLachlan (1982)

The aim of this chapter is to relate the 186 in vitro
transcripts to the DNA sequence and to other studies pre-
viously and concurrently undertaken in this laboratory.

The current studies referred to are those of B. Kalionis,
A.V. Sivaprasad and H. Richardson. A comparison will be
made with the relevant aspects of P2 transcriptional control.
In a later section, the in vitro transcription pattern of 186
will be compared with that of A.

;. Band 4

Band 4 was sized on methyl mercury gels at 290 bases.
The 5'~end of this transcript was sequenced and compared
with the DNA of the region between 65.5% and 67.6% (B.
Kalionis, pers. commun). Figure 9.2, shows the DNA sequence
of the region from which Band 4 originated. The transcript

initiates with an ATP and associated with the transcript is:

TATCAT
1) a promoter, with a =10 region, TACTAY and a -35
TTCACA
region, ACACPEE.
CCCGC
2) a terminator with a ||]||| stem, a 5 base loop,
GGGCG

followed by TTTTTTTAT.

From the DNA sequence Band 4 is 284 bases in length.



FIGURE 9.2

THE DNA SEQUENCE ASSOCIATED WITH BAND 4

The DNA sequence from PstI to Xhol (65.5%-to 67.6%) is
shown (B. Kalionis, pers. commun.). The -35 and -10 region
of the Band 4 promoter is indicated. +1 signifies the
start of Band 4. The ribosome binding site is underlined
and the protein initiation and termination codons are boxed.
The open reading frame is coloured. The stem of the
terminator is indicated by arrowed lines and the T residues
are overlined with dashes.

The nucleotide changes for Baml7 and Bam57 are

indicated.



Pst1

4
CTGCAGCGAG
QﬂCGTCGCTC

CCTGAGACAC
GGACTCTGTG

ATCAGTAAGG
TAGTCATTCC

GTTAAACTCT
CAATTTGAGA

AAAAGTGAAT
TTTTCACTTA

CATTGTCCGA
GTAACAGGCT

ACGAAAGAAC
TGCTTTCTTG

T

1
GAAACGATAG
CTTTGCTATC

ACTGTCGGTG
TGACAGCCAC

G
GCGGGTTTTT
CGCCCAAAAR

ACTCGAAAAC
TGAGCTTTTG

GCGTTGCGGA
CGCAACGCCT

CGGTGCGCGT
GCCACGCGCA

TAACTCACAR
ATTGAGTGTT

CTGATGTGGA
GACTACACCT

-1d

TTATGATTAT
ARTACTAATA

AGTGCCATCA
TCACGGTAGT

GTTTTCAATT
CAAMAGTTAR

ATCAGGCTTT
TAGTCCGAAR

TCTGAATAAT
AGACTTATTA

GTACAACGCG
CATGTTGCGC

+
CATTTATTCA
GTAAATAAGT

TGCCGCACAT
ACGGCGTGTA

TBam57

1
GCTACCACCA
CGATGGTGGT

Bam17

AGCGCTTTAT
TCGCGAARTA

GTCAGCGGCC
CAGTCGCCGG

TTATGCACTC
AATACGTGAG

GAGGCAACAA
CTCCGTTGTT

GTGCCAGAAC
CACGGTCTTG

TGTTACTCCG
ACAATGAGGC

ATTGTGGCTC
TAACACCGAG

AGGAAAGTGG
TCCTTTCACC

Xho1

3
AMAGGCACTC
TTTCCGTGAG

ACGCTGGCGC
TGCGACCGCG

AAGCGCGTCA
TTCGCGCAGT

AGCGGCTTCA
TCGCCGAMAGT

GAATCGGATG
CTTAGCCTAC

CGAATTGAGA
GCTTAACTCT

GCGCGAACAA
CGCGCTTGTT

ATCAMCTGTA
TAGTTGACAT

GGAGCCATTG
CCTCGGTAAC

frearanarT

ACTATTTAAR

CGGTAAAAAA
GCCATTTTTT

TTGGTAGGGC
AMACCATCCCG

TAGATGAGCA
ATCTACTCGT

CGACGGGCTT
GCTGCCCGAA

ATGAATAAAA
TACTTATTTT

RBS

ATAAAGGGTG
TATTTCCCAC

GCCGCTATCT
CGGCGATAGA

GTTGTACGTT
CAACATGCANR

ACCCGGCACC
TGGGCCGTGG

CCGCTAAATG
GGCGATTTAC

TCCACCGCCA
AGGTGGCGGT

TGATTTATTC
ACTAAATAAG

GGCATGGTTA
CCGTACCAAT

AGAGCTTGAG
TCTCGAACTC
-35
L apm——
TGTATTCACA
ACATAAGTGT

ceThrgr it

CCAATACAAA

AACCGAAAAC
TTGGCTTTTG

TATGACAATG
ATACTGTTAC

GCCTCACCCG
CGGAGTGGGC

CCCGCCGCGT
GGGCGGCGCA

TTCTATCGCC
AAGATAGCGG

60

120

iso

240

300

360

420

480

540

600
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Associated with the methionine initiation codon of the
open reading frame is a ribosome binding site.

Genetic studies had located the B gene to this region
of the 186 genome (Hocking and Egan, 1982a). Band 4 RNA
obtained from transcribing two Bamber mutants was sequenced
as was the DNA from the PstI-XhoIl (65.5%-67.2%) region of
the same Bamber mutants, and Band 4 was identified as the B
gene transcript. The base pair changes responsible for the
Baml7 and Bam57 mutations are depicted on the sequence.

A translation of the B gene sequence is shown in Figure

9.3. The B gene transcript encodes a protein of 72 amino
acids. Amber codons substitute the GAG (glutamic acid)

at position 430 in Baml7 and the CAG (glutamine) at position
379 in Bam57. These mutations exist in the map order pre-
dicted by marker rescue frequencies (Hocking and Egan, 1982a).

The 186 B gene is not required until late in the
infection cycle of 186, when it acts to turn on expression
of the late genes (Finnegan and Egan, 1981). Finnegan and
Egan (1981) had also concluded that the function of the 186
A gene was required, either directly or indirectly, for B
gene transcription. Therefore the ability of an unmodified
E. coli RNA polymerase to transcribed the B gene in vitro
without the need of any phage encoded product was an unexpected
surprise. Nevertheless, that being the case, the same
capacity was anticipated for the host RNA polymerase in vivo
and, since there is no evidence of c¢I repressor control to
the left of the att site, it was predicted that B promoter
would be active in a lysogen. B. Kalionis who is studying
the <n vivo transcription pattern of 186 has indeed

shown the presence of the B gene transcript



FIGURE 9.3

TRANSLATION OF THE B GENE

The figure shows the anti-sense strand sequence of
the B gene, from 221 nucleotides to the right of the PstI
site at 65.5% to just past the B gene terminator, along
with the translation. The positions of the Baml7 and

Bam57 mutations are shown.



TAAAATGTATTCACAAAAAGTGAATTTATGATTATCATTTATTCACGAATTGAGAATAAA

met phe his cys pro lys cys his his ala ala his
GGGTGGGTT ATG TTT CAT TGT CCG AAG TGC CAT CAT GCC GCA CAT

ala arg thr ser arg tyr leu thr glu asn thr lys glu arg tyr
GCG CGA ACA AGC CGC TAT CTA ACC GAA AAC ACG AAA GAA CGC TAC

his gln cys gln asn ile asn cys ser cys thr phe met thr met

CAC CAG TGC CAG AAC ATC AAC TGT AGT TGT ACG TTT ATG ACA ATG
¥
T
Bam57

glu thr ile glu arg phe ile val thr pro gly ala ile asp pro

GAA ACG ATA GAG CGC TTT ATT GTT ACT CCG GGA GCC ATT GAC CCG
¥

T
Baml7

ala pro pro his pro thr val gly gly gln arg pro leu trp leu
GCA CCG CCT CAC CCG ACT GTC GGT GGT CAG CGG CCA TTG TGG CTC

kkk kh*k%

TGA TAA ATTTCCGCTAAATGCCCGCCGCGTGCGGGTTTTTTTAT
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in a lysogen. Furthermore the B protein is autoregulatory
since it has been shown in vivo that the level of the B
gene transcript is increased when the B protein carries an
amber mutation (Kalionis et al., manuscript in preparation).
The B transcript is present in a lysogen and yet does
not act to turn on late genes. Either the B protein is not
present, or else the B protein cannot act to turn on late
gene expression. The latter is most likely, since Hocking
and Egan (1982a) found that even if B protein is provided by
a super-infecting 186v<ir phage, no late functions can be
rescued from the prophage by complementation. We predict
that B protein requires a replicating template on which to
act. Such a prediction, together with autogenous control,
is consistent with two other observations. Firstly,
Finnegan and Egan (1981l) concluded that B gene transcription
was dependent upon a functional 186 A gene, since hybrid-
ization of 186 messenger RNA after thermal induction of a
186cItsAam prophage to pEC35, a clone presumed to be
diagnostic for B gene transcription, showed very little
transcriptional activity from this region. Secondly, Hocking
and Egan (1982a) found that B protein activity could be
rescued by complementation from a 186cIts prophage by a super-
infecting 186Bamvir phage. The super-infecting Bamvir phage
provides a replicating template. Based on the number of polarity
groups found by Hocking and Egan (1982b), we expect at least
four sites on each replicon to which B protein may bind to
activate late gene expression. This increase in the number
of B binding sites titrates the finite pool of B protein

originally present in the lysogen and thereby opens up B
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gene transcription. The A gene is not required for B gene
transcription per se as suggested by Finnegan and Egan
(1981) but A gene function is required for the increase

in B gene transcription required for late turn on.

2. P2 ogr

An in vitro transcript the same size as the 186 B gene
transcript was observed upon transcription of P2. This
transcript was sequenced and located on the DNA sequence.

It was identified as the ogr gene transcript by sequencing
the appropriate region of the DNA from a P2ogr52 mutant.

Sauer et -al. (1982) concluded that ogr gene expression
depends on a functional A gene by coinfecting a host gro
mutant, which is unable to support a PZQgr+ infection, with
P2Aaml290grl and P2virl. Since P2Aam mutants cannot be
complemented (Eindahl, 1970), P2Aaml29 will not replicate,
but if the mutant ogr gene can be expressed from P2Aaml29%ogrl
to produce mutant ogr protein, it should complement P2virlogr+
to produce a burst of progeny. No such complementation was
observed. However, Sauer et al., did not directly determine
ogr gene transcription in their experiment and since, the
ogr gene is transcribed in vitro by an unmodified RNA poly-
merase, like the 186 B gene, we predict the ogr gene transc-
ript will be present in a P2 lysogen, ie., exist in the
absence of gene A function. Negative complementation
may explain the failure of Sauer and his colleagues to
detect ogrl complementation rather than the dependence of
ogr gene transcription on a functional A gene. The P20ir10gr+
phage would replicate so the amount of ogr+ protein would be
much greater than the amount of mutant ogr protein

provided by a non-replicating P2Aaml29ogrl phage.
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This excess of ogr+ protein, although defective in a gro
host could result in a situation of negative complementation.
To resolve the apparent paradox, further experiments on the
in vivo transcripts of P2 are required.

The 186 B and P2 ogr proteins are functionally inter-
changeable for late gene turn on but a difference does
exist between the two proteins. The turn on of P2 late
genes by ogr is mediated through the a-subunit of the host
RNA polymerase (Fujiki et al., 1976). 186 is able to grow
on host gro mutants which carry a mutation in the a-subunit
of the host RNA polymerase (Fukiki et al., 1976; B. Egan,
pers. commun.), a mutation which prevents the growth of
P20gr+

3. Band 2

The 5'-end of Band 2 was sequenced and was found to
initiate with an ATP 809 bases to the left of the PstI site
at 77.3%. The DNA sequence from which Band 2 originates is
shown in Figure 9.4. The sequence to the left of 77.3% is
from B. Kalionis (pers. commun.) and to the right of this
site is from H. Richardson (pers. commun.).

Scanning the DNA sequence in this region located three
related sequences, the putative operators which presumably
bind repressor. The promoter associated with Band 2 has a
-10 region, TATATT and a -35 region, TTTACT. The -10 region
is located within 01, which places this promoter under the
direct control of the eI repressor, which when bound to 01
would block the initiation of Band 2 RNA. Band 2 has been
designated as the pR transcript, analogous to the A right-

ward transcript.



FIGURE 9.4

THE DNA SEQUENCE ASSOCIATED WITH BAND 2

The DNA seqguence between the right boundary of the
A2 deletion and just past the presumptive Band 2 terminator
is shown (B. Kalionis, H. Richardson, pers. commun.). The
PstI site at 77.3% is indicated. The -35 and -10 regions
of the Band 2 promoter and the presumptive leftward promoter
are indicated. +1 represents the start of Band 2. The
putative operators are boxed. The protein initiation and
termination codons for CP75, CP76, dhr and CP78 are boxed
and the open reading frames coloured. The stem of the
presumptive terminator is indicated by arrowed lines and

the T residues are overlined with dashes.



del2
]AGATKGCGCC TCGGGTGTAC CTGTiTGACA ATGAGC*GGA

CP76

CP78

dhr

CP78

TCTATCGCGG AGCCCACATG GACAMACTIGT TACTCGACCT

CTAATTGAAT TTTCTGCGA; AATCTGTACG CCTCGCAGAi
GATTAACTTA AAAGACGCTT TTAGACATGC GGAGCGTCTA

TGCTCCATCC TAMAGAATCT ATTCTCATTT CGATAAAACC
ACGAGGTAGG ATTTCTTAGA TAAGAGTAAN GCTATITIGG

o1 “10 02
T +

CGCGATATCG
GCGCTATAGC

GCGGTCAAGT

teoa 2600
AAGTGGITAG  *
TTCACCAATC

Acntcciccrzsso

CGCCAGTTCA TGTAGGTGCA

-36

r ¥ 2720
TATTTACTAT CTCIEAATTG
ATANATGATA GAGAMGTTAAC

1
GGAGATATAT TTTGGCTAMA CCCACGEAAT TGATGGCAAG
CCTCTATATA AAACCGATI|r GGGTGUETTA ACTACCGTTC

ACAACCGTTT| GTCTCAGTTT

TETTGGCAAA cncnc1FhAaz’a"

03

TCAATTGCAA ACTTTGGCTA NTAGGGAATC ATGCAAﬂ;;g
AGTTANCGTT TGAAACCGAT TATCCCTTAG TACGTTA

~10

CAAAGTGCCT GCACCTATCG TTACTCTGCA ACAATTCGCR
GTTTCACGGA CGTGGATAGC AATGAGACGT TGTTAAGCGT

ACGCACCGCC TACCGCTGGA CAACCGGCGMA CAACCCTTGT
TGCGTGGCGG ATGGCGACCT GTTGGCCGCT GTTGGGAACA

ANTCCGTAAM GGCTGCAAGA AAGCAGGTGG CCCGATTCGC
TTAGGCATTT CCGACGTTCT TICGTCCACC GGGCTAAGCG

AGAAGAGCAG TTGCGTAAGG CGTTGGGACA TICCCGITIT
TCTTCTCGTC AACGCATTCC GCAACCCTGT AAGGGCAAAA

ihTCACTTTA TGTGAATTGT AAGGATGCAA CE;:hTTGlT
TAAGTGAAAT ACACTTAACA TTCCTACGTT GTACAAACTA

CCACTATGAC GAAGCGTGCC GGGCTTTTGC GCAGCGTCAC
GGTGATACTG CTTCGCACGG CCCGAAAACG CGTCGCAGTG

GCGTGCGGGT ATGAATGTTC AAACGTTACG TAACAAGCTC
CGCACGCCCA TACTTACAAG TTTGCAATGC ATTGTTCGAG

GTTCACGCCG CCTGAATTGT - GGCTGCTGAC TGACCTGACC
CAAGTGCGGC GGACTTAACA CCGACGACTG ACTGGACTGG

TGGTTTTCTG GCGCAGAITC ATIGTCTGCC ATGCGTGCCG
ACCAAAAGAC CGCGTCTAAG TAACAGACGC TACGCACGGC

TAAMATTGCAG TCTTACGTCA TGCGCGCAAT GAGTGAACTC
ATTTAACGTC AGAATGCAGT ACGCGCGTTA CTCACTTGAG

GGTATCTGAT GAGCGTCTGA CCACTGCCCG TAAGCACAAC
CCATAGACTA CTCGCAGACT GGTGACGGGC ATICGTIGTTG

CGGCATTCGC ATGTIGTCAT TGTICGGCTCT GGCGCTIGCAT
GCCGTAAGCG TACAACAGTA ACAGCCGAGA CCGCGACGTA

CGCTATGTCG AGCGTGGTCG ATACCATGAG CGGTATTGGC
GCGATACAGC TCGCACCAGC TATGGTACTC GCCATAACCG

ikGTGCGﬂ::E}ﬂVAAAAGT GAACCGTCAT TTGCGTCTCT
TCCACGCATA CGACTTTTCA CTTGGCAGTA AACGCAGAGA

GTATGCATTA CGGCCACGGC TGGATCGCAG GTAAGGACGG
CATACGTAAT GCCGGTGCCG ACCTAGCGTC CATTCCTGCC

GCTCACAGTC CGAATTATTA AAMGGGCTGA AMACAAAGTC
CGAGTGTCAG GCTTAATAAT TTTCCCGACT TITGTTTCAG

TAATTATTCG TATTGTCCAC TTTGTAATTA AAGGAGTGAA
ATTAATAAGC ATAACAGGTG AAACATTAAT TTCCTICACTT

AGAATTGTTT TGGGTGCCAT GATTCCAAAT ATGGAGGAAG
TCTTAACAAN ACCCACGGTA CTAAGGTTTA TACCTCCTTIC

GACGGCGCAA TACTICGCGT TGACCCTGAG TGGGAGTGCT
CTGCCGCGTT ATCGAAGCGCA ACTGGGACTC ACCCTCACGA

TTAAAAGCCG AAATCATCAA GCAGTTAMAA AGCAMACCTG
AATTTTCGGC TTTAGTAGTT CGTCAATTTT 1CGTITTGCAC

TAATTA MACGTAATTA CITGGCGTAA ACCCGCCGGG
TAATTAAT TTGCATTAAT GAACCGCATT TGCGCGGCCC

GCTTCTGAAR TCGCANTCAT 2840
CGAAGACTTT AGCGTJAGTA

-36

GAGCTTGAGE GTeTTTCTEA 2700
CTCGAACTCC CACAAAGACT

GTACCAATCG AACCCCGCAC 2960
CATGGTTAGC TTGGGGCGTG

MTTATTACG CACGCTGERA 3020
TAARATAATGC GTGCGACCTT

CAACTCGTCA chcrccﬂié 3080
GTTGAGCAGT AGCCACGAN

TTTCAGETTT coaancatce 149
AAAGTCCAAA GGTTTGTAGG

MACATGGCGA AGeTaeccea 3200
TTGTACCGCT TCGACCGGCT

AACCCAGAAC AGCCTCACCA 3260
TTGGGTCTTG TCGGAGIGGT

GAAGACTCAA CCCTCGITGA

3320

CTTCTGAGTT GGGAGCAACT

GITAATGAGE TeocTANAGA 3289
CAATTACTCG ACCGATTICT

GGTGAACTGG CGAGCGGTGC J‘AU
CCACTIGACC GCTCGCCACG

ATGATTGAAA GCGTTAACTE 3500
TACTAACTTT CGCAATTGAG

Pat1

3 ; 3560
GCACGTCIGC AGACTAATCC
CGTGCAQ#CG TCTGATTAGG

GCATCGTTTG GTCTeATHig 3920
CGTAGCAAAC CAGACTAAR

GCTCGTTAAG CAAAGCCCCG

3680

CGAGCAATTC GTTTCGGGGC

3740
CAAGCGCIGG CACCCGTGCC
GTTCGCGACC GTGGGCACGGC

3800
GCCGAAATCG TCAGGTTTIT
CGGCTTTAGC AGTCCAAAAA

A@CACG cc@nﬁ\ 860
TGTRCAGTGC GCTACTTAAT

GTTTTGAAAT TAAAACCCGC J720
CAAAACTTIA ATTTTGGGCG

GCAAAGAATT TAAGGATGGA

3980

CGTTTCTTAA ATTCCTACCT

CIGTTIGTIATT TGGATATAGT‘O‘O
GACAACATAA ACCTATATCA

CATTCTTTTG CCAAAAAACA 4100
GTAAGAAAAC GGTTITTTIGT
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The other interesting feature near the 5'-end of pR
is a computer predicted -10 and -35 region of a leftward
promoter. This leftward transcript is most likley that of
the ¢I gene located to this region by heteroduplex studies
(Younghusband et al., 1975). Studies are currently under-
way to confirm the <n vivo activity of this leftward
promoter. The location of the leftward promoter is to the
right of 03 so transcription from pR and pC may be over-
lapping divergent. Attempts to identify the ¢I transcript
in vitro were negative. This is not unexpected, since if
the promoter for pR is strong compared with the leftward
promoter, pR may preferentially initiate transcription
in vitro, whereas environmental factors may contribute to
the rate of ¢I transcription <n vivo. Thus the lysis/lysogeny
decision of 186 may be controlled by the modulation of over-
lapping divergent transcripts.

The cI/operator region has a similar arrangement in P2
(Ljungquist et al., 1984, in press). The operator region
located by sequencing the DNA of virulent mutants, indicates
two possible repressor binding sites. The repressor gene C,
identified by sequencing the DNA of Camber mutants is trans-
cribed leftward from a putative promoter located to the
right of 02. The first gene in the early operon, presumably
regulated by repressor, has its putative promoter overlapped
by 01. ©No transcription studies are available to confirm
the activity of these putative promoters but if they do
promote C and cox transcription then, as postulated for 186,
P2 transcription is overlapping divergent.

The size estimate for Band 2 from methyl mercury gels
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was 1450 bases, but from the DNA sequence there is no

obvious terminator in this region. There is a rho-

independent terminator located 1323 base pairs downstream

of the Band 2 initiation site (see Figure 9.4). This
CTTGGCG

terminator has a stem | | | | | | | with a 6 base loop,
GGGCCGC

followed by CATTCTTTT. Confirmation of the activity of this

terminator will come from the precise location of the 3'-end of

of Band 2.

Band 2, or the pR transcript, spans four open reading
frames. The first two, designated CP (computer protein) 75
and CP76 are as yet unidentified genes. The third open

reading frame has been identified as that of the dir gene

(formerly dho) postulated by Finnegan and Egan (1981), (H.

Richardson, pers. commun.). The fourth open reading frame,
designated CP78, is also unidentified.

Finnegan and Egan (1981) also postulated the existence
of a gene X, whose transcription was a prerequisite for any
further phage transcription (see Fig. 1.5). Gene X was
postulated to explain the result obtained by hybridization
of 186 in vivo transcripts after heat induction of a prophage,
derived from chloramphenicol treated cells, to 186 restriction
fragments cloned into pBR322. pEC35 exhibited a high trans-
criptional activity in the presence of chloramphenicol. This
activity was presumed to originate from the 0.4 kb fragment
(now known to be 1.0 kb) to the right of the A2 deletion,
since it was thought that in the absence of the A gene product,
the B gene was not transcribed. Given now that the B gene is
transcribed in a lysogen, some of this transcriptional

activity would have been contributed by the B gene transcript.
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Although Finnegan and Egan did not consider this contribution,
their prediction that the high transcriptional activity
originated from the right of the A2 deletion remains valid

for the following reason. B gene transcription is under
autogenous control and if the B protein is stable under
chloramphenicol treatment, then B transcription should be
repressed and so not contribute appreciably to the transcript-
ional activity of pEC35. This is supported by comparing
hybridization of RNA after thermal induction of a 186¢cIts
prophage from chloramphenicol treated cells, with the RNA
after heat induction of an Aamber mutant. The hybridization
to pEC35 in both cases was the same (Finnegan and Egan,

1981) consistent with the following explanation. In an
Aamber mutant, B transcription would be negatively regulated
by the B protein. If the B protein was unstable, then upon
chloramphenicol treatment of a 186¢Its lysogen, an increase

in the transcriptional activity of pEC35 should occur compared
with the 186Aam prophage due to the removal of B gene repression
and hence increased transcription of the B gene. No such
increase was evident, therefore B transcription is repressed
upon thermal induction of a 186¢Its chloramphenicol treated
lysogen.

Given that Band 2 extends some 543 bases into the
adjacent PstI fragment (77.3%-84.6%), the same fragment
studied by Finnegan and Egan (1981) as a pBR322 clone called
pPEC17.2, the hybridization results rationalised by Finnegan
and Egan as ratios of c.p.m./kb can be refined as follows.
Finnegan and Egan found 292 c.p.m. associated with the 0.4 kb

fragment in pEC35 and 136 c.p.m. associated with the 2.3 kb
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fragment from pECl7.2 which generated a ratio of 730:59
c.p.m./kb for the two intervals. Now, the 0.4 kb interval

has been found to be 1.0 kb with 809 base pairs contributing
to the Band 2 transcript, and instead of considering the
entire 2.3 kb interval of pECl7.2, only 543 base pairs need

be considered. The ratio of c.p.m./kb now becomes 365.6:250.5.
Assuming Band 2 only is contributing to the 250.5 c.p.m./kb
found associated with pEC17.2, then the transcription contrib-
uted by pEC35 to the right of A2 is 250.5 c.p.m./kb. There-
fore, the B gene is contributing 115.1 c.p.m./kb to the
transcriptional activity of pEC35, less than half the

amount contributed by Band 2. This result is consistent

with B gene repression being maintained in the presence of
chloramphenicol, as <n vitro the B gene transcript is 3.4
times more abundant than Band 2.

The postulate of a gene X, as a prerequisite for further
phage transcription remains valid. 186 must somehow trans-
cribe its replication genes, so a mechanism must exist for
extending rightward transcription. There are two possible
mechanisms. Firstly, antitermination of Band 2 to facilitate
further rightward transcription, or alternatively, reinitiation
at downstream promoters to extend transcription across the
replication genes. 186 may encode a product, analogous to
the A N gene product, which would act as an antiterminator.

Or a product may be encoded which would activate transcription
from downstream promoters. Whatever, the mechanism, it is
probable that this antiterminator or activator protein will

be encoded by Band 2. CP76 and CP78 are candidates for

gene X. CP75 is most likely the counterpart of the P2 cox
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gene product, as when translated these proteins share some
amino acid homology (B. Kalionis, pers. commun.). There

is preliminary evidence to suggest that extension of right-
ward transcription is via reinitiation rather than anti-
termination (B. Kalionis, pers. commun.).

4. quds 1 and i

Bands 1 and 3 were positioned by run-off transcription
to initiate approximately 390 bases to the left of the BamHI
site at 95.7%. The 5'-ends of Bands 1 and 3 were sequenced
and found to be identical, confirming that these trans-
cripts shared an initiation site. The sequence of Bands
1 and 3 were compared with the DNA sequence of the region
to the left of 95.7% provided by A.V. Sivaprasad (pers.
commun.). This DNA sequence is presented in Figure 9.5.
Bands 1 and 3 initiate with an ATP and are associated with
a promoter with a -10 region, TACTGT and a =35 region,
TTCACA. There is an open reading frame with a ribosome
binding site and a methionine initiation codon associated
with these transcripts but these features are located 161
bases from the 5'-end of the transcripts, which is rather
further downstream than the ribosome binding sites and protein
initiation codons associated with Bands 2 and 4 (78 bases and
24 bases respectively). This open reading frame extends
across the BamHI site at 95.7%. Sequence information beyond
95.7% is unavailable so nothing is known about the 3'-ends
of Bands 1 and 3 except that their size precludes them from
traversing the cohesive ends, and Band 1 is a readthrough
of Band 3. The termination efficiency of Band 3 is 79%.

There are no known genes in the region of Bands 1 and 3 so



FIGURE 9.5

THE DNA SEQUENCE ASSOCIATED WITH THE 5'-ENDS

OF BANDS 1 AND 3

The DNA sequence from PstI to BamHI (94.0% to 95.7%)
is shown (A.V, Sivaprasad). The -35 and -10 regions of
the promoter for Bands 1 and 3 are indicated. +1 signifies
the common start of the Band 1 and Band 3 transcripts.
The SOS box is boxed. The protein initiation codon for CP95
is boxed and the open reading frame which continues beyond

the BamHI site is colowured.



CCTTCACATC
GGAAGTGTAG

CAACGAAAAT
GTTGCTTTTA

GATTTTTTTC
CTAARAMNRDMG

AGTGGAGGTT
TCACCTCCAR

ATTGCGCGTC
TAACGCGCAG

AANTTGCGGANR
TTAACGCCTT

CGCACCGCCT
GCGTGGCGGA

GGATAAAGAC
CCTATTTCTG

GCGAATACAG
CGCTTATGTC

AGGCGAGACG
TCCGCTCTGC

GTAACCGCTA
CATTGGCGAT

=35

—
TTCACACCTT
AAGTGTGGAA

GTGTGGATAG
CACACCTATC

TGACTGCTGA
ACTGACGACT

ATAGCAAGAG
TATCGTTCTC

GTTGGTGAAR
CAACCACTTT

CAMAARATCG
GTTTTTTAGC

TCCGTTTTCC
AGGCAAAAGG

CGGAAAATCC
GCCTTTTAGG

ATATTCATCC
TATAAGTAGG

TTGCCAATAC
ANCGGTTATG

AGAGCTARAT
TCTCGATTTA

GGTACTTGTC
CCATGAACAG

TTAATCGTGT TGCAGATTTA
AATTAGCACA ACGTCTAAAT

ATATCATGTA CATACAGTGT
TATAGTACAT GTATGTCACA

=10 S0OS box

r— 1
GTGCTACTGT

CACGATGACA

+
ATGTTTATAC
TACAAATATG

GCTGAGCTGG
CGACTCGACC

ATTTAACTGT
TAAARTTGACA

AGTA[ICTCGT
TCATAGAGCA

GAGCACGTTA
CTCGTGCAAT

AGGAMAGAGA
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their function is speculative, based upon the features in
the DNA sequence.

A pallindromic sequence exists around the promoter
for Bands 1 and 3. If the DNA near this region is negatively
supercoiled, then cruciform structures are possible (Hsich
and Wang, 1975; Benham, 1982; Gellert et al., 1983) and the
-10 region of the promoter may be sequestered into the stem
of a DNA stem-loop of theoretical AG=-13.75 kcal/mole, as
shown in Figure 9.6. The -10 region would be rendered
unavailable for binding RNA polymerase, until a nick occurred
in the DNA, say, at the onset of replication. Hence the
control of expression of Bands 1 and 3 may be at the level
of DNA structure. Linearised plasmid or 186 phage DNA which
would not exist im vitro in a supercoiled state, were used as
templates for im vitro transcription experiments, so Bands
1 and 3 would always be present.

More recently, an interesting feature was discovered in
the DNA sequence in the region of the promoter for Bands 1
and 3. By scanning 186 sequences, B. Kalionis (pers. commun;)
located an SOS box spanning the -10 region of the promoter
(see Figure 9.5). LexA is a repressor for many E. coli SOS
functions. To effect repression, the LexA protein binds to
a DNA sequence around the promoter regions of the genes which
it controls. This DNA sequence is known as the SOS box and
has been found in the promoter-operator regions of LexA and
rechA (Little et al., 1982) and uvrB (G.B. Sancar et al.,
1982). The SOS box also exists in A (Sprichitsky and Kopylov,
1983). It has been found to span the promoter of the oop

transcript. These workers proposed that LexA would bind to



FIGURE 9.6

CRUCIFORM STRUCTURE NEAR p95

The possible stem-loop structure near 95, the promoter
for Bands 1 and 3, is shown. The -10 region is sequestered

into the stem of the cruciform. The AG = -13.75 Kcal/mole.
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the SOS box and repress oop transcription. Upon irradiation
of a A prophage by ultra voilet light, the LexA protein
would be cleaved and the repression of oop transcription
lifted. The leftward oop transcript would then compete
with the pR transcript preventing the synthesis of cII
protein and forcing A to undergo lytic development rather
than remain in a potentially damaged cell.

The role of the SOS box in 186 has yet to be elucidated
but it is possible that it may have a role in controlling
the expression of some phage function required late in
infection, whose expression is opened up after replication
by titration of the LexA protein.

Located to the right of 92% on the P2 chromosome is a
constitutive function defined by a gene old (Bertani, 1975).
The old gene is active in a P2 lysogen as evidenced by the
interference of A by a P2 prophage. When the prophage has
a mutation in the o0ld gene this interference of X is
abolished (Lindahl et al., 1970). Since the old gene is
expressed in a P2 lysogen, it is possible that the old
transcript may be generated by an unmodified RNA polymerase
in an in vitro transcription system, and although this
expected old transcript originates from the region analogous
to Bands 1 and 3 of 186, their functions are not analogous
as A forms plaques on a 186 lysogen.

ok Comparison of 186 and A

The genes controlling the sequential appearance of A
proteins and the transcripts made, are described in the
general introduction (Chapter 1) along with a diagramatic

representation (Figure 1.3).



86.

Superficially A and 186 transcription follows a similar
pattern of sequential gene expression, with early genes
activating delayed middle transcription which in turn controls
DNA replication and late gene expression. Within this
framework the details of control mechanisms differ. 186 has
one repressor controlled promoter for essential genes, with
the operator mapping to the right of ¢I; in comparison A has
two essential promoters with the associated operators on either
side of the ¢I gene.

A oR binds repressor to modulate the transcrivtion from two
promoters, pR and prm, whose sequences overlap the operators
(see Figure 1.4) and the transcription is divergent. The 186
operator may also modulate transcription from two promoters,
pC (presumptive ¢I transcript) and pR, but the transcription
is overlapping divergent. 1In A the repressor binding site
negatively controlling transcription from pR is closest to
the gene it regulates (cro) whilst in 186, the repressor
binding site controlling pR is furtherest from the gene it
controls.

The major deviation in 186 from the sequentialia exhib-
ited by A lies in the control of the late turn on gene, B.

In A, transcription of the late turn on gene, Q, depends upon
antitermination of pR at ¢R2 by the A N protein. The late
turn on gene of 186, the B gene, is transcribed independently
of phage protein synthesis. XQ acts as an antiterminator

to extend transcription into the head and tail genes and its
activity is retained in vitro (Grayhack and Roberts, 1982)
indicating that its action is not dependent upon a replicating
template. All evidence suggests that the B protein acts at

the late promoters as an activator of transcription and is
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only active on a replicating template.

6. The future

In vitro transcription studies have laid the ground-
work for numerous other pursuits.

Band 4, the B gene transcript, is being studied in
vivo to determine its control. It has been postulated that
its control is autoregulatory, but this needs to be tested
directly. 1Isolated B protein should inhibit transcription
of Band 4 when added to an in vitro transcription reaction.

Once the 5'-end of the ¢I transcript has been located,
expression of the overlapping transcripts can be studied
with regard to their influence on the lysis/lysogeny
decision of 186. These studies have already been initiated.
Isolated repressor protein can be used in vitro to directly
block pR transcription to confirm that its promoter is
negatively controlled by the ¢I gene product. The mechanism
whereby 186 extends transcription to the right of Band 2
must be determined.

Some light may be shed upon the role of Bands 1 and 3
by firstly testing the theories suggested in Section 9.4.
Negative supercoils may be introduced into a plasmid, for
example, pEC200, carrying the appropriate region of the
186 genome, by DNA gyrase. If cruciform structures are
formed rendering the promoter for Bands 1 and 3 unavailable,
then Bands 1 and 3 should not be generated upon in vitro
transcription of such a plasmid. Upon introducing a single-
strand nick into the DNA to release the supercoiling, Bands
1 and 3 should reappear.

The presence of the SOS box may be confirmed by trans-

cribing 186 DNA in vitro in the presence of LexA protein.
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If LexA acts to repress initiation of Bands 1 and 3, the
transcripts should not be generated.

The information gained from the study of 186 <n vitro
transcripts has increased the knowledge of 186 molecular
biology and although much remains unknown, the realm of
the control of 186 gene expression has been opened up, there-
by justifying the study of the initial transcripts of coli-

phage 186,
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COMPARISON OF THE LATE CONTROL PROTEINS

OF COLIPHAGES P2, P4 AND 186

The product of the P2 gene ogr controls late gene
transcription. The 186 B gene and P2 ogr gene products
are functionally interchangeable as evidenced by the
existence of viable P2/186 hybrids that possess P2 late
genes and 186 gene B for their activation. The § gene of
the satellite phage P4 can substitute for 186 B and P2 ogr
in late gene turn on. It was therefore expected that the
products of the P2 ogr, 186 B and P4 § genes would exhibit
amino acid homology.

Figure A,l1 shows a translation of the 186 B gene DNA
sequence compared to translations of the P2 ogr gene
sequence gained from the preliminary sequence data of
Ljungquist and the P4 § gene sequence gained from the
preliminary sequence of Lin. The § protein is larger than
its 186 or P2 counterparts, containing 154 amino acids
compared to 72 amino acids for B and ogr. There is a
striking homology between B and ogr, with 32 of 39 amino
terminal residues identical. The homology is less with
ogr and §, with 19 identical amino acids among the 39 amino

terminal residues.



‘FIGURE A.1

TRANSLATION OF 186 B, P2 ogr AND P4 §

The figure shows the sequences and the translation
products of the 186 B gene, the P2 ogr gene and the P4 §

gene. They are compared with P2 ogr.
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