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ABSTRACT

This thesis confirms thgwbxgpthesis of Low (1973) that many E.coli Kiz
strains contain a prophage (the'Rac prophage) located a few minutes clock-
wise of the EEB operon on the genetic map. Restriction endonucle&se:yap@
3ZP-labelled phage DNA pfobes were used to investigate several E.coli K12
DNAs: and hence construct a physical map of this prophage. Some E.coli K12
strains have lost the entire prophage by a specific deletion.. This is
éonsiltont with prophage excision by site-specific deletion,.

A. reverse (Arev) phages are recombination proficient derivatives of
phage k.?n which the phage recombination functions have been replaced by
analogous functions (RecE) derived from the host chromosome. The data of
this thesis support the origin of Arev phagel.by.recombination between A
and the Rae prophage following excision of the Rac genome from the E.coli
K12 chromosomes.

E.coli K12 strains which carry sbcA™ mutations express the Rac
exonuclease gene (recE) constitutively. Investigation of thse DNAa of
several such strains showed them to fall into more than ome class. In
595é8 strains a large section of the Rac genome (including a hybrid
attachment site and probably the prophage repressor gene)  is--deleteds-
Several other sbcA~™ strains carry multiple (and probably tandemly repeated)
copies of the prophage genome.

Agsr' phages are characterised by the replacement of the region of
the A genome that contains Q, S, R, and the late gene promotor, Pﬁ, with
host-derived DNA that codes for functions analogous to those deleted.

This thesis shows the substitutions in ngg' phages to be derived from a
second (and as yet unlocalised) lambdoid prophags (the SgtfProphggg) im

E.coli K12
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ABBREVIATION AND CCONVENTIONS.

bp base-pairs

kb kilo pase-pairs
Md mega-dalton

uv ultraviolet light

O.D.y represents the absorbance of a solution for
light of wavelength x nm over a path length
of lcme.

m.0.i. multiplicity of infection

r.f.u. plaque forming unit

Ap ampicillin
Tec tetracycline
Cm chloramphenicol

Restriction endonuclease nomenclature is according to
Smith and Nathans (1973).
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Introduction:
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The original isolate of Escherichia coli K12 (Gray and
Tatum, 194l4; Lederberg and Tatum, 1946) was used as an
experimental organism for a number of years befcre it was
shown to be lysogenic for bacteriophage lambda (A), the
detection of which depended upon a chance curing of a
subculture of the original isolate in order to provide
bacteria sensitive to infection by A (Lederberg, 1951). No
other phages have been isolated from E.coli K12 or its
derivatives during many years of investigation. However,
several different lines of genetic evidence (see Intro-
duction to Chapter 3) suggest that E.coli K12 does harbour
another lambdoid prophage(s), the presence of which is not
normally detected, either because of its defective nature
or for the lack of a sensitive host. For the purposes of
this thesis, lambdoid prophages in E.coli K12 were
identified as regions of the chromosome which code for
functions that may substitute for analogous functions
carried by A and which share homology with the DNA of A or
related phages. Using these criteria I have shown that at
least two lambdoid prophages are associated with the
E.coli K12 (") chromosome. In the absence.of any plaque
forming phages from E.coli K12 (A~) strains, and since the
new prorhages appear to be deleted for essentiél late genes,
I believe them to be defective.

(a) Bacteriophage Lambda

Several aspects of A biology relevant to the subject
matter of this thesis are deseribed here. For a more
complete overview of A the Cold Spring Harbour monograph
"The Bacteriophage Lambda" (ed. A.D. Hershey, 19714d)is
invaluable reading. :

A phage particles consist of protein and DNA in
approximately equal proportions (Hershey and Dove, 1971).
A DNA is a linear duplex molecule, u9 kb long (Philippsen
and Davis, 1978) which at both 5' ends carries short
(12 bases),complementary,single-stranded projections (Wu
and Taylor, 1971). These cohesive ends (Fig. 1.1(za))
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Fig. 1.1.

(a) Model for site specific insertion or excision of a A
genome (after Campbell, 1962), =—————= is phage DNA;
eoooece is bacterial DNA; P and P' are elements of
the phage attachment site; B and B' are elements of
the bacterial attachment site. The symbols
representing phage markers are described in the .
legend to Fig. 1l.3. The bacterial genes gal and
bio which flank BB' are required for the utilisation
of galactose and the synthesis of biotin respectively.
The distance between markers is arbitrary.

(b) Repression and induction of the A prophage. Repressor
protein switches off the expression of all phage genes
other than the repressor gene (cl) itself. Maintenance
of ¢I expression in a lysogen is promoted by binding
of repressor at Op (reviewed in Weisberg et al, 1976 ).
Induction occurs when repressor fails to bind to the
operators O, And OR. RNA polymerase is then able to
bind to Pr, and and transcribe the immediate early
genes (ﬁ and cro). Transcription is initially
terminated at sites ty, and tg4 at the ends of the N
and cro genes respectively.



allow the linear DNA molecule to form rings and chains
(Hershey et _al, 1963). A DNA consists of several segments
differing markedly in nucleotide composition (Skalka, et al,
(1968).

In the A phage particle the DNA is enclosed within a
rrotein coat consisting of two morphologically distinct
regions: the head and the tail. During infection of
sensitive E.coli by A, phage tails attach to the bacterial
cell wall and the linear DNA molecule is extruded into the
bacterial c&toplasm. “Cnce inside the cell the cohesive ends
anneal, E.coli DNA ligase Seals the single-strand nicks
(Fig. 1.1(a)), phage "early" functions are expressed, and the
now circular DNA molecule begins to replicate. Two
alternative modes of development (lytic and lysogenic) are
then oren to a temperate phage such as A. If the lytic
pathway is followed, replication continues, late genes which
code for structural proteins and their assembly functions are
expressed, the DNA is packaged into phage heads and tails,
and the cell is lysed to release approximately 100 phagem
progeny. Lytic *@evelopment and its regulation have been
summarised by Echols (1971).

Alternatively the lysogenic pathway may be followed,
in which case the phage genome becomes integrated into the
bacterial chromosome (Fig. 1.1(a)). The resulting prophage
is then inherited in the same way as a normal bactérial
gene. Integration of the A genome is mediated by the
product of the A int gene which catalyses a site specific
recombination between unique attachment sites on the A and
E.coli chromosomes (Gottesman and Weisberg, 1971). These
are known as PP' and BB' respectively and, as the nomen-

clature implies, are essentially bipartite structures.
Integration generates two new gxbrid attachment sites (BP'
and PB') at either end of the prophage zenome. The hybrid
attachment sites, although differing in structure from both

PP' and BB', are able to serve as substrates for insertion
of a A genome (Gingery and Echols, 1968). Since PP' is
not coincident with the cohered ends (cos) of the circular
phage genome (in fact it is almost diametrically opposite),
the prophage genetic map is a cyclic permutation of the



phage map (Fig. 1.1(a)).

BB' is the primary attachment site for A in E.coli K12.
Much less freguently A will lysogenise at other sites on the
chromosome (Shimada et al, 1972). Integration at these
secondary attachment sites, like normal integration, requires
the int product and occurs by a cross-over at the normal
attachment site (PP') on the phage chromosome, thus
generating a prophage with the same permutation of genetic
markers as a prophage at the primary atfachment site.
Extensive DNA homology between the A and E.coli attachment
sites does not appear to be a prerequisite for Int mediated
recombination (Gottesman and Weisberg, 1971).

The lysogenic state is maintained by synthesis of a
repressor protein (the product of the cI gene) which binds
specifically to the leftward (O;) and rightward (og)
operators, thus blocking transcription from the early
promoters, PL and PR (Steinberg and Ptashne, 1971; see
Fig. 1.1(b)). Similarly, A lysogens are immune to
superinfection by A since the incoming phage genome cannot
initiate expression of either the lytic or integration
functions in the presence of repressor.

A N prophage may be replicated indefinitely as a part
of the bacterial chromosome. Howewer, A\ prophages may be
induced to enter the lytic cycle (Fig. 1.1(b))s Induction occurs
spontaneously at low freguency but may be stimulated by
treatments such és ultraviolet irradiation which inactivate
repressor. Zygotic induction occurs on transfer of a
A prophage by Hfr mating into an F (A~), and hence
repressor-free, recipient. Induction usually results in
precise excision of the prophage genome from the bacterial
chromosome by a reversal of the recombination event which
leads to integration. However, in addition to the int
product, excision from either a primary or a secondary
attachment site requires expfession’of the xis gene (Guaneros
and Echols, 1970; Kaiser and Masuda,19703 .Shimada.et 81,1972).

Specialised transducing phages appear at low frequency
in lysates prepared by induction of a A lysogen. The

genomes of these phages are hybrids in which part of the
A genome is replaced by a segment of bacterial DNA that
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was originally located adjacent to BB' (Campbell, 1962;
see Fige. 1..2). . Upon infection with these phages,
bacteria may acquire genes (e.g. gal and bio) from the
original lysogen. This process is called transduction.
Specialised transducing phage genomes are generated by
"illegitimate" recombination processes (reviewed by
Franklin, 1971) that do not depend upon any known bacterial
or phage recombination functions or on the presence & of
extensive phage/host DNA homology at the site of
recombination. Since the generation of transducing
pPhage genomes involves deletion of A\ genes, transductants
and their progeny are defective lysogens that cannot (in
the absence of a helper or a hetero-immune superinfecting
phage) be induced to produce phage particles.-

Similarly a defective prophage may be generated by
aberrant excision, random deletion, or other mutations
that remove essential genes or a hybrid attachment site.
from a previously intact prophage. Defective 1ysogény
may take several forms devending upon the type of mutation
or extent of deletion involved. Some defective prophages
remain inducible (at least in the presence of a hetero-
immune superinfecting phage). However, a prophage which
has lost a hybrid attachment site cannot readily be
induced to leave the chromosome and may thus be considered
a relatively permanent acquisition for the host bacterium.
Except on very rare occasions (e.g. back mutation), plaque
forming phages do not arise spontaneously from defective
lysogens.

The A genes are clustered on the genetic map according
to function (Fig. 1.3). Lytic development can be divided
into different stages (immediate-early, delayed-early, and
late) according to which gfoups of genes are being
expressed (Echols, 1971). The immediate-early genes (N and
cro) are transcribed (from P and Ep respectively) by the
host RNA polymerase immediately upon infection or induction.
The B product is a positive regulator of A development.

Its function is to antagonise the rho dependent termination
of mRNA transcripts initiated at PL and PR in order to allow
expression of the delayed-early genes. These include

-~
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Fige. 1.3. The A genetic map. The following is adapted from Szybalski (1974) and Gottesman
and Adhya (1977) where a full set of references can be found.

m and m The cohesive termini (mature ends) of A DNA extracted from phage particles.
The ends are generated by endonucleolytic cleavage (by the Ter function) at the
cohesive end recognition sites (gg§). Concatameric A DNA produced by the
"rolling circle" mode of replication can be matured. Monomeric circles can not.,

'uI;A,W,B;C, code for DNA maturation and phage head proteins. Gene A codes for a protein
»,and F that has Ter activity in vitro but which is not a part of the completed head.

Z,Q,V,G,z,g,y, code for phage tail proteins. Gene J determines host specificity.
'

b2 This region, which includes the left component (P) of the phage attachment site,
is deleted in the Ab2 mutant and codes for several proteins, the functions of
which are largely unknown, and that are inessential for A\ growth. Ab2 phages
are unable to lysogenise efficiently.

PP' (attP) Specific attachment site at which integrative recombination with the E.coliK1?2
chromosome occurs during lysogenisation. The site of integration in the
E.coliK12 chromosome is called BB' or attB.

int codes for an enzyme that promotes phage integration (int alone) and excision
(int+xis) at the attachment site. )

Xis codes for an enzyme thgt promotes excision in conjunction with the int product.

red Composed of reda (exo) and redf, _the products of which promote general

recombination and growth in recA and Feb  (e.g. polA~) hosts and are weakly
stimulated by the gam product. The Red system is also involved in A DNA
replication.

gam codes for a protein that inhibits the degradative effects orn A DNA of
Exonuclease V (Exo V), the product of the E.coliK12 recBC genes.



Fig. 1.3 (cont).
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single red” or gam mutants grow well on both rec’ and rec” hosts. red gam
double mutants are unable to grow on recA hosts (Fec® phenotype; Zissler et al,
1971 ) due to degradation of A DNA by the recBC nuclease (Exo V) in the absence

of the inhibitory effects of the gam (or recA) product. A functional red gene
either prevents this degradation or is able to rescue A DNA that has been
attacked.

(susceptibility to P2 interference): inability to grow on a P2 lysogen. The
old product of P2 kills host cells that are either truly recBC™ (Exo V) or are
phenotypically RecBC due to the inhibitory effects of the gam product (Lindahl
et al, 1970; Sironi et al, 1971; Zissler et al, 1971). red-gam™ phages are
able to grow on a P2 lysogen (Spi~ phenotype, full expression of which requires
both red and gam to be deleted). The role of the red product in the Spi
effect is not clear.

The ¢III product acts together with the cII product in turning on expression of
the clI Zprophage repressor) gene.

The ral product alleviates the restriction of non-modified A DNA in E.coliKi?2
and B hostse.

See under N.

The N product antagonises rho-dependent termination of transcription at sites
immediately to the left (tr) and the right (tgy:)of the N and cro genes
respectively and at g site (tgro) between P and Q. rho is a protein factor
that can be isolated from uninfected E.coli.

Promoter for initiation of transcription of the N-operon (N-int).

See under clI.

codes for the A repressor which binds to the leftward (Oy) and rightward (OR)

operators, thus preventing initiation of transcription from P, and Py
respectively.



Fig. 1.3 (cont.).
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Promoter for initiation of transcription of the cro-operon (crofg).
See under cl.

The egro product depresses transcription from Pr, and probably also from Pr, and
therefore indirectly inhibits repressor synthesis by turning off the cII gnd cIII
genes.

See under N.

See under cIII.

Origin for bidirectional replication of A\ DNA.
The O and P products control A DNA synthesis.
See under N,

(N-independent): a deletion which removes tgo and relieves the requirement of
the N product for phage growth.

Positive regulator for transcription of the phage late genes (S-J) from the PR
promoter.,

See under Q.
The S product is required for cell (membrane) lysis.
codes for an endolysin (endopeptidase) that cleaves components of the cell wall.

Substitution of the A immunity region*by' the corresponding region of the phage
L3L genome.

Substitution of the N immunity regionﬁby‘the corresponding region of the phage 21
genome .,



¢III, gam, red, xis and int (in the N-operon) to the left

and cII, 0, P and Q (in the cro-operon) to the right of the
immunity region. The delayed-early genes are transcribed
from the same promoters (P, and P,) as are N and gro.

The cro product also has a regulatory function; which L
acting more slowly than the N product, turns off expression
of the early genes and allows the smooth transition to late
gene expression. clII and clIII are regulatory genes, the
products of which act to turn on the transcription of the
cl (prophage repressor) gene. If the cro product turns off
expression of ¢II and clIII before sufficient repressor
protein has been synthesised, the phage may enter the lytic
cycle; if not, lysogeny may ensue. Zam, red, xis and int

code for general and site specific recombination functions
that are inessential for lytic development in a wild type

- host. Genes O and P are concerned with DNA replication.

- The product of gene g regulates transcription of the late
genes, probably by permitting extension of a short transcript
originating from Pﬁ in a manner analogous to the anti- '
terminating effects of the N product on transcription from
PL
a single transcriptional unit when the ends of the linear

and Py (Roberts, 1975). The group of late genes forms

phage DNA molecule cohere. S and R are concerned with
bacterial lysis; A-F with the structural components and
“‘assembly of the phage head and DNA maturation; 2Z-J with
the structural components and assembly of the phage tail.
Although A is the best studied phage of- -its type, it
is in fact ohly one member of a large family of related
temperate coliphages (lambdoid phages) which are alike in
basic morphology and are able to form hybrid recombinants
with each other. These include the phages A, 434 and 21.
Lambdoid phages are usually found to have cohesive ends
identical to those of A (Murray and Murray, 1973); they
possess repressors which ére sensitive to ultraviolet
irradiation although these may have an immunity specificity
different from that of A (as do 434 and 21); their DNA
shares a variable degree of homology with A DNA as shown by
DNA/DNA hybridisation (see below) and electron microscopy
of DNA heteroduplexes (Simon et al, 1971); their genes are



clustered in a similar fashion to those of A and in some
cases may be interchangeable with analogous genes or groups
of genes carried by A.

Lambdoid phages integrate at specific sites on the
E.coli chromosome. The same site is used by A and 434
and is different to that used by phage 21. E.coli K12
carries attachment sites for these and other lambdoid phages.
If two lambdoid phages have the same immunity specificity,
then it is not possible to superinfect a lysogen of one of
them with the other -~ (homo-immune) phage. However,
lambdoid phages are able to superinfect hetero-immune
lysogens., Genetic recombination occurs between pairs of
lambdoid phages upon mixed infection of a sensitive E.coli
strain, allowing one to isolate hybrid recombinants between
different phages. In this manner, recombinants have been
isolated which carry the repressor gene and immunity
specificity of another lambdoid phage (e.g. Aimm2 , Aimm-r;
see Fig. 1.3).

Hybrid recombinants have also been formed between A
and the temperate bacteriophage P22 of Salmonella typhimurium
(Botstein and Herskowitz, 1975). A and P22 are similar in
functional organisation (Dove, 1971; Botstein. et al, 1972)
and share DNA sequence homology as measured by DNA/DNA
hybridisation (Cowie and Szafranski, 1967). On the other
hand, there are profound differences between the two phages,
not least of which is that the P22 genome is circularly
permuted and terminally repititovs : whereas the A genome is
not permuted and has cohesive ehds. Botstein and
Herskowitz :(1975) isolated a hybrid recombinant which
carries the immunity, early control, and DNA replication
genes of P22 in place of the analogous A genes. The
immunity of the hybrid phage was identical to that of coli-
bPhage 21 both in function and, at least to the resolution
afforded by heteroduplex mapping, in nucleotide sequence.
Botstein and Herskowitz therefore felt Justified in
categorising P22 as a lambdoid phage even though it lacks
several characteristics (e.g. cohesive ends) normally
associated with this group of phages. ‘

For the purposes of this thesis it was felt sufficient



to define as lambdoid prophages, regions of the E.coli K12
chromosome which code for functions that may subsiitute for
analogous functions carried by A and which share significant
homology with the DNA of A or related phages.

(b) The investigation of A/E.coli DNA homologzy.
Investigation of A/E.coli DNA homology began in the

early 1960's almost as soon as appropriate nucleic acid
hybridisation technigues became available. The initial
impetus for these experiments was a desire to explain the
(then) poorly understood phenomena of site specific
integration and the generation of specialised transducing
phages (see for example Green, 1963; Cowie and Brenner,
1968), processes which might well have been expected to
require large scale phage/host DNA homology, although this
is now known not to be the case (see above). In particular,
since A phages deleted for the b2 .region are unable to
lysogenise efficiently (Kellenberger et al, 1961), this
region was suspected of being homologous with the site of
integration for A in E.coli. The first evidence for
complementarity between A and E.coli DNA sequences was
provided by Cowie and McCarthy (1963) using the DNA-egar
" hybridisation procedure (Bolton and McCarthy, 1962). 1In
this technique, high molecular weight single-stranded DNA
is immobilised in agar, radioactife single-stranded DNA
fragments or molecules of RNA are allowed to interact with
the DNA-agar preparation and, after washing off unbound
radiocactivity, the extent of interaction between the two
components is determined. Cowie and McCarthy (1963)
estimated that 33% of in vivo labelled 32P-—7\DNA fragments
were retained by a large excess of non-lysogenic E.coli
(K12 or B) DNA-agar after hybridisation under conditions
‘(2xSSC at 60°C) that had proved to be roughly optimal for
the annealing of complementary nucleic acid sequences
(ssC is 0.15M NaCl, 0.015M Na citrate). They found that
E.coli related bacterial DNAs would bind A DNA fragments to
a slightly lesser degree.

Nitrocellulose membranes have‘adsorption>charactgristics
which can be used to separate free RNA from RNA bound to

~
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DNA (Nygaard and Hall, 1563). They adsorb denatured DNA .
or DNA/RNA complexes but do not adsorb free RNA. This
method of assaying hybrid formation was found to be more
suitable than the DNA/agar method for detailed kinetic
studies and was also more guantitative and faster. Green
(1963) used the nitrocellulose membrane method to measure
the fraction of in viteo synthesised 32P-7\RNA remaining
bound to non-lysogenic E.coli K12 DNA after hybridisation
in 2xSSC at 61°C and subsequent digestién with pancreatic
RNase. Under these conditions only &% of the A RNA
remained bound and at least 80% of the observed homology
was found to lie outside the b2 region of A.

Comparison of thermal denaturation profiles showed
that the complexes formed by A RNA (Kiger and Green, 1564)
or A DNA (Cowie and Hershey, 1965) with E.coli DNA have
high melting temperatures similar to those of ARNA/ADNA or
ADNA/ADNA complexes indicating some degree of authentic
matching of the sequences. Cowie and Hershey (1965)
separated out fragments from the left and right arms of A
DNA by density gradient centrifugation and purified DNA
from the b2 region by absorbing out cross-reacting material
from 22P-Ab* DNA fragments on Ab2 DNA-agar. All three
classes of fragment were capable of some degree of inter-
action with E.coli DNA seguences. Ingraham, Ehring and
Hershey (1966) confirmed these findings and demonstrated
that the strongest reaction occurred with fragments
containing U4&% guanine + cytosine (G+C) derivéd from the
right half of the DNA molecule.

These studies were extended to include a larger range
of phage and bacterial DNAs (Cowie and Szafranski, 1967;
Cowie and Brenner, 1968). In general, lambdoid coliphages
and Salmonella (P22) phages were found to~bé closely
related both to each other and to their hosts. In contrast

little or no interaction was observed between E.coli DNA
or A DNA and the DNAs of virulent coliphages (e.g. TL4) which
are unable to form lysogens.

The study of relationships between lambdoid phage DNAs
soon received a necessary boost with the introduction of the
electron microscope to the visualisation of DNA heteroduplexes



(see Davidson and Szybalski, 1971; Simon et al, 1571). 1In
contrast, the significance of phage/host DNA homology
remained unclear, especially with the demonstration that
heteroduplexes constructed from the DNAs of A and a A
derivative carrying BB' shared no homology in the region of
the attachment sites(Davis and Parkinson, 1971). A better
understanding of the nature of A/E.coli DNA homology
demanded a new approach.

(¢) Southern's gel transfer method.

In the nitrocellulose membrane method (Nygaard and Hall,
1963) annealing of DNA and RNA was carried out in solution.
The disadvantage of this method is the competition between
hybrid formation and the reformation of DNA/DNA duplexes.
By thoroughly drying the membranes after addition of
denatured DNA, Gillespie and Spiegelman (1965) were able to
fix the DNA irreversibly to the nitrocellulose. Annealing
of DNA and radiocactive RNA could then be carried out under
conditions in which unwanted interaction between the DNA
strands was eliminated. Denhardt (1966) extended this
technique to the detection of DNA/DNA complementarity which
had not previously been achieved on nitrocellulose membranes
due to non-specific binding of single-stranded DNA during
" hybridisation. After addition of denatured DNA and
thorough drying, Denhardt incubated the membranes, prior to
hybridisation, in a solution containing albumen, Ficoll and
polyvinylpyrrolidone. Such pre-incubation almost totally
eliminated non-specific binding of radiocactive single-
stranded DNA.

The introduction of restriction endonucleases to the
analysis of genome organisation,and to the in vitro
construction of hybrid plasmids or phages containing cloned
genomic DNA fragments,generated new interest in the use of
hybridisation methods as a means of demonstrating sequence
complementarity and genetic relationships between
different nucleic acid species. Since agarose gel
electrophoresis is a commonly used technique for separating
DNA fragments by size (for example, those generated with
restriction endonucleases), and is capable of high
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resolution, the method described by Southern (1975) for
transferring fragments of DNA from agarose gels to nitro-
cellulose membranes has found wide application. In this
method, which has been extensively used in the experiments
described below, DNA fragments denatured by alkali in situ
are eluted from an agarose gel with a concentrated salt
solution and are transferred to a nitrocellulose membrane,
held in contact with the surface of the ,gel, where their
specific electrophoretic pattern is retained. The membrane
is thoroughly dried, pre-incubated and used for hybridisa-
tion with a radiocactive RNA or DNA probe. After washing
off unbound probe, bands of radioactivity are detected by
autoradiography or autofluorography. Whereas the hybrid-
isation methods previously used were largely quantitative
in their estimation of nucleic acid complementarity, the
transfer method allows comparison of hybrids formed between
different nucleic acid species to be made on a more
gqualitative basis, since the position of a band of hybrid-
isation represents a DNA fragment of a well defined size
and may be directly compared with the positions of DNA
fragments in a photograrhic reproduction of the original
(ethidium bromide stained) gel.
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CHAPTER 2

Materials and Methods
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(a)

(o)

(e)

Bacterial strains, phage strains, and bacterial

plasmids.
These are listed in Tables 1.1, 1.2 and 1.3
respectively.

Bnzymes and chemicals.

Pancreatic DNase and RNase were purchased from
Worthington Biochemical Corporation. The
resteiction endonucleases were made in this
laboratory. R.ZcoRI and R.BamHI were prepared by
Karen Brown; R.HindIII by myself. T4 polynucleotide
ligase was made by Sandra Bruce. DNA polymerase I
was purchassd from Boehringer Mannheim; DNase I (type
1), lysosyme and protease (pronase P) from Sigma;

HAP (DNA grade Bio-gel HTP) from Bio-Rad; FEG 6000
from BDH; agarose from Miles Laboratories; Ficoll
LOO from Pharmacia; nitrocellulose filters from
Schleicher and Schull; Fast Tungstate intensifying
screens from Ilford; and X-ray film (X-Omat H) from
Kodak. =-22P-dGTP (specific activity approx. 350
Ci/mmol) was purchased from the Radiochemical Centre,
Amersham, Where appropriate chemicals of A.R. grade
were used.

Media.
Where appropriate these were sterilised by auto-
claving at 151b/sg.in. for 15 mine. -before use.

L broth: Difco Bacto Tryptone, 10g; Difco Bacto
yeast extract, 5g; NaCl, 10g; Wwater to 1 litre.

L broth agar: L broth + 1.5 Difco agar.

BBL agar: Baltimore Biological Laboratories tryp-
ticase, 10g; Difco agar, 10g; NaCl, 5g; water
to 1 litre. '

BBL top agar: As for BBL agar but only 6.5g. agar/1.

Minimal agar: Davis New Zealand agar, 1l6g; water to
800ml. After autoclaving, 0.25vol. of LxMJ salts
were added. The final solution was supplemented
with 0.2% w/v glucose; BOOpg/ml”MgSOu.7H20;
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TABLE 1.1. BACTERIAL STRAINS.

Strain Relevant features Source Reference
(a) E.coli K12 derivatives:
AB1157 Rac Neil Willetts Low (1973)
C600 Rac”t F.W. Stahl Appleyard (1954)
C600(\) Rac’t Noreen Murray
CR63 Rac’ N.C. Franklin Appleyard et al (1965)
CS520 Rac” (M lysogen) J. Carbon Clarke & Carbon (1976)
ED8659 Rac* Bill Brammar Kelleyet al (1977)
KI1 81 /M 23 F123 extends from rac to trp John Guest Low (1972)
QRL7 supk Noreen Murray  Signer & Weil (1968)
ligts _s_gp(o) " Wilson et al (1977)
l_];gts(%lﬁ21 1"
KB8 endA polA1 mo J.P. Brockes Kelleyet al (1977)
13101 sup’ N.C. Franklin Campbell (1961 )
W31 01 recA recAt3 sup’ .
W30l (P2) sup® (P2) Bill Brammar
C600 (P2) supk (P2) Noreen Murray
c600 (Aimm°') "
LE4Y50 Rac+,gggg' derivative of C600 Ramon Diaz Diaz et al (1979)
LEL51 Rac™ derivative of LEL50 " "
I_"h‘.u52 1 1" 1"

(continued overleafl)



TABLE 1.1 (continued).

Strain Relevant features Source Reference
JCS1 74 sbeA1 Neil Willetts Barbour et al (1970)
Jcsu1 2 Hfr sbcA8 " Lloyd & Barbour (1974)
S583sbcA8 SbcA8 in AB1157 background Bob Lloyd Lloyd (1974)
JC5L91 Hfr recB recC’ Rac’ John Clark Willetts & Clark (1969) .
JC7661 Hfr sbcA23, derivative of JC5L491 " Gillen et al (1977)
JC8679 sbecA23 in AB1157 background Neil Willetts "
PE1 08 sbcA50 polAt Peter Emerson Strike & Emerson (197.4)
PE1 38 sbcA51 " "

(b) Other strains:

FE.coli B
E.coli C1a

Richard Hayward
G. Bertani

.Studier (1969)

L.E., Bertani (1968)

A variety of wild type E.coli isolates was provided by Dr. Ian Sutherland of the Microbiology
Department, Edinburgh University, and by Dr. Keith Cartwright of the Western General Hospital,

Edinburgh.

Shigella boydii

" dysenteriae

" flexneri

" sonnei

Salmonella typhimurium LT/2

Keith Cartwright

Zainab Al-Doori




TABLE 1.2.

PHAGE STRAINS.

Strain

Relevant features

Source

Reference

AcI857 Sam7
Arev
A891 ¥

Ab508 Nam7am53 cI857

ninb chin23
Aimn2lq 1na3
mgmm21§2 it
AcI26

AB2p522 oI skM
21

21

Ab2 imm™ ' clear
%2 imm
221
L3k
fm61

£t 51

clear

Source of N DNA
immA cI857

red-imm21nin5

Related to A by DNA homology

’ Spi_

1 " "
’

Noreen Murray
11

This thesis

D.F. Ward

I. Herskowitz
1t

Noreen Murray
1!
1]
tt

R.L. Baldwin

Goldberg & Howe (1969)
Gottesman et al (197L)

Fiandt et al (1971)

"

Simon et al (1971)

1

Tsygankov et al (1976)

% 891 is the stock number of this phage in this laboratory.



TABLE 1.3. BACTERIAL PLASMIDS.

(a) Plasmid Vectors:

Confers
Plasmid resistance to Source Reference
pBR31 3 Ap, Tc. Noreen Murray Bolivar et al (1977a)
pBR322 Ap, Tc. John Watson Bolivar et al (1977b)
pBR325 Ap, Tc, Cm. " Bolivar (1978)
ColE1 colicin Ef
(b) Recombinant Plasmids: !
Source Insert
Plasmid .. - Vector/host of insert generated by Reference
pk1 pBR31 3/C600 AB1157 R.HindIII This thesis.
pk2! PBR322/C600 " R.EcoRI + R.HindIII "
K3’ pBR325/C600 C600 R.EcORI "
pKLI.1 " 1 1" 1
pK53 " 1 " "
pK82 " F’1 23 " (1]
pK92 " 1" 1 11
pK12° °  pBR322/E.coli C-1a " R.HindIII "
605 ColE1 /C600recA 0S520 Shearing Clarke & Carbon (1976)
11 051 ] ] " ‘ "

1 .
derived from gsr'prophage; 2from Rac prophage; 3from third prophage in E.coli Ki12.



thiamine (Bl), O.2pg/ml; and where necessary,
20pg/ml of the appropriate amino acids, and 200pg/ml
streptomycin (Sm).

M9 salt mix: NaZHPOu, 28g; KHZPOM’ l1g; NaCl, 2g;
NHuCI, Lg; water to 1 litre.

EMB agar: Difco agar, 10g; Difco Bacto tryptone, lLg;
Difco Bacto yeast extract, lg; NaCl, 2.5g; water
to 450ml. Adjusted to pH6.5 before addition of 5ml
EMB dye mix.,.

EMB dye mix: K2HPOA, 20g; eosin, Lg; methylene blue,
0.65g; water to 100ml.

Antibiotics: Used at the following concentrations and

added to the molten medium immediately before
pouring. Tetracycline (Tc), 25-50pg/ml; Ampicillin
(Ap), 50-100pg/ml; chloramphenicol base (Cm),
100pg/ml.

Phage buffer: KHZPOu’ 3g; NazHPOLL (anhydrous), 7g;
NaCl, 5g; 100mM MgSOu, 10ml; 10mM CaClZ, 10ml;
1% (w/v) gelatin solution, 1ml; water to 1 litre.

DNA buffer: 10mM Tris/HC1l pH8.0; 1mM EDTA.
TES buffer: DNA buffer with 50mM NaCl.

Restriction endonuclease buffers (x10): 100mM Tris/HC1l

PH7.5; 100mM MgClz; 100mM pB-mercaptoethanol;
0.05 Triton X-100; + 1M NaCl (R.ZcoRI)
+ 500mM NaCl (other enzymes).

T4 polynucleotide ligase buffer (x10): 1M Tris/HC1
pH7.5, 660pl; L4OOmM EDTA pH9.0, 25pl; 1M MgCl,,
100ul; 1M B-mercaptoethanol, 100pl; 100mM ATP, 10pl;
water to 1lml.

SSC: 150mM NaCl; 15mM Na citrate.

Agarose gel loading buffer: (final concentration)
Ficoll 40O, 10% (w/v); bromocphenol blue, 0.025%
(w/v); in water.

Phenol : Phenol, redistilled under N, and stored
frozen at -20°C, was equilibrated with an eqgual
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(a)

(e)

(£)

(g)

volume of 500mM Tris/HCl pH7.5 before use.

Plating cells.
A fresh overnight culture was diluted 1:20 in L broth,

growvn with aeration at 3770 for two hours, and the
cells were resuspended twice in half the initial
volume of 10mM MgSOu.

Phage $itpation.

O.1ml of an appropriately diluted phage solution was
mixed with 0.2ml of plating cells and the mixture was
left at room temperature for 1l5min. to allow phage
adsorption. Following addition of 2.5ml of molten
BBL top agar, the mixture was poured on to a dry

BBL agar plate and incubated overnight at the
appropriate temperature ( usually 37°C).

Phage stocks.

Phages from a single plaque were transferred with a
sterile toothpick into 1lml of phage buffer, 1 drop
of chloroform was added, and the solution was
vortexed. After separation of the chloroform

by low speed centrifugation,'0.1 to 0.2ml of this
solution was mixed with O.1ml of fresh plating cells.
After 10 minutes for ' adsorption, 2.5ml BBL top agar
was added and the mixture was poured onto a fresh

L agar plate. Confluent lysis was observed after
6-10 hours at 37°C. The top layer was then
harvested in 2.5ml of L broth to which 2 drops of
chloroform had been added and the solution was
vortexed. Following low speed centrifugation the
supernatant was decanted, titred, and stored at u C.
Titres varied from 5x109 to 5x10«1/ml dependlng on the

phage and bacterial host used.

Phage crosses.

These were performed in the E.coli K12 strain QRL7
which is §gg+ and rect and is sensitive to both.l;80
and'gk phages (h indicates the host range specificity).
Freshly prepared QRL7 plating cells were coinfected

at a multiplicity of infection (m.o.i.) of 5 with the
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(h)

(1)

(J3)

two parent phages. After 15min. adsaorption at room
temgerature the infected cells were diluted 1:20 into
pre-warmed L broth and grown at 37OC for two hours.

3 drops of chloroform were added and after low speed
centrifugation the supernatant was titred on a
permissive host for total progeny and on a selective
host for the required recombinant.

,

Construction of lysogens.

Overnight cultures, starved by incubation in 10mM
MgSO,4 for 1 hour, were infected with the appropriate
phage(s) at a m.o.i. of 5-10. After 15min. pre-
adsorption at room temperature, the cells were
diluted 1:20 in L broth and were grown for 3 hours
at the appropriate temperature (usually 330C).
Dilutions of this culture were spread onto dry EMB
plates together with 107 plague forming units (p.f.u.)
each of two homo-immune phages that have different
host ranges and that carry clea? mutations in their
repressor genes (phages with such mutations are
unable to form lysogens). In experiments designed
to measure the frequency of lysogenisation, the
dilution/3 hour growth step was omitted. Lysogens
(and A-resistant bacteria) survived this selection
procedure and appear as pink staining colonies after
about 20 hours of incubation at 3300. To eliminate
the A-resistant clones, selected colonies were
cross-streaked at 33°C against a homo- and a hetero-
immune phage, both of which carry clear mutations in
their repressor genes. Clones which were resistant
to both phages were discarded.

Test for red and gam genes.

Serial dilutions of the phage were spotted (approx.
10pl) on to a lawn of either lig-ts or polAl cells on
BBL agar plates. Wild type (g§g+ gam') phages give
normal size plaques whereas phages that are either

red or gam do not grow or give very small plagues.

Test for the Spi phenotyvoe.

red” gam  phages are able to grow on a P2 lysogen.
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(k)

(1)

(m)

Phages were tested by spotting dilutions onto a P2
lysogenic host.

Construction of a plague forming N~ derivative of A891.

The putative ArecZ phage (A891), isolated following
the insertion of fragments of Z.coli K12 DNA (D8659)
into a ggg- g§g+ phage vector, was detected .as a phage
that was able tc form plagues on both TolA and lig-ts
bacteria. ggg- phages do not normally form plaques
on either of these hosts (Zissler et al, 1971). To
test whether a Red Gam derivative of A891 would

have the Svi~ Fec  rhenotype diagnostic of Arev
(zissler et al, 1971: and see Section 3.2(c)),

ﬁ-nin5 derivatives of this phage were isolated. Such

. . o) .
recombinants were selected on lig-ts supv (xlmm21)

from a cross of A891 with AR508 Nam7am53 cI857 nin5

chili 23, All imml recombinants must be Ex and hence
Nam. ANam nin5 on infection of a suppressor-free

host remains N and conseguently phenotypically Red™
Gam . Nam nin5 derivatives of A891 were analysed
for their Fec and Spi Dhenotypes in suppressor-iree
hosts.

Phage liguid lysates.

The host strain, typically C600, was diluted 1 :20 from
a fresh overnlght culture into L broth containing

1mM MgSOu,‘and grown to O.D.650 of approximately 0.5.
Prhage was added at a m.o.i. of 1 and shaking was
continued until the O'D'65O reached a minimum (usually
2-l hours after infection). 1ml/1 of chloroform was
added and after 15 min. shaking the lysate was
clarified by centrifugation at 15,000g for 10min. in
an MSE HES18 centrifuge. The supernatéht was

decanted and titred.

Preparstion of phage DNA.

Phages from a liguid lysate were pelleted by
centrifugation at 21,000rpm (45,000g) for 3h at 6°C .
in a 10x100m1 Al rotor. The phages were re-suspended
overnight in a small volume of phage buffer by gentle
shaking in the cold; any remaining bacterial debris



was pelleted at 10,000rpm for 10min. at 4°¢ in an

MSE HS18 centrifuge; DNase and RNase (10pg/ml of
each) were added to the decanted supernatant; and the
mixture was incubated for 1h at room temperature.

The phages were then purified on a CsCl step gradient
as follows.

A stock solution of saturated CsCl (at 20°C) was
diluted with phage buffer to give 667, 5G4, and 33 v/v
solutions. 0.5ml1 of saturated CsCl was placed in
the bottom of a 14ml centrifuge tube followed (gently)
by 0.5m1 of the 667 solution, 1.0ml of the 50%
solution, l.5ml of the 33% solution and approximately
9ml of the concentrated phage solution. The
gradients were centrifuged in a 6x14ml Ti swing-out
rotor at 33,000rpm (140,000g) for 2h at 20°C and
phage bands were collected through the side of the
tube with a sterile syringe and needle. Phages
intended to provide DNA for in vitro recombination
experiments were further purified by equilibrium
centrifugation. The recovered phage bands from
step gradients were mixed with an approopriate volume

of pre-clarified CsCl sclution (41.5% w/w) and
centrifuged in a 6x5ml Ti swing-out rotor at
33,000rpm (110,000g) for 36h at L°C. Phage bands
were collected as above.

Recovered phage bands were dialysed against DNA
buffer for at least 1h to remove CsCl (dialysis
tubing was boiled in 2mM EDTA for 20min. before use)
and DNA was ;p@leased from the phage particles by
gentle mixing with an equal volume of pre-equilibrated
phenecl followed by low speed centrifugation to
separate the two phases. Two more phenol extraction
steps were performed and the agqueous phase was
dialysed in the cold against three changes of DNA
buffer over a period of 36 hours.

DNA concentration was determined by measurement
of the O'D‘26O . An O'D’26O = 1 indicates a DNA
concentration of approx. SOpg/ml. The ratio of
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(n)

(o)

absorbance at 260nm and 280nm is indicative of the
amount of contaminating protein present in the
solution. For clean preparations this ratio was in
the range 1l.7-2.0:1. Absorbance at 320nm was also
measured. This should be zero for a solution free
from particulate matter.

M23 DNA isolation.

Covalently closed circular (CCC) F123 DNA was
prepared by the method of Guerry et al (1973) from

1 litre cultures of KIA81/F123 grown to mid-
exponential phase in L broth. The cells were
harvested by centrifugation at 5,00Crpm in a 6x250ml
Al rotor in an MSE HS18 centrifuge and the pellets
were resuspended in 34ml of 25% sucrose, 50mM Tris/
HC1 pH8.0 at room temperature. Lysozyme (2.5m1_of a
10mg/ml solution in 250mM Tris/HCl pH8.0) was added
and the mixture was gently inverted 4 times and
placed on ice. After 5 min., 12.5ml of a 20% (w/v)
SDS solution in DNA buffer was added and the mixture
was heat pulsed 8 times for 15sec. at 55°C with

5 inversions lasting 3sec. each in between each heat
pulse. 25ml1 of TES and 16ml of a 20% (w/v) SDS
solution was added followed by 31ml of 5M NaCl. The
mixture was inverted 20 times during lmin. at room
temperature and placed on ice overnight. Following
centrifugation (13,000rpm for 30Omin. in a 6x250ml Al
rotor in an MSE HS18 centrifuge), the supernatant was
decanted and the plasmid DNA was concentrated by PEG
precipitation (Humphreys et al, 1975). 0.25vol. of a
507 PEG solution in DNA buffer was added and the
mixture was placed on ice overnight. The PEG/DNA
complex was precipitated by low speed centrifugation
and the pellet was resuspended in 10ml of T=zS.

Final purification was by ethidium bromide-CsCl
gradient centrifugation at 38,000rpm for LOh in a

Ti 50 rotor in a Beckman L2-65B ultra-centrifuge.

Preparation of DNA from plasmids with a Col¥1 replicon.

Overnight cultures of cells that contain such multi-
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cory plasmids were diluted 1:20 into L broth and were
grown with shaking at 3700 to mid-exponeéntial. phase
Chloramphenical was added,250pg/ml,and the mixture
was shaken overnight. This treatment inhibits
bacterial replication but does not affect plasmid
replication as quickly and therefore maximises the
yield of vlasmid from a culture. Cells were
harvested by low speed centrifugation and lysates
were prepsred by the Triton lysis vrocedure (Katz et
al, 1973). Cells from a 500ml culture were re-
suspended in 6éml of 25% (w/v) sucrose, 50mM Tris/HC1l phg.0
and were placed on ice. 1lml of a 10mg/ml lysosyme
solution in 250mM Tris/HCl pH8.0 was added and the
mixture was gently shaken and placed on ice. After
5min., 1m1l of 500mM EDTA pH8.0 was added, the mixture
was gently shaken and again placed on ice. After
5min., 15ml of Triton mix (2ml of 10% Triton X-100;
25ml of 500mM ZDTA pH8.0; 10ml of 1M Tris/HCl pH8.0;
water to 200ml) was added and the mixture was gently
shaken and allowed to stand at room temperature for
20min. The cells lyse during this period. The
lysate was spun in an ultra-centrifuge at 25,000rpm
for 25min. in a 8x50 Al rotor at L°C and the super-
natant was decanted. 0.95g of CsCl and O.1ml of-
5mg/ml ethidium bromide was added per ml of super-
natant and the refractive index of the solution was
measured in an Abbé refractometer and was adjusted
to 1.392. This mixture was spun in the ultra-
centrifuge for 60h at 38,000rpm in 10ml tubes in an
8xL40 Ti rotor and at 20°C. Bands of DNA were
visualised using long wavelength UV light and the
lower (supercoiled plasmid) band was collected with
a syringe and needls through the side of the tube.
Ethidium bromide was removed by extracting three
times with iso-propanol (pre-eguilibrated with CsC1)
and the agueous phase containing plasmid DNA was
dialysed in the cold against DNA buffer for 36h with
three changes. DNA concentrations were measured as
described for phage DNA.
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(p) Bacterial DNA isolation.

Lysates of bacterial DNA prepared from 250ml cultures
of exponentially growing cells by the Triton lysis
procedure (Katz et al, 1973; described in (o) above)
were incubated at 3700 for 3-6h With4100pg/m1 pronase
(autolysed for 1lh at 3700 in distilled water prior to
use) . After gently extracting the lysates 3 times
with an equal volume of phenol thé agueous phase'was
placed on ice and overlayed with 2 volumes of cold
ethanol. After gentle inversion of ¢ mixture (5-10
times) the precivitated DNA was collected on the end
of a pasteur pipette and redissolved in 5ml of TES by
gently shaking in the cold. After treatment with
pancreatic RNase (pre-incubated in TES buffer for
10min. at 80°C) at a concentration of 20pg/ml for 3k
at 37°C and gentle extraction with an equal volume of
prhenol the agueous phase was overlayed with cold
ethanol, precipitated and collected as described
above. The precipitate was placed inside a dialysis
tube with - 1.5ml1 of TES buffer and dial¥sed for

36h in the cold against DNA buffer.

(q) Restriction endonuclease digestion of DNA.

DNA was digested with restriction endonucleases and.
0.1 volumes of 10x restriction endonuclease buffer
in a total reaction volume of 10-100pl. Digestions
were performed at 3700 and were stopped by heating
the solutions at 70°C for 10Omin.

(r) Ligation of DNA.
DNA cleaved with restriction endonucleases was

diluted to 5-30pg/ml with 10mM Tris/HC1l pH7.5, 100mM
NaCl. 0.1 volumes of 10x ligase buffer and T4 DNA
ligase was added, and the mixture was incubated at

10°% for 3-6h and then placed on ice for at least 24 h.
’ before vsE.

(s) Transfection/transformation.

Recombinant phage or plasmid DNA molecules were
recovered by transfection or transformation of a
suitable bacterial host made competent for the uptake
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(t)

of DNA by the method of Lederberg and Cohen (1974).
Tresh overnight cultures were diluted 1:50 in L broth
and were grown with shaking for SOmin. at 3700. Cells
were harvested in the cold by low speed centrifugation,
washed in 0.5 volumes of ice cold 100mil MgC12,
resuspended in 0.05 volumes of ice cold CaClz, and
kept on ice for at least 30min. prior to use.

Recombinant DNA molecules were ,diluted toc approxe.
O.5ug/ml in O.1ml of SSC:CaCl2 (SSC and 100mi CaCl2
in the ratio 3:4) and 0.2ml of competent cells were
added. The mixture was left on ice for 30min. and
then heat shocked at 42°C for 2min. In the case of
transfection, this mixture was placed on ice for 30Omin.,
serially diluted, and O.1ml samples were mixed with
2.5m1 of BBL top agar (supplemented with 10mM MgSOu)
and poured on to BBL agar plates. Transfection

L for intact "\ DRA ] 5 6
efficiency/is usually in the range 10°-10 p.f.u./pg.

In the case of transformation, the DNA/recipient
mixture was diluted with 1ml of L broth after the
heat shock step’and was incubated for 20min.-1h at
37°C vefore plating on selective (i.e. antibiotic
containing) medium. 105-106
obtained with tact plasmds.

transformants/pg may be

Agarose gel electrophoresis of DHA.

DNA samples to which loading buffer had been added
were separated by electrophoresis in 0.7% or 1% (w/v)
agarose gels containing LOmM Tris/HC1l pH8.2, 20mM Na
acetate, 1lmM EDTA, O.5ug/ml ethidium bromide.
Electrophoresis was usually carried out overnight at
1V/cm. The gels were photographed on a black
background under UV light on Ilford FP4 film with a
Lx red filter. BExposed film was developed in
Microphen developer.

Gels were calibrated using DNA fragments of known
sizes present in a mixture of AcI857 DNA digested
with R.ZcoRI, R.EindIII and with both enzymes. The
sizes of these fragments have been estimated by
Philippsen and Davis (1978).
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(u)

(v)

Isolation of DNA fragments from agarose gels.

Fragments of DNA were isolated from agarose gels by
electrovhoresis of the reguired band into a trough
containing hydroxylapatite (HAP) essentially as
described by Tabak and Flavell (1978). A narrow
trough, just wider than the band, was cut with a
scalpel immediately in front of the band and was
filled with HAP in electrophoresis buffer.
Electrophoresis was continusd for approx. 30min. by
which time the band of interest had become adsorbed
by the HAP. The HAP was removed, placed in a small
plastic tube, and subjected to centrifugation. The
supernatant was removed and replaced by 0.2ml of 1M Na
phosphate, 1lmM EDTA pH6.8 and the mixture was vortexed.
After centrifugation the (DNA containing) supernatant
was removed and dialysed overnight in the cold against
DNA buffer with two changes. This soluticn (approx.
0.3ml) was used for 'nick translation" without

further concentration.

In vitro labelling of DNA (nick translation).

DNA was labelled in vitro with 32P:by "nick
translation" and denatured by heating at 100°C for
5min. prior to use._(Manatis e al 1a35).

Reaction was usually carried out in 100ul contain-
ing the DNA to be labelled (approx. 1pg); 10-20 pCi
of 32P—dG’I'P, specific activity approx. 350 Ci/mmol
(dried down before use); 180pmol each of the
unlabelled dNTPs (dATP, dCTP, TTP); 50mM Tris/HC1
pH7.8% 5mM Mgclz; 10mM B-mercaptoethanol; 0.5pl
(approx. 1 unit) of DNA polymerase I; and 1pl of
10" 'g/ml DNaseI (freshly diluted). This solution
was incubated for 2h at 10°C after which time 1 drop
of phenol was added. The mixture was vortexed and
applied to the top of a Sephadex G-50 (fine) column
(approx. dimensions 8cmx0.5cm) together with a small
amount of Orange G marker dye. TES was used as an
elution buffer. Lzsbelled DNA elutes well ahead of
the dye which runs with the unincorporated nucleotides.
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Small fractions (2-10 drops) were collected and their
activity measured in a scintillation counter. Peak

fractions were selected for hybridisation eggpcriments.
Speeifie achuvhéis wia in the @mnge 1-2 xw? d.p.m. (9. of DNA.
Southern's gel transfer method and DNA:DNA hybridisation.

DNA fragments, separated by electrophoresis in agarose
gels,were transierred overnight to nitrocellulose
filters (Southern, 1975). In. this. method-:the fragments
are denatured in the gel by immeréion of the gel in
0.5 NaOH, 1.5M NaCl. . After 30min., the alkali is
neutralised by immersion of the gel in 1M Tris, 3M
NaCl pH6.0, for U45min. and the gel is laid onto a bed
made of several sheets of blotting paper on top of a
glass plate. The blotting paper is allowed to
overlap the glass plate so that two of its edges may
hang down into a trough containing 20x S5C.. Two
strips of plastic the same tWukness as the gel (3-Lmm)
are placed parallel with the long edges of the gel
and separated by O.5cm from it. A sheet of nitro-
cellulose filter (pre-wetted in water) is placed
over the gel such that it covers the whole gel and
rests on the plastic spaces on either side. A wad
of blotting paper (approx. 2cm deep) cut to the size
of the nitrocellulose sheet is placed on top. .
Transfer of 20x SSC occurs by capillarity and DNA is
eluted out of the gel and on to the nitrocellulose
filter where it binds. The set up is usually left
overnight after which time the nitrocellulose filter
is removed, washed in 2x SSC, dried at room
temperature and baked at 80°C for two hours.

Before hybridisation, nitrocellulose membranes
prepared as above were pre-incubated for 3-6h at
65°C in 6x SSC, 0.2% SDS, 0.1% bovine serum albumen

(BsA), 0.1% Ficoll 40O, O.1% polyvinylpyrollidone

(PVP) (adapted from Denhardt, 1966). Hybridisation
was carried out with 105-106 cpm of 32P-—labelled
DNA per filter in 6x SSCFP, 0.1% BSA, 0.2 SDS, 0.1%
Ficoll 400, 0.1% FVP at 65°C for 24-36h in sealed
plastic bags. SSCP is 120mM NaCl, 15mM Na citrate,
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1 3mM KHZPOM’ 1mM ZDTA pH7.2. Unless otherwise

stated filters were washed in Lx SSC, 0.5% SDS (four
times, 60min. each at 65°C), and rinsed in 2x SSC at
room temperature. After drying in air at room
temperature the filters were placed under pre-
sensitised X-ray film and a phosphotungstate(uuke,QN*WJS
intensification screen was placed over bot@% Zxposure
times ranging from overnight to 3 weeks at -7OOC were

usede.

Colony hvybridisation.

Transformant colonies whose pattern of antibiotic
resistance showed them to contain recombinant plasmids
were screened with radiocactive DNA probes by the Lis/
Prestidge modification of the Grunstein and Hogness
(1975) colony hybridisation procedure, in order to
select for plasmids of interest. Insertion of a
foreign DNA fragment into the R.IindIII site of

pBR322 or 7pBR313 (both ApR, TcR) and subsequent
transformatioﬁryield_ an“ApR;”TcsTbacterium since the
unique R.HindIII site in these plasmids lies within

. R determinant. Similsrly,

insertion at the R.GcoRI site of pBR325 (ApR, Tc®, om?)

O

the promoter for the Tc

and subsequent transformation yields an ApR, TcR, Cm
bacterium since the unigue R.EcoRI site in this
plasmid lies within the Om® determinant.

Appropriate colonies were picked with sterile
toothpicks into an orderly array on L agar plates
containing Ap (the master plates) and were grown
overnight at 37°Cc. The masters were then replica
plzted onto nitrocellulose filters (cut to the size
of a Petri dish) on the surface of L agar plates
containing Ap. These plates were incubated over-
night at 3700 and the master plates were stored at
MOC. The filters, now carrying an orderly array of
bacterial colonies, were taken through the following
ﬁreatments by placing them colony side up on
blotting paper saturated with the appropriate
solutions: : |

ARE



(i) 0.5M NaOH for 7min.
(ii) 1M Tris/HC1 pH7.L for 2min (twice).

(iii) 1.5 NaCl, 0.5M Tris/EC1l pE7.4 for Lmin.
The filters were blotted dry on filter paper and were
baked under vacuum at 80°c for two hours. Pre-
ucpm of the
appropriate radicactive DNA per filter), washing and

incubation, hybridisation (approx. 5x10

autoradiography were performed as described in (w)
" above.

In the case of libraries representing the whole
Z.,coli K12 genome, approx. 3,000 colcnies were
screencd at a time in order to give a reasonable
chance of finding the required recombinant. For
libraries of ™23 DMNA fragments, only 200-300
colonies were screened. Colonies showing significant
hybridisation were picked from the master plate, restreaked,
and large cultures were prepared from which the
plasmid of interest was isolated.

() Zlectron microscopy and preparation of heteroduplexes.

Heteroduplexes of phage DNAs were prepared for
electron microscopy as described by Davis et al (1971).
Solutions of heteroduplex DNA, cytochrome C, Tris,
EDTA and formamide were mixed to give final concentra-
tions of 100mM Tris, 10mM EDTA, uL&Z formamide, and
0.18mg/ml of cytochrome C. These solutions were

made from a stock solution of Tris and ZIDTA adjusted
to pH8.6. The molecules were mounted on parlodicn
films, stained with uranyl acetate and rotary
shadowed with platinum. Pictures were taken with a
Siemens Elmiskop 101 electron microscope operated at
80kv and x20,000 magnification. Images of the
molecules were projected‘at X5 magnification onto
paper using a photographic enlarger and were traced
with a pen. Measurements were made with a map

measurer.
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CHAPTER 3

The Rac Prophage in Z.coli K 12



341+ INTRODUCTION.

The presence of a defective prophage in many E.coli X12
strains is supported by a number of different lines of
genetic evidence. Low (1973) first suggested such a
prophage as a result of his investigation of the rac
(recombination activation) locus, situated a few minutes
clockwise of the trp operon on the genetic map. DNA
introduced into a Rec® (recombination proficient) recipient
by Hfr mating can recombine with the bacterial chromosome.
Recipients that carry mutations in the recB and/or recC
genes (the products of which form a single enzyme,
exonuclease V) yield less than.1% of the Rec’ level of
recombinants. Low (1973) found that transfer of the
rac’ locus by Hfr mating into rac” recB or rac recG
cells almost totally restored the recombination rroficiency
of the merozygotes. The recombinant progeny, however,
retained the Rec phenotype and were almost always ggg-.

To account for this result Low proposed that the rac locus
is carried on a defective prophage (the Rac prophage ) ‘
whose functions are normally repressed but which may be
zygotically induced by transfer into a ggg— cell in which
the prophage and hence the prophage repressor is absent.
Segregation of ggg- progeny is thus consistent with the loss
of the hypothetical prophage from the cell line. Low
performed anaslagous experiments with a defective A prophage
(described by Lloyd, 1974). He found that if a AP prophage
was introduced into a gggg-R- recipient, the yield of
recombinants for markers distal to the prophage approached
that obtained with Rec” recipients. This effect was not
observed if the prophage was also ggg_ (red codes for the

A exonuclease). These»results suggested that the Rac
effect might also be mediated by induction of a prophage
encoded exonuclease function.

Recombination proficiency is also restored to recB™
or recC” strains by acquisition of the sbcA mutation
(Barbour et al, 1970; Templin et al, 1972). sbcA
appeared to be a2 regulatory mutation resulting in
derepression of the recE gene which codes for the ATP-
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independent exonuclease VIII (ExoVIII) (see also Clark, 1973;
Kushner et al, 1974). As well as being able to replace the
recBE product (Exo V) in bacterial crosses, Exo VIII can
replace A-exonuclease in phage crosses (Unger et al, 1972).
Since sbcA mutants cannot be isolated from the rac strain
AB1157 (Templin et al, 1972) and sbcA maps close to rac
(Lloyd and Barbour, 1574), it seems possible that recE is
equivalent to (or a component of) rac.

Evidence supporting Low's hypothesis was provided by
characterisation of A reverse (Arev), a derivative of phage A
in which the A recombination functions have been replaced by
new recombination functions (Der) derived from the host
chromosome (Gottesman et al, 1574). These functions
include a general recombination system and probably a site
specific recombination system analogous to Int but with
different site specificity, lysogens of Arev having the’
prophage located close to rac. Arev could not be
- derived from, nor could it lysogenise, the ggg- strain
AB1157. Gillen et 81 (1977) have compared the ATP-
independent exonuclease produced by Arev with ExoVIII, the
recE product, and have found them to be indistinguishable
by several biochemical criteria.

The generation of Nggx can therefore be most simply
explained as the result of recombination between A\ and the
Rac prophage. Considerable evidence based on cross-
hybridisation studies is available to suggest that
sequences homologous to regions of the A\ genome are present
in the DNA of E.coli Ki2 (see Chapter 1(b)).

The following functions have also been attributed to
the Rac prophage. (a) Penny Toothman (personal communic-
ation) has found a Ral (restriction alleviation) activity
in Arev which she has called Lar. A similar activity is
associated with sbeA mutants (Simmon and Lederberg, 1972).
The recE gene may be the determinant for both the Der and
Lar activities (Gillen et al, 1977). (b) the A derivatives
ain (Q-independent) (Sato and Campbell, 1970), ph (Jacob
and Wollman, 1954) and p4i (Henderson and Weil, 1975) contain
host derived DNA coding for functions analogous to the A



functions Q, S and R. As with Arev, these Agsr' phages
cannot be derived from the rac strain AB1157 (Strathern
and Herskowitz, 1975; Henderson and Weil, 1975).
(¢) Diaz and Pritchard (1978) have isolated as a plasmid a
region of the E.coli K12 chromosome that contains a replica-
tion origin (ggig),';heubehaviounﬁof which led them to propose
that it is derived from the Rac prophage (see Section 3.2(g)).
The experiments described in this chapter demonstrate
the presence of A homologous sequences within that region
of the E.coli K12 chromosome thought tc contain the Rac
prophage. Restriction endonucleases were used to
construct a physical map of this region, and the relative
positions of the recE gene (der and possibly lar), the
replication origin orid, and the regions homologous to
A DNA were ascertained. In contrast, host DNA present
in Agsr' phage is not derived from the Rac prophage.
Cleavage mapping with restriction endonucleases, cross-
hybridisation, and electron microscopy were used to compare
the DNA of Arev with that of a similar phage generated in
vitro by ligation of R.HindIII cleaved E.coli K12 DNA and
a A replacement vector, These experiments show that the
Arev substitution contains seguences present at two non-
adjacent sites within the Rac prophage. Low (1973) has
suggested that the Rac prophage may be excised from the
bacterial chromosome following derepression. It seems
probable that this process occurs spontaneously at a low
frequency by a process analogous to excision of the A
prophage, and that recombination between A DNA and the
circular DNA molecule so generated is necessary for the
formation of Arev.
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3.2. RESULTS.

(a) Detection of E.coli DNA seguences homologous to A DNA.
32

Phage A DNA, labelled with
was used as a probe to detect homologous seguences in the

P by 'nick translation',

DNAs of several different E.coli strains (Fig. 3.1, see
legend for details). The hybridisztion pattern observed
in tracks (a) and (b) appears to be typical of E.coli K12
strains in general and is different from that observed ih the
DNA of E.coli B and E.coli C strains (tracks (d) and (e)).
DNA prepared from a C600 (A) lysogen has the pattern of the
non-lysogen superimposed on bands which derive from the A
prophage (data not shown). Thus it is unlikely that any
of the observed homologies in the non-lysogenic E.coli K12
strains lie close to or within attB, the bacterial
attachment site for A.

DNA from the rac™ strain AB1157 also contains
restriction endonuclease fragments homologous to A DNA
(track (c)), several of which are of the same size and have
the same relative intensities as the bands seen in tracks
(a) and (b). On the other hand, several bands present in
tracks (a) and (b) are either missing completely or changed
in size in AB1157 DNA. In the light of Low's hypothesis
discussed above, it seemed likely that these differences
reflect the presence in most E.coli K12 strains of a
defective prophage(s), related to A, which has undergone
change in AB1157, possibly by deletion. However, on the
sole basis of hybridisation with A DNA, it was not possible
to make a simple and unambiguous interpretation of the
observed differences between C600 and AB1157 DNAs.

(b) A specific subset of A homologous sequences is carried
by ™M23.

In view of the difficulties in interpreting the A
homologies in C600 and AB14157 DNAs, and the possibility that
more than one defective prophage is present in these strains,

investigations were confined to the small section of the
E.coli K12 chromosome carried by ™23 (Fig. 3.2(a)).
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Fig. 3.1l. Autoradiograph showing those R.HindIII
fragments in several E.coli DNAs which share
homology with A DNA. Zlectrophoresis was
carried out in a 1% agarose gel. Sizes of

1dentifled bands are given in kilobase pairs (kb). Tracks

(a) and (b): CR63 and C600 DNAs respectively. This

pattern is typical of E.coli K12 strains in general.

Track (c¢): AB1157 DNA. Three bands (28kb, L.8kb, 3.1kb)

are of the same size and relative intensity as bands in

C600 DNA digests. Two C600 DNA fragments (25kb and 4.0kDb)

are not found in AB1157 DNA digests. A 10.3kb fragment

in C600 DNA digests appears to have been altered to give a

7.1kb fragment in AB1157 DNA. The two unidentified bands

in AB1157 DNA are due to incomplete digestion of this DNA
with the enzyme. Tracks (d) and (e): E.coli B and

E.coli C DNAs respectively.



™M23% is an FP' factor capable of lysogenisation by Arev and
known to carry the rac and sbcA loci (Gottesman gt al, 1974).
Fig. 3.2(b) shows that a specific subset of the A homologous
fragments presént in C600 DNA is represented in the region of
the chromosome carried by M 23 (see legend to figure for
details). This result provides additional evidence
relating A homologies in E.coli K12 strains to the Rac
phenomenon, esvecially since the only two A-homologous
R.HindIII fragments present in both C&600 and F123 DliAs

(25kb and L.Okb) are missing in AB1157 DNA (see Fig. 3.1).
The set of A-homologous fragments present in C600 and

AB1157 DNAs, but not carried by F123, are derived from a
defective prophage(s) other than the Rac prophage (see

below and Chapter 5).

(¢c) In vitro construction of a Arec® phage (A891).

Wild type A will grow on recombination deficient
(recA-) E.coli but not on E.coli lysogenic for phage P2

(Spi+ phenotype: susceptibility to P2 interference,.see
legend to Fig. 1¢3)e A phages deficient in the phage
genes red and gam are unable to grow on recA” hosts (Fec™
phenotype, see legend to Fig. 1.3) but are able to grow on
P2 lysogens (Spi- phenotype). Phage A mutant in either
the red or gam genes is unable to grow on Feb hosts
(e.g. polA~, ligts)  (Zissler et al, 1971).

The Fec® and Spi~ phenotypes appear to be mutually

exclusive, yet the A derivative Arev is able to grow on

" both recA” and P2 lysogenic hosts (Zissler et al, 1971).
Gottesman et al (1974) have shown that Arev contains host
derived recombination genes which share no homology with
those deleted from A and which are probably derived from
the Rac prophage. Since three independent isolates of
Arev appear, by heteroduplex mapping, to result from
jdentical substitutions and deletions (Gottesman et al, 1974),
it seems possible that Arev is generated by recombination at
specific sites of homology between A and the Rac prophage.
Gillen et al (1977) who have shown that Arev codes. for
ExoVIII, the recE product found in sbcA  strains, suggest
that ExoVIII (M.W. 1.4 x 10°) may be equivalent to a gene
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Fig. 3.2. A specific subset of A-homologous seguences
present in C600 DNA is carried by M 23. ™23
and C600 DNA also share considerable homology
with substitutions present in the DNAs of
A891 and Areve.

(a) Genetic map of E.coli K12 after Bachmann et al (1976).

The section of the chromosome carried by 23 is shown

(Low, 1972).

(b) Autoradiographs showing fragments in digests of C600 and
™ 23 DNA which share homology with A~ and Arev DNA.
Electrophoresis was carried out in a 1% agarose gel.
Comparison of tracks (a) and (b) and of tracks (e) and
(f) shows that a specific subset of A-homologous
fragments is carried by ™ 23. In R.HindIII digests,
this subset consists of those fragments (25kb and L.Okb)
which are not seen in AB1157 DNA digests (see Fig. 3.1).
The L4.0kb R,HindIII fragment is not easily visible in
C600 DNA digests in this autoradiograph. A-homology
in the 25kb R.HindIII fragment is contained within a
L4.6kb R.EcORI + R.HindIII fragment (tracks (e) and (f)).
The L.6kb fragment is seen in C600 DNA digested only
with R.EcoRI (see Fig. 3.9) and is thus internal to the
25kb R.HindIII fragment.

The hybridisation pattern in C600 (tracks (¢) and (g))
and F123 (tracks (d) and (h)) DNAs digests seen with a
Arev DNA probe contains all fragments observed with a
A DNA probe due to interaction between the two arms of
Arev DNA (see Fig. 3.3) and those fragments. New bands
are also seen (7.6kb and 2.4kb in the case of R.HindIII
digests). The 7.6kb fragment is cleaved to three
fragments by R.EcoRI (2.65kb, 2.45kb, 2.40kb) (track h).
The 2.65kb fragment is an internal R.EcoRI fragment (see
Fig. 3.2(c). A U.2kb R.EcoRI fragment (tracks (g) and
(h) and Fig. 3.2(c)) which is internal to the A-homolo-
gous, 25kb R.HindIII fragment is also seen. DNA from
the Arev substitution is therefore closely associated
with A-homologous sequences in the C600 chromosome (see
section 3.2(6%.
(¢) Autoradiograph showing R.EcoRI fragments in 23 and
C600 DNAs which share homology with Arev DNA and with
the A891 substitution. Electrophoresis was carried out
in a 0.7% agarose gel. Track (a): fragments in ™23
DNA that share homology with the purified 7.6kb R.HindIII
fragment which comprises the A891 substitution.
Tracks (b) and (c): fragments in the DNAs of F123 and
C600 respectively which share homology with Arev DNA,Cemparisen
3a.sheusthat 1N addition to A-homologous sequences, several new bands
are seen. A 17.5kb fragment is peculiar to C600 DNA,
Three new fragments (8.4kb, 4.2kb, 2.65kb) are common to
C600 and ™23 DNAs. The latter two are not cleaved by
R.HindIII (see Fig. 3.2(b)). A common A-homologous
13.6kb fragment (see also Fig. 3.9) hybridises ‘strongly
with the Arev substitution. The 13.6kb, 8.4kb and 2.65kb
fragments are the same size as fragments which hybridise
with the A8 substitution (track %a)). The 7.6kb
substitution in A891 DNA (see Fig. 3.3(b))is thus equiv-
3lenttto ;he6same size fragment present in R.HindIII
igests of C600 and ™ 23 DNAs and which idis i
the Arev substitution (see Fig. 3.2(b§, %gggiglfg gégh(d)).



fusion product possessing some, if not all, of the
activities of the A\ proteins it revlaces in Arev.

Fhages including the reci gene which it was hoped
would contain host derived DNA in addition to that carried
byArev, were sought among the population of in vitro
recombinants formed by inserting into a Red™ vector, the
R.HindIII digestion products of Z.coliX12 DNA isolated
from the strain ED8659 (Kelley et al, 1977). Red phages
able to form plagques on both polA~ and ligts hosts were
potential candidates. Such a phage (A891) was isolated
and Nam nin5 derivatives were made. The nin5 deletion
permits the Nam phages to form plaques in the absence of a
suppressor (Court and Sato, 1969). In the absence of a
suppressor these N~, and hence phenotypically Red Gam ,
rhages were shown to resemble the classical Arev in that
they were both Spi~ and Fec+. Subsequently it was found
that when gene N of the Nam nin5 derivatives of A891 was
suppressed these phages remained Spi~ and Fec® and that
A891 itself, despite the presence of the gam gene, had thé
- Arev phenotype. A891 contains a 7.6kb R.HindIII fragment
(Fig. 3.3) derived from E.coliK12 DNA and is described in
more detail below.

(d) Physical characterisation of A891 and Arev phages.

The DNAs of A891 and the classical Arev were compared
by heteroduplex mapping, digestion with reétriction
endonucleases, and cross-hybridisation:

(i) Heteroduplex mapping:

' N Arev heteroduplexes reveal that the Arev substitution
shares no homology with the A DNA it replaces
(Gottesman et _al, 1974). A891/A and A891/Arev
heteroduplexes were constructed and analysed. Their
interpretation was aided by the fact that A891 is
;gm21 and carries the nin5 deletion. As with Arev,
the bacterial DNA substitution in A891 shares no
homology with A DNA (data not shown). In A891/Arev
heteroduvlexes however (Fig. 3.4), a region of
homology between the two substitutions extending for
5.9+ 0.2kb can be detected. This region of homology
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Pigs 3+34 Physical characterisation of A891 and Arev
DNA.,

(a) Genetic and physical map of the wild type A ggnome.
The scale O to 100 represents the length of A" INA,
100 A units = 49kb ( Philippsen and Davis, 1978).

(b) The A891 genome (see text for details). The left end
of the srIan -2 deletion is an R.ZcoRI site at UL4.5
units (21.8kb). A891 contains a 7.6kb R.HindIII
fragment derived from E.coli K12 DIA.

(¢) The Arev genome is generated by substitution of an
E.coli K12 DNA fragment for the region of the A genome
shown deleted. The left end of the A DNA deletion
lies between sbamA\2 (L46.6 units) and shini (47.2 units).
The right end lies at approximately 71 units and the
length of the Arev substitution is approximately 18 A
units or 8.8kb (Gottesman et al, 1974).

A indicates the positions of R.HindIII sites within
the A891 and Arev substitutions (see Fig. 3.5).

Fig. 3.4. An electron micrograph of a A891/Arev DNA

heteroduplex. The left arms of A and Arev

DNAs are identical up to the R.EcoRI site ( V¥ ;

at L4lt.5 units (21 .8kb) (see legend to Fig. 3.3).
The position of the nin5 deletion with respect to the
right end of A891 DNA is also known (10.8 A units = 5.2kb)
(Fiandt et al, 1971). These positions serve as internal
standards. A schematic diagram of the heteroduplex is
shown. A region of homology between the A891 and Arev
substitutions lies to the left of the immunity regions and
measures 5.9+ 0.2kb (n = 15), considerably shorter than
either substitution. The R.HindIII site ( & ) defining
the right hand end of the A891 substitution is shown (see
Fige 3¢5). Heteroduplexes were made and analysed by Pam
Beattie.



lies to the right hand side of the substitutions in
both phages and is significantly shorter than both
substitutions (Fig. 3.5).

(ii) Restriction endonuclease mapping and cross-hybridisation.
The DNAs of A891 and Arev were digested with R.EcoRI,
R.gingII and R.BamHI, and fragment sizes were

estimated by comparison with digests of AcI857 DNA
following separation by electrophoresis through 1%
agarose gels (data not shown). The positions of the
cleavage sites for these enzymes in both substitutions
are shown in Figz. 3.5. Comparison of these maps shows
that in the regions indicated by the heavy lines,
cleavage sites occur in equivalent positions in both
substitutions. To the left of these regions there is
no such equivalence. A radiocactive probe made to the
purified 7.6kb R.HindIII fragment comprising the A891
substitution hybridises strongly to restriction
endonuclease fragments contained within the heavy line
in the Arev substitution and weakly, or not at all, to
those overlapping with or those totally excluded from
the heavy line (Fig. 3.6). These results are in
agreement with the x891/m£§z heteroduplex observations.

That-the A891 substitution isolated from ED8659 is also
present in the other E.coli K12 strains studied was
ascertained by hybridising the purified, 32P—labelled, 7 .6kb
R.HindIII fragment from this phage with R.HindIITI digests
of C600, CR63 and Fl1l23 DNAs. A single 7.6kb fragment was
seen in all three cases (data not shown). Since this
fragment must then represent a continuous segment of the
E.coli K12 chromosome, the substitution in Arev would appear

to contain DNA from two non-adjécent regions of the
chromosome.,

Low(1973) hypothesised that the induction event leading
to expression of the rac locus after transfer by Hfr mating
into the ggg- strain AB1157 is accompanied by excision of
the Rac prophage from the donor chromosome. By analogy with
the A prophage, excision would require a site specific
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Fig. 3.5. A comparative analysis of the DNA substitutions
in 2891 (a) and Arev (b) using the restriction
endonucleases R.EcoRI (V¥ ), R.HindIII (A ), and
R.BamHI (@®). Sizes (in kb) of fragments

enerated by double digestion with R.BamHI + R,HindIII

%5elow the line) and R.BamHI + R.EcoRI (immediately above

the line) are indicated. Sizes of some other fragments

are shown, ‘

--—- indicates A DNA. ! indicates the approximate end
points of the Arev substitution. = indicates the
region of homology between the substitutions as measured in
A891/Arev heteroduplexes (5.9%xb) (see legend to Fig. 3.4).

A 2.65kb R.EcORI fragment and a 3.4Xb R. BamHI fragment are
common to both substitutions and lie to the left of a common
R.HindIII site (which defines the right end of the A891
substitution). Thus, all cleavage sites within the heavy
lines are at eqguivalent positions in both substitutions.

No such equivalence is evident to the left of the heavy lines.
DNA from this region of the Arev substitution fails to
cross-hybridise with the A891 substitution (see Fig. 3.6)
suggesting that the attachment sites of A891 and Arev are
located at the left ends of the heavy lines (see text).

Fig. 3.6. Restriction endonuclease fragments in digests of
30 Arev DNA which cross~hybridise with the purified,
“"P-labelled, A891 substitution (compare with Fig.

3.5). Electrophoresis was carried out in a

1% agarose gel. > indicates an unresglved-doublet, .

Track (a): R.EcoRI + R.HindTII digest of -Arev DNA. . Track

(b): Fragments in (a) which hybridise with the A891 '

substitution. - Both 2.45kb fragménts cross-hybridise.

Hybridisation to R.EcoRI digests of Arev (data not shown)

shows that the leftmost 2.45kb fragment in the Arev

substitution (see Fig. 3.5) shares a relatively small degree

of homology with the A891 substitution. Track (c):

R.BamlI digest of Arev DNA. Track (d): fragments in (c)

which hybridise with the A891 substitution. Both the 2.65kb

and 2.60kb fragments cross-hybridise, the latter only weakly
however (see track (f)). Track (e): R.BamHI + R.HindIII
digest of Arev DNA. Track (f): fragments in (e) which
hybridise with the A891 substitution. The 2.60kb fragment
hybridises very weakly. Track (g): R.BamHI + R,EceR{ -
digest of Arev DNA. Track (h): fragments in (g) which
hybridise with the A891 substitution. Both 2.65kb fragments
hybridise strongly (see tracks (b) and (d)). The 2.2kb band
is relatively weak. Track (i): R.BamHI + R.HindIII

digest of A891 DNA. Track (j): fragments in (i) which

hybridise with the A891 substitution.

Cross-hybridisation between the A891 and Arev substitutions
takes place only within the regions indicatea by heavy
lines in Fig. 3.5.



recombination between two flanking hybrid attachment sites,
i.e. between BP' and PB' (Fig. 3.7). If the Rac prophage
is flanked by two such attachment sites, induction and
circularisation may occur spontaneously, and specifically,
albeit at a low frequency. It seemed likely that such a

. circular molecule is involved in the recombination event
leading to the formation of Arev as this would bring
together, within the Arev substitution, two previously non-
adjacent regions of the chromosome (Fig. 3.7).

According to this model, A891 and Arev may be
distinguished on the basis of the type of attachment site
they carrye. Arev should have a pure phage attachment
site, PP', flanked by prophage DNA sequences on both sides,
while A891 should have a hybrid attachment site, BP' (see
Section 3.3 and Fig. 3.12(a)) flanked on the right by
prophage DNA and on the left by host DNA. Approximate
positions for these postulated attachment sites in A891 and
Arev can be deduced since they will lie at the left end .of
the region of homology between the substitutions in these
two phages (i.e. at the left ends of the heavy lines in

Fig. 3.5).

(e) Confirmation of the above model.

On the basis of the above model, several testable
predicticns can be made:

(i) Restriction endonuclease fragments spanning BP'
cross-hybridige relatively weakly with the Arev
substitution -

A891 and Arev have identical R.EcoRI fragments
(2.65kb) internal to their substitutions, and
lying to the right of their hypothesised attach-
ment sites (Figs. 3.5 and 3.12(a)). Thus the
substitutions in both these phages should hybridise
not only with this common fragment but also with
the same flanking chromosomal fragments (in both
C600 and F123 DNAs). The chromosomal fragment to
the left spans the hybrid attachment site BP' and
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Fige 347 Diagram showing a mechanism by which two non-
adjacent regions of the E.coli K12 chromosome
(both ends of a prophage) may be juxtaposed
within a circular DNA molecule (formed by
eXcision at the prophage attachment sites). Recombination
between this circular DNA molecule and A DNA could generate
the Arev genome. B and B' are elements of the bacterial
attachment site, P and P', elements of the vhage attachment
site;weooeeeeee is bacterial DNA; ————— is prophage DNA.




should therefore hybridise relatively weakly with the
Arev substitution. The A891 substitution hybridises
with three R.EcoRI generated fragments in M 23 (Fig.3.2(c),
and C600 (Fig.3.8) DNAs (13.5kb, 8.4kb and 2.65kb
respectively). Arev DNA cross-hybridises with three
R.EcORI fragments of identical size in digests of
F123 and C600 DNA (Fig. 3.2(c)). Since the Arev
substitution hybridises relatively weakly with the
8.4kb R.EcoRI fragment however, this fragment should
lie to the left of the central 2.65kb fragment, while
the 13.6kb fragment should therefore lie to the right
of the central 2.65kb fragment and thus be internal
to the prophage.

The 13.6kb fragment also hybridises with a A DNA
probe (Fig.3.9). ©Only two R.EcoRI fragments (13.6kb
and L4.6kb - data not shown)  and two R.HindIII
fragments (25kb and 4.0kb - Fig. 3.2(b)) in ™23 DNA
cross-hybridise with A DNA. Equivalent fragments are
found in digests of C600 but not AB1157 DNA (Figs. 3.1
and 3.9). The L4.6kb R.EcoRI fragment is internal to
the 25kb R.HindIII fragment (see legend to Fig. 3.2(b)).

Since the L4.0kb R.HindIII fragment is not cleaved by
R.EcoRI (Fig. 3.2(b), tracks (b) and (f)) it must
therefore be internal to the 13.6kb R.EQQRI fragment
(see Fig. 3.12(a)).

(ii) Restriction endonuclease fragments close to or
spanning PB' cross-hybridise uniquely with the Arev
substitution

Arev DNA has an R.EcoRI site internal to its sub-
stitution and lying to the left of its hypothesised
attachment site at the left end of the heavy line in
Fig. 3.5(b). Thus Arev DNA should hybridise with

two R.EcoRI fragments situated at the end of the
prophage remote from the fragments discussed in (i)
above. The right hand of these two fragments should
contain the hybrid attachment site PB' and will only be
seen with a Arev probe. The left hand fragment will
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(a) Fragments in C600 and AB1157 DNA which share homology
with the purified A891 substitution. Electrophoresis
was carried out in a 1% agarocse gel. Tracks %a) and
(b): R.EcoRI digests of C600 and AB1157 DNA
respectively. Tracks (c) and (d): R.HindIII digests
of C600 and AB14157 DNA respectively. Tracks (e) and
(f): R.EcoRI + R.HindIIT digests of C600 and
AB1157 DNA respectively.

(b) DNA from the E.coli K12 strain CS520 resembles
AB1157 DNA in its hybridisation with the A891
substitution. Zlectropnoresis was carried out in a
0.7 agarose gel. Digests of C600 DNA are included
for comparison. Tracks (a), (b) and (e¢): R.EcoRI
digests of C600, AB1157 and CS520 DNAs respectively.
Tracks (d), (e) and (f): R.EcoRI + R.HindIII digests
of C600, AB1157 and CS520 DNAs restectively. CS8520
is a A\ lysogen. Secondary bands in tracks (c) and
(f) result from hybridisation between contaminating
A DNA in the probe and the DNA fragments which derive
from the A prophage (data not shown).



(iii)

share only slight homology with the Arev substitution
but may also hybridise with A DNA (Fig. 2.12(a)).

A LL,2kb R.EcoRI fragment which hybridises uniquely
with the Arev substitution is present in both ¥ 23
(Fig. 3.2(c)) and C600 (Fig. 3.9) DNAs (but not in
AB1457 DNA). This L.2kb fragment must therefore be
the right hand of the two fragments discussed above
(see Fig. 3.12(a)). All but one of the R.EcoRI
generated DNA fragments of ¥ 23 which cross-hybridise
with Arev DNA (Fig. 3.2(c)) have now been identified.
The remaining L.6kb fragment must therefore be the
left hand of the two fragments discussed above (see
Fig. 3.12(a)). This fragment shares considerable
homology with A DNA. Both the 4.2kb and the L.6kb
fragments are contained within a 25kb R.HindIII
fragment (see legend to Fig. 3.2(b)).

AB1157 DNA is specifically deleted for Rac prophage
DNA seqguences

In addition to the R.ECORI fragments discussed above,
the Arev (but not the A891) substitution hybridises
with a 17.5kb R.EcoRI fragment in C600 and AB1157 DNA
(Figs. 3.8 and 3.9). No fragment of this size is
detected in ™23 IDNA (Pig. 3.2(c)). This homology
represents cross-hybridisation between the Rac

prophage sequences carried by Arev (but not A891) DNA
and another defective prophage, located elsewhere on
the E.coli K12 chromosome (see Chapter 5). The 17.5kb
fragment is associated with a 28kb R.HindIII fragment

" which shares homology with A DNA and is present in

both C600 and AB1157 (but not M23) DNA (data not
shown) . '

Other than the 17.5kb R.EcoRI fragment discussed
above, no R.EcoRI fragments which share homology with
the Arev substitution can be found in the DNA of
AB1157 (Fig. 3.9), suggesting that this strain is
deleted for the Rac prophage. It seems probable that
a precise excision event occurred in one of the
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Fige 3.9 Autoradiograrh showing hybridisation of A and
Arev DNA probes with R.EcoRI digests of
C600 and AB1157 DNAs. Electrophoresis was
carried out in a 0.7 agarose gel. Tracks (a)
and (b): A-homologous fragments in C600 and
AB1157 DNA di%ests respectively; the filter was washed in
L x SSC at 65°C subsequent to hybridisation in 6 x SSCP at
65°C for 36 hours. A 13.6kb and a L.6kb fragment are
present in (a) but not in (b). A 6.5kb fragment has been
replaced by a L4.Okb AB1157 DNA fragment. Tracks (c) and
(d?: Arev-homologous fragments in C600 and AB1157 DNA
digests respectively. The filter was hybridised in
6 X SSCP at 65°C for 36 hours and washed in a 2 x SSC at
65°C in order to reduce relatively non-specific
hybridisation. Track (c): in addition to all fragments
seen with a A DNA probe, with a Arev DNA probe a 17.5kb, a
L.2kb and a 2.65kb fragment have been detected and the
relative intensity of the 13.6kb band has been greatly
increased. Track (d): only a 17.5kb fragment is detected
due to homology with the Arev substitution (c.f. track (b)).



ancestors of AB1157, regenerating the bacterial
attachment site BB'. If this view 1s correct,

AB1157 DNA should retain homology with the A891
substitution (Fig. 3.12(a)) as this DNA fragment
carries bacterial DNA in addition to prophage DNA.
Turthermore it should be possible to find E.coli K12
strains derived independently of AB1157 which are

also deleted for the Rac prophage .and, if the excision
event is specific, these strains will show the same
homology with the A891 substitution as does AB1157 DNA.
CS520 is such a strain (Fig. 3.8(b)). In this

E.coli K12 strain no DNA sequences derived from the
Rac prophage can be found (data not shown). The

A891 substitution hybridises with the same size
fragments in both AB1157 and CS520 DNAs.

(f) A physical map of the Rac prophage.

The Arev substitution contains a small region of DNA to
the right of the R.HindIII site which defines the right end
of the A891 substitution (Pig. 3.5). Thus, one would
expect an R.HindIII fragment in C600 but not AB1157 DNA to
hybridise with the Arev but not the A891 substitution.
Comparison of Fig.32(b) (tracks c and d) with Fig.38(a)
(track c) shows that only the Arev substitution shares
homology with a 2.4kb R.HindIII generated fragment which
must therefore be within the 13.6kb A-homologous R.EcoRI
generated fragment discussed in Section 3.2(e) (see Fig.12(a)).

This 13.6kb R.EcoRI fragment in C600 and F23 DNAs
which shares homology with A DNA (via an internal L4.Okb
R.HindIII fragment), with the A891 substitution (via a 2.45 kb
R.EcoRI + R.HindIII fragment) and with the Arev substitution
(via a 2.45kb R.EcoRI + R.HindIII fragment .and an internal
2.4kb R.HindIII fragment) lies internal to the Rac prophage
(see above and Fig. 3.12(a)) and has been shown to contain
the replication origin oriJ (Diaz et al, 1979; and see
Section 3.2(g)).The cleavage map of this fragment was kindly
made available to me prior to publication and is in agreement
with my data. Their map includes two internal R.HindIII
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fragments (L.Okb and 2.Lkb), the smaller of which overlaps
slightly with the right hand end of the Arev substitution.
The larger internal R.EindIII fragment (L.Okb) is the ohly
region of the 13.6kb R.EcoRI fragment which shares homology
with A DNA (see above and Fig. 3.2(b)). One end of the
13.6kb fragment overlaps with a large R.HindIII fragment,
present in C600 DNA but not in AB1157 DFA (Diaz et al, 1979).
Dizz et al estimate the size of this fragment as 14Md
(approximately 22kb). Since estimates of fragment sizes in
this range are open to considerable error this fragment
could be the 25kb, A-homologous, R.HindIII fragment
described above and which carries the hybrid attachment site
PB' and DNA segquences homologous to the Arev substituticn.
The following evidence supports this.

Libraries of bacterial colonies containing fragments of
FM 23 DNA linked to plasmid vectors were screened with X891 and
Arev DNA'probes by the colony hybridisation procedure
(Grunstein and Hogness, 1975). In this manner, several
recombinant plasmids which contain ™ 23 DNA fragments derived
 from the Rac prophage were isolated (Table 1.3 ). Of
particular interest were the plasmids pK9 (pBR3250rid) and
pK8 (see Section 3.2(h)) which contain a 13.6kb and a 8.4kb
R.ZcoRI generated fragment respectively, and pK12 which
contains a 25kb, R.HindIII generated, DNA fragment.
Mapping of these plasmids with the enzymes R.EcoRI and
R.HindIII and cross-hybridisation studies between the cleaved
plasmids and A or Arev DNAs (data not shown) showed the
cloned fragments to be equivalent to those previously
recognised as belonging to the Rac genome (see Fig. 3.12(a)).

The 13.6kb fragment carried by pK9 is indistinguishable
from that isolated by Diaz and Pritchard (Diaz and Pritchard,
1978; Diaz et _al, 1979). However in contrast with the
oriJ containing plasmid constructed by Diaz and Pritchard
(Diaz et al, 1979; see also Section 3.3) pK9 is capable of
autonomous replication in both rac’ and rac” bacteria since
it retains the pBR325 origin of replication.

Figs. 3.10(a) and 3.10(b) show R.EcORI and R.HindIII fragment
respectively in C600 DNA which cross-hybridise with the
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Pigs 5.104 R.EcoRI and R.HindIII fragments in the DNA

(a)

(v)

of Ch00 which share homology with Arev and
pPK9 DNAs. Electrophoresis was carried out
in a 0.7% agarose gel. :

R.EcoRI digests of C600 DNA. Both Arev and pK9

DNAs cross-hybridise with a 13.6kb fragment in C600
DNA.

R.HindIII digests of C600 DNA. Both Arev and pK9
DNAs cross-hybridise with a  25kb R.HindIII fragment
in C600 DNA. In the case of the Arev probe, an
eight hour exposure (upper half) and a four day
exposure (loweer half) have been combined.



DNAs of Arev and pK9. The pBR325 vector itself shares no
homology with Z.coli¥K12 DNA., Fig. 3.10(a) shows that the
413,6kb fragment identified above by cross-nybridisation with
A and Arev DNAs in digests of C600 and F123 DNas (Fig.3.2(c)
and Fig.3.9)is indeed the same size as the R.ZcoRI fragment
in C600 DNA with which pK9 cross-hybridises. rig. 3.10(b)
shows that the 13.6kb R.EcoRI fragment in pX9 cross-
nybridises with a large R.HindIII fragment (25kb) in C600
DNA which is equal in size to the A-homologous fragment
described in Section 3.2(e) and which carries the hybrid
attachment site PB'. R.HindIII fragments internal to the
13.6kb fragment (2.4kb and L4.0Okb) and the 7.6kb R.HindIII
fragment which comprises the A891 substitution and contains
the hybrid attachment site BP' are also observed (see also
Fig. 3.12(a)). In both R.EcoRI (Fig. 3.10(a)) and R.EindIII
(Fig. 3.10(Db)) digests of C600 DNA, several additional
fragments are identified by a pK9 probe. Their origih is
discussed in Section 3.3.

The insert in pKi12 is the 25kb R.EindIII fragment which
spans the Rac prophage hybrid attachment site PB'., Only
two fragments are generated from within the 25kb fragment by
digestion with R.EcoRI (data not shown), these being the
L.6kb and the L.2kb fragments described above and which
share homology with the Arev substitution. Cross=-
hybridisation studies show that thecloned fragments in pK9
and pK12 share homology via a Y4.7kb R.EcoRI + R.HindIII
fragment as expected (data not shown but see Fig. 3.12(a)
and legend to Fig. 3.11).

Fig. 3.11 shows restriction endonuclease generated
fragments in P23, C600 and AB1157 DNAs which cross-
hybridise with pK12 DNA. _ 4s expected a L.2kb, a L.6kb and
a 13.6kb fragment are identified in R.EcoRI digested F123
and C600 DNAs but not in AB1157 DNA. A 15.0kb fragment
is seen in all these DNAs and must therefore overlap with
the end of the 25kb DNA fragment not contained within the
Rac prophage (Fig. 3.12(a)). As with a pK9 probe,several
additional and relatively less intense bands are identified
with a pK12 probe in BE.coliK12 DNA (see Section 3.3).
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Pige. 311 Autoradiograph showing fragments in 23,
C600 and AB1157 DNAs which cross-hybridise
with pK12 DNA (compare with Fig. 3.12(a)).
Electrophoresis was carried out in a 0.7%
agarose gel. Tracks (a), (b) and (c): R.EcoRI generated
DNA fragments in ™23, C600 and AB1157 DNAs respectively.
A 4.2kb, a 4.6kb and a 13.6kb fragment are unigue to
™M 23 and C600 DNAs. A 15,0kb fragment is observed in all
three DNAs. Tracks (d) and (e): R.EindIII generated
fragments in C600 and AB1157 DllAs respectively. The 25kb
insert in pK12 cross-hybridises with an eqguivalent fragment
in C600 but not in AB1157 DNA. Tracks (f) and (g):
R.EcoRI + R.HindIII generated fragments in C600 and AB1157
DNAs respectively. The L.7kb fragment in C600 DNA digest
is the region of overlap between the 13.6kb and 25kb
fragments.



Since cloned DNA fragments (in either phage or plasmid
vectors) are now available which cover the entire Rac
genome, it is possible to construct a complete physical mav
of the Rac prophage (Fig. 3.12(a)). Similarly it is
possible to deduce the positions of R.EindIII and R.EcoxI
targets flanking the postulated attachment site BB' in .
AB1157 DNA. These latter positions are in agreement with
the data of Fig. 3.8. The map of the Rac prophage (Fig.
3.12(a)) shows the approximate position of the recE gene
(ggg and possibly ;gg), the hybrid attachment sites BF'
and PB', the regions of homology with A, and the
replication origin orid. This map is consistent with all
of the results presented above and with those of Diaz et al

(1979).

(g) Rare derivatives of C600 have been specifically deieted

for the Rac vprophage.

The 13.6kb, R.EcoRI generated DNA fragment described
by Diaz and Pritchard (1978), and which carries the Rac
origin of replication (oriJ) was isolated as a recombinant
plasmid (oriJ-Ap), the second component of which is a DNA
fragment (the Ap fragment) coding for ampicillin
resistance but incapable of self-replication. Transforma-
tion of a suitable bacterial strain and selection for
ampicillin resistance yielded colonies containing the oriJ-Ap
plasmid. Fortuitously, the recipient strain used was
AB2463, a recA derivative of the rac” strain AB1157.
Subsequent attempts to transform a: fmmber-of other Z.coli K12
strains (all of which were probably rac’) with the oriJ-Ap
plasmid were unsuccessful. Conseguently it seemed
pPossible that orid replication functions are repressed in
rac® hosts (Diaz and Pritchard, 19785 DBiaz et al, 1979).
‘The simplest explanation of these results is that the 13.6kb
DNA fragment carries an origin of replication, other
essential functions for autonomous replication not
provided by the host, and a repressor binding site.
Introduction of the oriJ-Ap plasmid into a ggg+ host in
which the prophage repressor is present would therefore
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Fig.

(a)

(v)

3012,

A physical map of the region of the C600 chromosome
which contains the Rac provhage. Ixcision of the
prophage leads to regeneration of the bacterial
attachment site and production of a circular DNA
molecule. The symbols used are as fcllows:

¥, R.EcoRI site; A , R.HindIIT site; B and B',
elements of the bacterial attachment site; P and P°',
elements of the phage attachment site ;soooos , bacuerlal
DNAj e s Prophage restriction endonuclease fragments
whlch share detectable homology with A DNA. Sizes

of R.ZcoRI and R.EindIII fragments are shown
1mmed1ate1J above and below the line respectively.
Sizes of some other DNA fragments are indicated.
Regions of DNA contained within the A891 and Arev
substitutions and within the recombinant plasmlds
described in this chapter are shown. The reci gene
which is carried by Arev, and by inference by A8%1,
must lie to the right of BP' and in the region of

the prophage these phages have in common. Only the
approximate relative loci of oriJ (see Diaz et al,
1979) and recE can be shown.  Prophage excision at
the hybrid attachment sites generates a circular

DNA molecule containing the phage attachment site
(PP'), the recE gene and orid. The bacterial
attachment site %BB ) is regenerated within the
bacterial chromosome (as in AB1157). The orientation
of the prophage with respect to external markers
remains unknown,

Proposed model for generation of Arev phages by
recombination between A DNA and the circular DNA
molecule formed by ex0131on of the Rac prophage
(i.e. at xx' and yy'). The heavy line denotes the
region of Arev DNA derived from the Rac rophage.
R.EcoRI sites (V¥) and R.HindIII sites (A§ are shown.



inhibit replication of the plasmid. On the other hand,
replication would proceed normally in derivatives of

AB1157 in which there is no prophage respressor. On this
hypothesis the oridJ-Ap plasmid would have no repyressor - gene
of its own or one which was poorly expressed. Since by
analogy with A one would expect the prophage repressor gene
to lie to the left of orid, to the right of the region of
the prophage common to the Arev and A891- substitution, close
to the repressor binding site (probably analogous to OR)
which controls expression of replication functions, and
therefore within the 13.6kb orid fragment (Fig. 3.12(a)),
the latter hypothesis seems the most probable.

Diaz et 21.(1979) showed that rare oriJ-Ap transformants
of'ggg+ strains do arise at approx. ‘lO")'Ir of the transforma-
tion frequency for ggg- strains. It was found that Aps
segregants of these rare transformants arose with high _
frequency and they were presumed to have lost the plasmide.
YWhen these segregants were in turn transformed with cocrid-Ap
they showed transformation frequencies close to those
obtained for AB1157 and its derivatives. 1EL51 and LELS2
are two such segregants derived from the strain LEL50, a
recA” derivative of C600 (Diaz et al, 1979). Hybridisation
analysis showed LE451 and LEL52 DNAs not to contain
sequences homologous with the oriJ-Ap plasmid (Diaz gt al,
1979). It therefore seemed probable that these strains,
like AB1157 and its derivatives, are specifically deleted
for the Rac prophage. It is possible that such cells
arise spontaneously but at low frequency in a culture of
ggg+ bacteria.

In order to test whether IEL51 and LEL52 -are
specifically deleted for the Rac prophage, BNA'Was-isolated..
£rom these stralns and from thelr progenltor, -ILEL50, and ™
‘the hybridlsauicn behav1our of these DNAs with xrev and
7891 DNA probes was compared with that of AB1157 (and
E.coliC) DNAs with the same probes.. 1E450, LEL51, and LEL52
were provided by Ramon Diaze. The hybridisation patterns
in C600 and LE450 DNAs with a A or Arev probe are
indistinguishable, indicating that IEL450, like C600,
carries an intact Rac prophage (data not shown).



Fig. 3.13(a) shows those R.ZcoRI generated fragments
in these DNAs which cross-hybridise with Arev DNA.
Fragments for which sizes are indicated derive from the Rac
prophage in LEU50 DNA. Unidentified fragments are derived
from other lambdoid prophages in Z.coli K12 strains (see
Chapter 5). Like AB1157 DNA, LE451 and LEL52 DNAs appear
to be deleted for Rac prophage DNA sequences. The
hybridisation pattern seen in E.coliC DNA digests does not
appear to be related to that seen in E.éoli K12 INA.

Fig. 3.13(b) shows those R.ZcoRI generated fragments
in the same DNAs which cross-hybridise with A891 DNA. As
described in Section 3.2(e), strains such as AB1157 that
are specifically deleted for the Rac prophage retain
homology with the A891 substitution. This homology resides
within a 10.1kb, R.EcoRI generated fragments in AB1157 DNA:
(see Fig. 3.12(2)), TFig. 3.13(b) shows that an
indistinguishable fragment is carried by LEL51, LE452 and
E.coliC DNAs. Thus, ILE451 and LEL52 DNAs, like AB1157 DNA
would appear to be specifically deleted for the Rac prophage.
Since E.coliC DNA also carries a 10.1kb fragment that shares
homology with A891 DNA, E.coliC may contain an attachment
site for Rac.

(h) Lysogenisation of rac” strains by Arev and A891.

Specific excision of the Rac prophage would lead to the
regeneration of the bacterial attachment site, BB', as
appears to have occurred in an ancestor of AB1157. If BB'
were a primary attachment site for the Rac prophage, then
by analogy with A, lysogenisation of AB1157 by Arev should
occur at high frequency since the Arev phage carries the
phage attachment site PP'. However, Arev does not
lysogenise AB1157 efficiently although it integrates quite.
efficiently close to the rac locus in a recA ract strain.
(Gottesman et al, 1974). Site specific integration into
one of the hybrid attachment sites of the Rac prophage
would be consistent with the latter observation. BB'
does not therefore appear to behévé“és a primary attachment
site for Arev. It is possible that BB' is equivalent to a
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Fig. 3.13: Electrophoresis was carried out in 0.7% agarose

(2)

()

gels.

R.EcoRI generated fragments which cross-hybridise with
Arev DNA in DNAs prepared from the E.coli strains -
discussed in Section 3.2(g). Fragments for which
sizes are indicated derive from the Rac prophage in
IEL50 (C600recA) DNA (see Fig. 3.12(a)). Unidentified
fragments in the E.coli K12 DNAs zsre derived from

other lambdoid prophages (see Chapter 5). LE451 and
ILEL452 DNAs, like AB1157 DNA, are deleted for Rac
prophage sequences.

R.EcoRI generated fragments which cross-hybridise with
A891 DNA in the same DNAs as are described in Fig.
3.13(a). LE451 and LE452 DNAs, like AB1157 DNA, carry
a 10.1kb fragment characteristic of the region
surrounding the bacterial attachment site for Rac in
E.coli K12, and possibly E.coli C-1a, DNAs (see Fig.

3.12(a)).



secondary attachment site for Arev, and that no primary
attachment site for this phage is present in E.coli K12
strains. Alternative interpretations of the low rate of
lysogenisation of AB1157 by Arev are that AB1157 has a
mutated attachment site, or even that the integration
behaviour of Arev does not resemble that of A.

In an attempt to distinguish these hypotheses, the
frequency of lysogenisation of C600,AEﬂ157,LEu50;EE451 and
1EL52 by Arev has been measured and DNA prepared from
representative lysogens has been examined by hybridisation
methods as a check on the specificity of integration.

Table 3.1 shows the frequency of lysogenisation by
Arev and A891 in the above strains relative to the
lysogenisation frequency for A in those strains, As shown
by Gottesman et a2l (197L) the frequency of lysogenisation
by Arev is relatively independent of the recA genotype of
the host. However, the frequencies shown in Table 3.1 for
lysogenisation by Arev in C600 (or LE450) and AB1157 are
somewhat higher (x10 and x10° respectively) than those
recorded by Gottesman et al (1974) in similar, and in the
case of AB1157, identical strains. This feature remains
unexplained. Nevertheless, as shown by Gottesman et al,
(1974), Arev forms lysogens far less readily in AB1157
than it does in.Rac+ strains. Table 3.1 reveals no
significant differences between the frequencies of
lysogenisation by Arev in AB1157, LE451 and LEL52 and
therefore if the integration of Arev in these strains is
specific (as it seems to be; see below), the attachment
sites (BB') carried by AB1157, LE4L51 and LEL52 are
indistinguishable. Thus, the low frequency of lysogenisa-
tion by Arev in Rac  strains (c.f. the high frequency of
lysogenisation by A in non-lysogenic strains) is not
peculiar to AB1157 and would therefore appear to be a
genuine feature of Arev (and hence Rac) integration
behaviour.,

Table 3.1 also shows the lysogenisation frequencies
of A891 in the above strains. A891 carries the prophage
hybrid attachment site BP' (see Fig. 3.12(a) and might
have been expected (by analogy with A) to behave like a



Strain RecA Lysogenisation frequency
Phenotype

A Arev A891
c600(Ract) + 1. (8/10) 1.3x107" (2/20) 0.8x10™" (1/20)
AB1157(Rac”) 1 (10/10) 0.8x1072(18/20) 0.8x107>(10/10)
12450(Rac™) - 1 (9/10) 0.8x1071(20/20) 0.Lx10™" (20/20)
LELS51 (Rac™) - 1 (10/10) 0.3x1072(20/20) Net.
LE452(Rac”) - 1 (10/10) 0.7x10"2(20/20) o.Lmo‘L'+ (2/20)

TABIE 3.1. Lysogenisation by Arev and A891 in Rac'’ and Rac
strains.,

Lysogenisation frequencies were determined as described
in Section 2(h) and are expressed as a fraction of the
lysogenisation frequency for A in a particular strain. A and
Arev lysogens were selected in the presence of 109 p.f.u.
each per plate of AcI26 and NEB?SE; A891 lysogens in the
presence of 109 p.f.u. each per plate of ximm21

82. 219 . _ e —
Ah”"imm~ clear. el

, f;lgsf% form lysogens.

clear and

repression and so:. do . Selection with

such phages ensures that/non-lysogenic cells are killed. g82
phages have the host specificity of the lambdoid phage £82.
Selection with both Q82 and gh phages ensures that resistant
bacteria, the majority of which are resistant to only one of
these phages, will arise relatively infrequently. '
Numbers in parentheses indicate the fraction of non- .

resistant clones after approx. 20h. growth at 3300. Where
this fraction is low, estimates of lysogenisation freguency
can only be taken as approximate.

n.te. not tqsted.



Agal transducing phage which carries the A prophage

hybrid attachment site BP' (see Fige. 1.2). Agal does not
integrate efficiently into a non-lysogenic host (BP' x BB')
although it does integrate efficiently into a heteroimmune
lysogen (BP' x BP') (Gottesman and Weisberg, 1971). As
Table 3.1 shows, A891integrates almost as efficiently as
does Arev into a.gac+ host (C600 or LELS50). Integration is
probably of th%m§f' X BP' variety but the specificity of
integration has(been checked. A891 integrates very
inefficiently (and at least one order of magnitude less
efficiently than Arev)in Rac™ strains (AB1157 and IEL52).
Thus, A891 would seem to behave in a similar fashion to
Agal although, since the integration behaviour of Arev
does not appear to be analogous to that of A, this
similarity may be superficial.

DNA was prepared from representative AB1157(Arev) and
LEMBZ(R;gx) lysogens and radiocactive probes were used to
check on the specificity of integration of Arev in Rag-
strains. The probes used were Arev DNA and the recombinant
plasmid pk8. The isolation of pK8 is described in Section
3.2(f). This plasmid carries an 8.4kb, R.EcoRI generated
DNA fragment which spans the hybrid attachment site BP' of
the Rac prophage (see Fig. 3.12(a)). PFig. 3.14 shows
R.EcoRI generated fragments in the DNAs of AB1157(Arev) and
LEL452(Arev) lysogens which cross-hybridise with these probes.
As explained in the legend to Fig. 3.14, Arev appears to
integrate at the correct attachment site for Rac (and hence
Arev) in Rac strains.
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Fig. 3.14. The Arev genome integrates site specifiically
at the attachment site for Rac (BB') in Rac ™
strains. All DNA fragments were generzted by
cleavage with R.ZcoxI. Electrorhoresis was

carried out in a 0.7 agarose gel.

Tracks (2) to (e): Arev DNA probe.. Track (a); JC7661

DA JC7661 carries three, probably tandemly repeated,

copies of the Rac genome (see Section 4.2(b)). The 2.45kb

fragment in this DNA derives from the junction between two
such prophages and is thus equivalent to the same size
fragment which spans the attachment site PP' in Arev (see

Fig. L.4(b)). Tracks (b) and (c): INAs prepared from two

independently isolated AB1157 (Arev) lysogens. The

presence of a 2.45Kb fragment in these DNAs suggests that
both carry tandemly repeated copies of the Arev genome.

Track (d): LEL52(Arev) LNA. By the above criterion, this

strain carries only a single copy of Arev. Track (e):

AB1157 DNA. The presence of a 4.2kb and an 8.4kb band in

tracks (b), (c) and (d) (the latter is largely obscured in

these tracks by a slightly smaller fragment internal to the

Arev genome, but see tracks (g) and (h)) suggests that

Arev has integrated at the attachment site for Rac (BB') in

AB1157 and LEL52 DNAs, thus regenerating those DNA fragments

which span the hybrid attachment sites in Rac’ strains (see

Fig. 3.12(a)). The L.Okb (AB1157 derivatives) and the

6.5kb (other strains) fragments are derived from a second

lambdoid prophage in B.coli K12 strains (see Chapter 5).

Tracks (f) to (i): pK8 INA probe. Track (f): AB1157
DNA. The 10,1kb fragment spans the attachment site BB'-im: .
Rac™ strains (see Fig. 3.12(a)). Track (g): LEL52(Arev) -
DNA. Tracks (h) and (i): +the same AB1157(Arev) lysogen
DNAs as in tracks (c) and (b) respectively. The 8.L4kb
fragment is seen in all three lysogen DNAs and is exactly
equivalent to the cloned fragment in pK8 which spans the
hybrid attachment site BP' in Rac* strains (see Fig. 3.12(a)).
The 2.45kb fragment observed in tracks (b) and (c) shares
homology with pK8 via the small region of prophage (rather
than bacterial) DNA that the insert in this plasmid carries
(see(F%g. 3.12(a)) and is therefore also seen in tracks (h)
and (i).

These results indicate that Arev integrates site
specifically, and in the correct orientation, at the
attachment site for Rac (and hence Arev) in Rac™ strains.



3.3, DISCUSSION.

The experiments described in this chapter confirm the
hypothesis of Low (1973) that the chromosome of many
E.coli K12 strains contains a prophage (the Rac proohage)
located close to the trp oreron.

The Rac prophage has the following properties. It
may be induced and lost from the chromogome, probably by
precise excision of the prophage. Such an event must
have occurred in one of the ancestors of AB1157 and has
also been observed in rare orid transformants obtained from
rac’ strains (LELS1, IEL52). The data suggest that the
prophage, by analogy with the A prophage, retains
functionél hybrid attachment sites (BP' and PB') flanking
the prophage genome. Evidence for a recombination function,
Der - (Gottesman et al, 197L), a restriction alleviation.
function, Lar.. (Toothman, personal communicafion),aﬁd o
probably an integration function is available (Gottesman
et al, 1974). Der and Lar are thought to be functions of
the recE gene product (Gillen et al, 1977). Since the
ancestor of the Rac prophage is unknown, the maintenance
of a specific immunity pattern is not readily observed.
That such an immunity pattern exists however, is suggested
by the apparent zygotic induction of the rac locus after
transfer by mating into a rac (AB1157) cell (Low, 1973)
and by the low efficiency of transformation of g§g+
bacteria by a plasmid whose replication is driven by the
prophage replication origin, ~oriJ (Diaz and Pritchard,
1978; Diaz et al, 1979). This latter result is
explained if repressor binds to a site in the oriJ plasmid,
thereby preventing expression of genes whose products are
necessary for replication. By analogy with A one would
expect to find the prophage repressor gene to the left of
oriJ (Fig. 3.12(a)) and close to the repressor binding site.

These A derivatives characterised by replacement of
the genes Q, 8 and R with analogous genes (g',,s' and r')
derived from the E.coli K12 chromosome cannot be isolated
from the rac™ strain AB1157 (Strathern and Herskowitz, 1975;
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Henderson and Weil , 1975) and might therefore be expected
to include a region of the Rac prophage. This is not the
case. The positions of the cleavage sites for R.EcoRI and
(kbz o4 and Kg;gép) were detorplned. RadloaCulve probesmade
ffom the DIiA of these phages reveals a region equivalzant to
the gsr' substitutiorsin the DNA of C600. This region,
which is closely associated with A-homologous segucences,

is not carried by ™23 and is altered in AB1157 DNA, It
seems probable that gsr' phages are generated by
recombination between A and a defective lambdoid prophage,
distinect from the Rac prophage, and present at an, as yet,
unidentified site on the E.co0liK12 chromosome. The origin
of Agsr' phages is discussed more fully in Chapter 5.

The size of the Rac prophage genome (approx1mately
25kb) is in keeping with that of a lambdoid phage
extensively deleted for the late genes. Two regions of
the prophage share homology with A DNA, However, these
regions probably amount to no more than a few per cent of
the prophage genome. The extent of homology between the
Rac prophage and the DNAs of gm 61, #§m 151, # 21 and L34
which are related to A by DNA homology (K. Kaiser, data not
shown; Simon gt al, 1971 ) was investigated.- ©m 61 and
Zm 151 are Spi~ (Tsygankov et al, 1976) but do not share
homology with the Rac prophage sequences in Arev DNA
(K. Kaiser, unpublished observation). None of these
phages appears to be significantly more closely related
to the Rac prophage than does A,

DNA from both ends of the Rac prophage is brought
together within the Arev substitution. A model for the
generation of Arev phages which is consistent with this
observation is shown (Fig. 3.12(b)). This model involves
recombination between A DNA and the circular molecule
produced as a consequence of excision of the Rac prophage
and, in its simplest form, would involve recombination
between sequences common to A DNA and the Rac prophage
(i.e. at xx' and yy' in Fig. 3.12(b)). Such homology is
observed within the R.EcoRI fragment spanning x and may
thus define the end point of the substituted DNA. Homology
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between the y and y' regions remains to be demonstrated
however, and is inferred only because the recombination

event which generates Arev appears to be specific,
indevendent Arev isolates being identical on the basis of
heteroduvlex mapping (Gottesman et al, 1974). Arev

phages can be generated in the absence of rech, recB and A
recombination functions (Zissler et al, 1971). However it

is possible that the recE product, which.is able to catalyse
generalised phage recombination in recA hosts (Zissler et al,

1971 ) or illegitimate recombination is involved.

Gottesman et a2l (1974) found that the freguency of
lysogenisation by Arev in the gac— strain AB14157 is very low,
although as shown above integration in this strain, when it
does occur, is site specifice. Thus, by analogy with A, BB
does not appear to behave as a primary attachment site for
Arev (and hence Rac). As discussed in Section 3.2(h), this
could be so for several reasons, one of which is that AB1157
has a mutated attachment site. Since the frequency of
lysogenisation by Arev in other independently isolated Rac™
strains (IELS1 and LEL52) is essentially the same as that in
AB1157, it seems more probable that the observed integration
behaviour in Rac~ strains is a normal state of affairs, at
least as far as the E.coli K12/Rac system is concerned. It
is conceivably possible that BB' is equivalent to a secondary
attachment site for Arev (and hence Rac), and that no primary -
attachment site for this phage is present in E.coli Ki2
strainse.

Diaz et a2l (1979) observed several minor homologies
between the R.EcoRI fragment containing orid and E.coli X12
DNA. Similar homologies are apparent in Fig. 3.10. The
additional fragments appear to represent a class of repeated
DNA sequences in the E.coli K12 chromosome, one member of
which lies within the Rac prophage. All E.coli K12 DNAs
tested contain such a set of fragments (data not shovn).
However, a comparison of different E.coli K12 DNAs usually
reveals differences in the position of one or two of these
fragments, consistent with them containing a transposable
DNA sequence, repeated about 8-10 times in the E.coli K12
chromosome,
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Although this thesis is primarily concerned with the
investigation of A-homologous seguences in the DNAE of
Be.colli K12 and its derivatives, several other Z.coli and
closely related enterobacterial DNAs have been investigated
for the vresence of A-nomologous sequences and also for the
presence of DNA fragments diagnostic of the Rac prophage or
a derivative of it. In all, 19 independently isolated
E.coli strains (K12, B, C-1a and 16 more .,recent clinicsal
isclates), L4 different subspecies of Shigella (boydii,

dysenteriae, flexneri and sonnei), and Salmonella typhimurium

LT/2 were investigated. The non-E.coli strains all share
considerable DNA homology with ZE.coli, have similar
chromosome organisation, and in several other respects appear
closely related to E.coli (Sanderson, 1976). Cross-
hybridisation studies between DNAs isolated from these
strains and A DNA showed all except one clinical E.coli
isolate to share considerable homology with A DNA. In no
two cases was an identical pattern of hybridisation
observed. The clinical isolates were not tested for the
presence of inducible lambdoid phages though in some cases
it may have been these that were obsarved. However, less
than 5% of independently isolated E.coli strains appear to
carry irducible lambdoid prophages (Jacob and Wollman, 1956;
Bertani and Bertani, 1971; Xrylov and Tsygankov, 1976).
Thus, in the majority of cases the observed homology
probably represents the presence of defective lambdoid
prophages in these strains,.

The same DNAs were then investigated with a A891 DNA
probe. In 3 of the c¢linical E.coli isolates and also in
E.coliB an 8.4kb and a 2.65kb R.EcOoRI generated fragment
were observed., These fragments did not cross-hybridise
with A DNA and are therefore disgnostic of a Rac prrophage
(or a derivative of it) in these strains (see Fig. 3.12(a)).
The use of a A891 DNA probe only allows one end of the Rac
genome to be investigated (i.e. that which surrounds the
hybrid attachment site BP'). Howeverj-this probe cross-
hybridises with the DNA of strains (such as AB1157) which
carry an attachment site for the Rac prophége, in which
case a 10.,1kb, R.EcoRI generated fragment, which shares no.
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homology with A DNA, is observed. By this criterion, 6 of the clinical
Eecoli isolates, E.coli Q&iﬂ, and S, typhimurium LT/2 may carry an

attachment site for the Rac prophage.
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CHAPTER L4

The Nature of sbecA Mutations in E.coli K12




4.1. INTRODUCTION.

Conjugational transfer of the ggg+ locus into a
£§g+z§g§- cell provides transient recombination proficiency
in the recipient but very rarely results in the formation of
;gg+ recombinants (Low, 1973). By analogy with zygotic
induction of the A prophage, Low argued that recombination
actiﬁation might be caused by induction ‘of a prophage
exomuclease gene on entering a (;gg-) cell in which the
propnage, and hence the prophage repressor, is absent.

The low frequency of ggg+ recombinants suggests that the
(presumably defective) prophage genome is excised from the
donor chromosome as a result of induction but is readily
lost from the exconjugant progeny (Low, 1973). Further
evidence for a prophage repressor in ggg+ strains is given
in Chapter 3 (see also Diaz et 2l, 1979). The data in
Chapter 3 suggest that induction results in transient
expression of the Rac exonuclease gene (recE) accompanied
by a specific excision of Rac by recombination at the
hybrid attachment sites. '

This chapter concerns the nature of sbcA  (suppressor
of recB and recC; Barbour et al, 1970) mutations which
result in constitutive expression of recE (Templin,gg al,
1972; Clark, 1973; Kushner et 2l, 1974) and which restore
an exonuclease activity (ExoVIII), resistance to ultra-
violet radiation, and recombination proficiency to RecB and
RecC mutants. sbcA” mutations cannot be generated in
AB1157 (Templin et al, 1972) which is deleted for Rac and
which does not therefore possess recE. Two independent
sbecA™ mutations (gbcA6 and sbcA8) map close to rac and are
recessive to §pgé+ in §Qg§+/§gg§_ merozygotes (Lloyd and
Barbour, 1974) suggesting that Sbeat cells contain a
regulatory protein which interferes with expression of the
reckE gene and that SbcA  cells retain a binding site for
this protein. Since the exonuclease activity (ExoVIII)
found in SbcA ~ strains is a prophage encoded function, the
SbcA”~ phenotype would not appear to be accompanied.by
prophage excision. Thus, Low (1973) argued that the
§pg§f product cannot be the prophage repressor, mutations

. R ) . . . ) i v~ — B . e e ==
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in which would be expected to promote prophage excision with
conseguent loss of recE. In contrast to inheritance of rac,
Lloyd (1974) found that the freguency of inheritance of the
sbch allele in Hfr recB sbcA8 x F recB rac  (a recB”
derivative of AB1157) matings is consistent with the
segregation of sbcA as a conventional genetic locus rather
than as a component of an inducible prophage, as was the
apparent freguency of inheritance of the»§§g§+ allele in
the reverse (Hfr rac’sbcA” x F sbcA8) cross. Moreover,

the majority of the apparently sbeA® (i.e. Rec”) progeny

of the latter cross were also found to be Rac . Since in
theée experiments, sbcA and rac appreared to segregate as
independent genetic loci, Lloyd (1974) concluded that the
SbcA gene is not carried by the Rac prophage.

The experiments described below do not wholly support
the above explanations of the SbcA~ phenotype. Rather, it
appears that such a phenotype may arise from more than one
type of mutational change. In particular, the sbcA8
mutation appearsto be a deletion of part of the Rac prophage
genome in which the hybrid attachment siteﬂPB: and probably
the prophage repressor gene, have been. removed. By analogy
with the generation of A transducing phages it seems
probable that the sbcA8 mutation occurred by aberrant
excision of the Rac prophage.
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L.2 RESULTS.

(a) The Jc5412 (sbeA8) chromosome contains a partially
deleted Rac prophage.

Fig. L.1(a) shows fragments which cross-hybridise with
Arev DNA in the DNAs of JC5U12 (sbeA8) and C600 (rac’).
Sizes of those R.EcoRI generated fragments in C600 DNA
which derive from the Rac prophage are indicated. These
fragments cross-hybridise with the DA substitution in Arev
(see Chapter 3 and Fig. L4.4(a)). The fragments observed
in both C600 and JC5412 DNAs, and for which sizes are not
given, result from cross-hybridisation between Arev DNA
and another lambdoid prophage(s) located elsewhere in the
2.c0lik12 chromosome (see Chapter 5). R.EcoRI digested
JC5412 DNA also contains fragments derived from the Rac
prophage. Two of these fragments (8.4kb and 2.65kb) are
the same size as fragments present in C600 DNA and are
associated with the prophage hybrid attachment site BP'
in that DNA (Fig. 4.4(a)). This region of the Rac prophage
containe the exonuclease gene, rech (see Chapter 3), the
product of which (Exo VIII) is found in SbeA™ strains.

Other R.EcoRI generated fragments (13.6kb, L.6kb, L4.2kb)
which are seen in C600 DNA digests, and which derive from
the Rac prophage, are not observed in JC5412 DNA digests.
However, a new fragment (41.9kb) is seen in R.EcoRI digested
JC5L412 DNA with both a Arev (Fig. L.1(a)) and a A891 (Fig.
L.1(b)) DNA probe. This fragment does not cross- '
hybridise with A DNA (Fig. L.1(c)) and must therefore
derive from that region of the Rac prophage common to both
Arev and A891.

The simplest interpretation of these observations is
that the JC5412 chromosome is deleted for a substantial
portion of the Rac genome. R.2ZcoRI generated fragments
which are associated with the hybrid attachment site PB' in
ract strains (4.6kb and L.2kb) are not observed in JC5U12
DNA, nor is the 13.6kb fragment which contains the prophage
replication origin, orid, and at least one repressor
binding site, if not the prophage repressor gene itself
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Fig. L.l Restriction endonuclease penerated fragments in
JC5412 (sbcA8) and C60C DNAs which cross-

hybridise with (a) Arev DNA;

(e) A\ DNA.

(b) A891 DNA; and
1?‘1ec‘cx-o;_:whore51s was carried out in

O.7% agarose gels. Fragments for which sizes (in kb) are

given contain Rac prophage DNA seguences.

The 8.1kb

fragment seen in R.HindIII digested JC5412 DNA with either

a A\rev or a A891 probe contains all of ths
DNA sequences retained by JC5412 (see Figz.

other details see text.

Rac prophage
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(Diaz and Pritchard, 1978; Diaz et al, 1979). A map of
the R.EcoRI and R.HindIII targets around the partially
deleted Rac prophage in JC5412 DNA can be constructed from
the data of Fig. L.1 (Fig. 4.4(a)). Thus, the deletion in
JC5.12 extends from the right of the prophage and ends
within the 13.6kb R.EcoRI generated fragment found in rac’
strains. Undeleted DNA from the left end of the 13.6kb
fragment shares homology with both the Arev and A8
substitutions so that a new R.EcoRI generated fragment
(1.9kb) is observed in JC5412 DNA digests when either a
Arev or A891 probe is employed.

Lloyd (1974) transferred the sbcA8 allele from
HfrdC5412 into a recB  derivative of AB1157 (8583) and used
the resulting strain (S583sbcA8) in his experiments on the
inheritance of the sbcA8 (see Section L.1). DNA prepared
from S583sbcA8 shows the same pattern of hybridisation
with Arev DNA as does JC5412 DNA (data not shown).

(b) Other SbcA” mutants.

Fig. 4.2 shows R.EcoRI generated fragments which
cross-hybridise with Arev DNA in DNAs prepared from several
other SbeA™ strains: JC51 74 (sbcAtl), JC7661 (sbch23);
JC8679 (sbck23); PE108 (sbeAS0) and FPE138 (shcA51).

JC5491 is the recB recC sbeA’ progenitor of JC7661. The
“hybrldlsatlon pattern seen in J05491 DNA - dlgests is the same
es-that seen.in C600 DNA digests.

The hybridisation patterns observed in JC7661, PE108
and PE138 DNAs (Fig. L4.2(a)) have several features in’
common with each other. These DNAs all contain R.EcoRI
generated fragments of the sizes expected from an intact
Rac prophage (compare with R.EcoRI digested C600 DNA) but in
addition they each contain a new fragment (2.45kb) which
hybridises strongly with a Arev DNA probe. This 2.45kb
fragment also cross-hybridises weakly with A891 DNA but not
at all with A DNA (Fig. 4.3), and is therefore indisting-
uishable, both in size and hybridisation behaviour, from
the R.EcoRI generated fragment which spans the attachment
site (PP') in Arev DNA (Fig. L4.4(b)). Densitometer
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 JC7661

Fige L.2 R.EcoRI generated fragments which cross-
hybridise with Arev DNA in the DNAs of several
sbeA strains. Electrophoresis was carried out
in 0.7, agarose gels. Band sizes on the right

in (b) are for fragments which contain Rac prophage DNA

sequences. Band sizes on the left are for fragments which
derive from a second lambdoid prophage in Z.coliX12
strains (see Chap. 5). For other details see text.
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Pig. Lesd R.EcoRI generated fragments in CE00 and
JC7661 (sbcA23) DNAs which cross-hybridise
with A891 and A DNAs. Electrophoresis was
carried out in a 0.7 agarose gel (see text
for other details).



tracings of the tracks containing C600, JC7661, PE108 and
PE1 38 DNAs (data not shown), or even a comparison of those
tracks by eye, show that in the three sbcA  DNAs, bands

due to R.ZcoRI generated fragments which are internal to
the Rac prophage (e.g. 2.65kb, L4.6kb) are raised in intensity
relative to bands due to the two fragments (8.4kb, 4.2kb)
which span the hybrid attachment sites, and relative to
bands (e.g. 6.5kb) which derive from other lambdoid

- prophages. This observation is consistent with the presence
of _ multiple - copies of Rac in JC7661, PE108 and PE138.
The cobies could be present as tandemly repeated units
within the bacterial chromosome; as a concatameric, extra-
chromosomal molecule in a cell which carries one or more
copies of the prophage within the chromosome; or as a
number of monomeric, circular, copies of the prophage
genome in such a cell. For simplicity and since the.
prophage genome appears to be segregated at high frequency
from the progeny of a cell in which the prophage has been
induced (Low, 1973), only the former model is considered
below (Fig. L.4(b)). Thus the 2.45kb, R.EcoRI generated
fragments observed in JC7661, PE108 and PE138 DNAs with a
Arev DNA probe contains PP', spans the junction between two
Rac prophages, and is indeed equivalent to the 2.45kb
R.EcoRI generated fragment carried by the Arev substitution
(Fig. L.4(v)). This DNA fragment shares homology with the
A891 substitution via the small region of DNA carried to
the right of FP'. The relative intensities of the L.6kb
and 2.65kb (internal to prophage), the 8.4kb and L.2kb
(span hybrid attachment sites) and the 6.5kb (from second
prophage) bands (in Fig. L.2(a)) as measured from
densitometer tracings suggest that JC7661 is a tri-lysogen
and that PE108 and PE138 contain at least eight and twelve
copies of the Rac prophage respectively (data not shown).
In R.EcoRI digested PE108 and PE138 DNAs several new bands,
other than the 2.45kb band, are observed with a Arev DNA
probve., These may result from mutations within a fraction
of the repeated units in these DNAs. In particular R.ZcoRI
digested PE138 DNA contains a prominent new band (12.0kb)
which almost completely replaces the 13.6kb band in
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Physical maps of the region of the C600 chromosome
which carries the Rac prophage, and its derivative in
JC5412 (sbcA8). Regions of the Rac genome carried by
the Aprev and A891 substitutions are shown. Sizes of
R.EcoRI and R.HindIII generated DNA fragments are shown
immediately above and below the lines respectively.

Only the approxiﬂgge relative positions of phage markers

are known.  imm indicates the postulated position

of the prophage repressor gene and associated regulatory
functions. O indicates the hypothetical repressor
binding site which controls expression of the reckE gene.

Other symbols are described in the legend to Fig. 3.12(2a).

Tandem lysogeny. A di-lysogen is shown. Sizes of
R.EcoRI generated DNA fragments are indicated above the
line. If there are n tandemly repeated units of the
Rac geneme, DNA fragments totally contained within the
prophage (2.65kb, 13.6kb, L.6kb) are present as n copies;
fragments which span the junction between two prophages
(2.45kb) as (n-1) copies; fragments which span the
hybrid attachment site (8.4kb and L.2kb) as one copy.

The region which spans the junction between two
prophages is eguivalent to the Arev substitution.



intensity.. The simplest interpretation of this observation
is that many of the repezated prophage units in FPE138 carry a
small deletion (approx. 1.5kb) within the 13.6kb fragment.
An unexplained feature of the hybridisation patterns in
JC7661, PE108 and PE138 DNAs is that in each case the 13.6%kb
band, or its derivative in FE1 38 DNA, is less intense than
exvected from the predicted number of prorhages (but still
consideravly more intense than expected from only a single
copy of the prorvhage).

JC8679 (sbecA23) is an Exo VIII' derivative of AB1157.
JCB8679 was derived from one of the progeny of a mating
between HfrdC7661 (sbcA23) and JC5519 (a recBC derivative
of AB1157) (Gillen and Clark, 1977). - ‘

AB1157 and its derivatives are svecifically deleted for the
Rac prophage (see Chapter 3) and carry an internal deletion
within a second lambdoid prophage such that a 4.0kb R.EcoRI
generated fragment is identified with a A (or Arev) DNA
probe in place of the 6.5kb fragment identified in C600
DNA digests (see Chapter 5). By the criteria established
above JC8679 has acquired one intact copy of Rac from
JC7661 (Fig. L.2(b)). This copy appears to be located at
the correct attachment site (BB') for Rac in AB1157 since
the 8.4kb and 4.2kb R.EcoRI generated fragments which span
the hybrid attachment site in £§g+ strains are also
observed in JC8679 DNA digests. If, as appears likely,
the JC7661 chromosome contains three tandemly repeated
copies of the Rac prophage it would not be possible for the
JC8679 chromosome to have gained only a single copy of Rac
as the result of a simple recombination event. More likely
zygotic induction of the Rac prophages carried by HfrJC7661
occurred on transfer into JC5519, followed by a site
specific integration of one (now circular) copy of the
prophage at the bacterial attachment site for Rac (BB') in
JC5519.

JC5174 (sbeAl) DNA also contains all R.EcoRI generated
fragments expected from a single copy of the Rac prophage
integrated at BB' (Fig. 4.2(Db)). However, this DIiA
conpains a 5f8kb R.EQQRI generated fragment in place of the
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6.5kb fragment observed in C600 DNA, suggesting that
JC51 74 also carries a mutation in the region of the
%.c0liK12 chromosome which contains a second lambdoid

prophage.
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L.3. DISCUSSION.

It appears that more than one type of mutation may
result in the constitutive expresion of recz characteristic
of SbecA” strains. Cross-hybridisation studies between
Arev DNA and DNA prepared from several SbcA~ strains reveal
at least three classes of SbcA  mutant.

The sbcA8 mutation carried by JC541.2 appears to be a
deletion of part of the Rac prophage genome. By analogy
with the generation of A transducing phages, it seems
probable that the sbcA8 mutation arose by aberrant excision
of Rac from the host chromosome. The region of the prophage
deleted in JC5412 includes the hybrid attachment site FPB'
and probably the prophage repressor gene which by analogy
with A would lie within the 13,6kb R.ZcoRI generated DNA
fragment found in.ggg+ strains (see Section 3.2(g)). The
recE gene resides in that region of the Rac prophage common
to Arev and A891: i.e. the region adjacent to BP' (Fig.
L.4(a)). This is the region of the prophage retained by
Jcsur 2. Derepression of recE caused by deletion of the
prophage repressor gene could thus account for the presence
of ExoVIII in JC5412. By analogy with A, the putative

intRac and xisRac

genes will lie to the left of recE and
one would expect them also to be expressed in JC5W12.
However, since one hybrid attachment site (PB') is deleted
in JC5412, excision of the prophage cannot occur.

Such an interpretation of the SbcA8 phenotype is in
agreement with the conclusions of Lloyd and Barbour (1974)
as to the location of the sbcA8 mutation (close to rac)
and also with the finding by Lloyd (1974) that the
freguency of inheritance of sbcA8 in Hfr matings is con-
sistent with sbcA8 being segregated as a conventional
genetic locus rather than as a component of an inducible
prophage. Thus on the basis of experiments involving
JC5412, or its derivatives, it does not seem necessary to
attribute any regulatory function to the §Qg§+ product
other than that of the prophage repressor itself.

Lloyd and Barbour (1974) found that the sbcA8 mutation
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is recessive to sbeAt in sbcA&/sbcA+ merozygotes. In this

experiment the sbeA™ allele in the merozygotes was provided
by the F' factor ™23 which carries an intact Rac prophage
(see Chapter 3). It therefore seems possible that the
JC5412 chromosome retains a binding site for the prophage
repressor such that in the presence of repressor (provided
by the prophage carried by M23), expression of reck from
the JC5412 chromosome is switched off and the cell becomes
SbeA” (Rec”). By analogy with A, one weculd expect this
site (probably equivalent to OL) to lie just to the right of
the reckE gene (Fig. L.4(a)). If this hypothesis is correct
it should also be possible to turn off expression of the
reck gene in JC5412 by introduction of a recombinant plasmid
or phage into which the 13.6kb, R.EcoRI generated DNA
fragment that is thought to contain the prophage repressor
gene (see Section 3.2(g))has been inserted.

pK9 (see Section 3.2(f) and Fig. 3.12(a)) is such a
plasmid. For an as yet unexplained reason it has not
proved possible to transform JC5412 with this plasmid.
However, the 13.6kb fragment from pK9 has been transferred
(in both orientations) into a A\ replacement vector and
derivatives of JC5412 have been constructed that are
lysogenic for these recombinant phages. Experiments are
in progress at the time of writing to determine the Rec
and hence SbcA phenotypes of these strains.

Lloyd and Barbour (1974) observed that transfer of the
sbcA8 region of HfrdC5412 into an nggg+ recipient caused a
sharp increase in the frequency of recombinants for genetic
markers that were proximal qu};p on the Hfr chromosome.,
Although this appears very similar to the Rac effect
observed by Low (1973), one would not expect such
stimulation of recombimant recovery to have occurred since
the recipient Wés ggg+. It is possible that transient
expression of recE from the donor (JC5412) chromosome may
occur prior to the establishment of repression by repressor
present in the recipient.

Three independently isolated SbeA” strains (JC7661,
sbcA23; PE108, sbcAS50; and PE138, sbcA51) contain
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multiple copies of the Rac prophage which are orobably
present as tandemly repeated units within the bacterial
chromosome. In one strain (PE138) at least twelve copies
of the prophage appear to be present. Since the Rac provhage
genome consists of approximately 25kb of DNA (see Section
3.3) while the B.coli chromosome has zbout 5x10-kb. of INA,
PE1 38 must have in excess of 6% of its genome in the form of
prophage DNA. How multiple lysogeny cquld facilitate
constitutive expression of reckE remains unclear. Secondary
mutations within one or more Of the prophage units may be
involved (see below).

Two SbcA™ strains (JC517L, sbcAl; and JCB8679, sbch23)
harbour a Rac prophage that is indistinguishable in its
hybridisation behaviour from the prophage carried by £§g+
strains (e.g. C600). The sbcA23 allele appeared to have
been introduced into an immediate ancestor of JC8679 by
conjugational transfer from HfrJC7661 (sbcA23). JC7661
appears to carry three copies of the prophage genome, only
one of which can have been inherited by JC8679. It is
thus possible that tandem lysogeny is not directly assoc-
iated with the SbecA™ phenotype in JC7661 but that one or
more copies of the prophage in this strain (one of which
has been inherited by JC8679) carry mutations allowing
expression of recE in the absence of prophage excision.
This may also be true of the other strains (PE108 and
PE138) exhibiting multiple lysogeny. It is also possible
that the SbcA phenotype of JC51 74 and JC8679 is a result
of mutations in a regulatory gene external to the Rac
prophage as suggested by Lloyd (1974) to explain the
behaviour of the SbcA8 locus. 'waever, such a gene need
not now be restricted to the vicinity of rac. It is
interesting to note that both JC5174 and JC8679 carry
mutations in a second lambdoid prophage.

In addition to ExoVIII, a Ral (restriction alleviation)
activity has been observed in SbcA™ strains (Simmén”and:
Lederberg, 1972). Penny Toothman (personal communication)
has found a Ral activity in Arev which she has called Lar.
A similar function is specified by A\. The A ral gene lies
to the right of red and gam and to the left of ¢III and OL 0

- 61 -



Thus we may expect lar to occupy a similar position in the
Rac prophage (i.e. between recE and O;; see Fig. L.4(a)).
Gillen and Clark (1977) have shown that the reck product
(ExoVIII) is a single polypeptide with a M.W. of 1.ux105.
and which therefore requires approximately 4.2kb of ceding
DNA. In JC5l12 sbcA8, intact recE and lar genes will be
present if the repressor bindiﬁg site (OL) is present. The
maximum amount of DNA available in JC5412 to code for the
Ree€ . function is approximately L.75kb (i'.e. the distance
between BP' and the right end of the 1.9kb, R.EcORI
generated, fragment) and since the intensity of the 1.9kb
band is weak compared with that expected if the 1.9kb
fragment were predominantly prophage DNA, the actual amount
of coding DNA may be rather less. This result bears out
the suggestion of Gillen and Clark (1977) that ExoVIII

may be eguivalent to a gene fusion product of the A proteins
it replaces in Arev (reda, redB8, gam, ral, clIl) and raises
the possibility that the putative Rac prophage Int and Xis
functions (which in A require approximately 1l.5kb of coding
DNA) are also provided by ExoVIII.




CHAPTER 5

The Origin of Q-independent Derivatives of Phage A
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5.1 INTRODUCTION.
Expression of the late A functions depends on the

presence of gene Q, the product of which allows transcription
to proceed into the late region of the A genome 1in a manner
analogous to the anti-terminating effect of the gene N
product (Roberts, 1975). Since AQ phages cannot express
their late genes they do not form active virions. However,
several independent bypass mutants have been characterised
which are able to complete lytic develoément in the absence
of gene Q. The best studied are the p4 (Jacob and Wollman,
1954), ainA3 (Q-independent; Court and Sato, 1969; Sato
and Campbell, 1970) and p4t (Henderson and Weil, 1975)
mutants which are characterised by the replacement ol the
region of the A genome which contains @, S, R and the late
gene promoter, Eé, with foreign DNA, thought to be derived
from the host (E.coli K12) chromosome (Fiandt gt al, 1971;
Henderson and Weil, 1975). Ap4 and AginA3 contain
indistinguishable substitutions which nowhere share homology
with the ADNA they replace (Fiandt et al, 1971) while Aplt
has a larger but related substitution including a small
region (approx. 190bp) of homology with ADNA (Henderson and
Weil, 1975). These substitutions appear to code for a
function analogous to @, but with a different specificity,
since hetero-immune Ap4 superinfecting phage can trans-

L3h 9inA3

activate the late genes of a Aimm 3k B4 or Aimm
prophage but not those of a Kiééﬂju prophage (Herskowitz
and Signer, 1974). Since the Q-independent mutants can
lyse cells it seems reasonable to assume that they also
code for functions analogous to § and R.

These observations have led several authors to
suggest that the new functions (gsr') normally reside in a
prophage, or more likely a defective prophage, present in
the E.coli K12 chromosome, and that Q-independent (Agsr')
phages are the product of recombination between A and the
hypothetical prophage (Fiandt et al, 1971; Szybalski and
Szybalski, 1974; Herskowitz and Signer, 1974; Henderscn
and Weil, 1975; Strathern and Herskowitz, 1975). Henderson
and Weil (1975) and Strathern and Herskowitz (1975) tried
unsuccessfully to isolate Kggg' mutants from the.ggg' strain



AB1157 and its derivatives suggesting that the gsr' genes
also reside in the Rac prophage. .

In the exreriments described below, restriction
endonuclease analysis and DNA/CNA hybridisation methods were
used to investigate the origin of Agsr' phages. It appears
that the Agsr' substitutions are derived from a region of
the E.coli K12 genome which, although distinet from the Rac
prophage, shares considerable homology With ADNA and
probably represents a second lambdoid prophage located at
an as yet unidentified site on the chromosome (the gsr'
prophage). In AB1157, from which Agsr' phages cannot be
generated, this new prophage has suffered an internal
deletion.
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(a) Sequences in E.coli K12 DNAs which share homology with
A _DNA.

At least two regions of the E.coli K12 chromosome (one
of which is the Rac prophage) share significant homology
with ADNA (see Chapter 3). It is from the Rac genome that
the substitution in Arev DNA is derived. AB1157, in which
neither Agsr' nor Arev phages can be generated, is

specifically deleted for the Rac prophage. Fig. 5.1 shows
the sizes of R.EcoRI and R.HindIII generated fragments which
cross-hybridise with ADNA in the DNAs of C600(rac’) and
AB1157(rac” ). The pattern observed in C600 DNA 1s typical
of E.,coli K12 strains in general. Those fragments which
derive from the Rac prophage (and which are therefore not
present in AB1157 DNA) are indicated. Several additional
fragments are apparent in both C600 and AB1157 DNAs. Most
of these are the same size in both DNAs. However, in each
type of digest an intense band in C600 DNA (e.g. 10.3kDb
with R.g;ngII)is replaced by a smaller, but almost equally
intense band in AB1157 DNA (e.g. 7.1kb with R.HindIII)
indicating that AB1157 is mutated in the region of the
bacterial chromosome which carries these fragments.

Of the A-homologous fragments observed in Fig. 5.1,
only those which derive from the Rac genome are represented
in the region of the bacterial chromosome carried by the
F' factor, F123 (see Chapter 3).

(b) Restriction endonuclease analysis of the substitutions

in Agsr' phages.

In order to determine whether the substitutions in
Agsr' phages are associated with any of the A-homologous
fragments observed in C600 and AB1157 DNAs it was first
necessary to construct a map of the R.EcoRI and R.HindIII
targets within such a substitution. Fig. 5.2 shows a
physical map of the x13221gu genome. Analysis of NApk
DNA heteroduplexes shows the substitution in Ap4 DNA, which
nowhere shares homology with the A\ DNA it replaces, to have
the approximate endpoints and length shown (Fiandt et al,
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Fige 51 R.EcoRI and R.HindIII generated fragments

in C600 and ABT157 DNAs which cross-hybridise

with A DNA. Electrophoresis was carried out

in a 1% agarose gel. Identified fragments
for which sizes are not given are derived from Rac prophage
in C600 DNA (see Chapter 3) and are not present in AB1157
DNA. The 3.1kb, R.HindIII generated, fragment is present
in both C600 and AB1157 DNAs but is not clearly visible in
this autoradiograph (but is visible in Fig..3.1). The
weak L4.Okb fragment seen in R.EcoRI + R.HindIII digested
AB1157 DNA is the result of incomplete digestion of the

4L.Okb R.EcoRI generated fragment from this DNA by
R.HindIII.-
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Fig. 5.2. Physical characterisation of Agsr' phages.

Above: Genetic and physical map of the wild type A
enome. The length of A+t DNA is taken as 100 units = 49kb
Phillippsen & Davis, 1978).

Below: The L12221§2 4 genome. The end points of
the b2 deletion and of the imm2! substitutions are known
(Fig. 1.3). The Ab2 pit genome was generated by
substitution of an Z.coli K12 DNA fragment (19 units or
approx. 8.3kb) for the region of the A\ genome that contains
the @, S and R genes (83.8 to 94 units) (Fiandt et al, 1971).
The positions of R.EcoRI and R.HindIII targets are shown
above and below the line respectively. The pL substitution
is indistinguishable from that carried by AginA3 (see text).

The substitution carried by Ap41 (22 units or approx.
9.8kb) has the same right hand end point as the phL
substitution and contains all of the DNA present in the pL
substitution, and in addition, a further 1,5kb at its left
end (Henderson and Weil, 19755. The region of the Apl
substitution denoted y is a small segment (approx. 190bp)
homologous to the region of the A\ genome between 83.L and
83+.8 units. This segment in the pli1 substitution lies
immediately to the left of the region of this substitution
carried by the plh {and ginA3) substitutions. Except for
this small region, the pl1 substitution shares no homology
with A DNA.



1971). The sizes of R.ZcoRI and R.HindIII generated
thQZ1Eu DNA fragments were determined by comparison with
digests of AcI857 DNA following their separation by
electrophoresis through agarose gels (data not shown). The
positions of the targets for these enzymes in h;§§21gu are
shown in Fig. 5.2. In confirmation of the heteroduplex
data, a ADNA probe fails to cross-hybridise with
restriction endonuclease generated DNA fragments totally
contained within the pl substitution (data not shown).
Heteroduplex analysis shows AginA3 DNA to contain a
substitution which is indistinguishable from that carried
by Ap4 DNA (Fiandt et al, 1971). The positions of R.EcoRI
and R.HindIII targets within the gsr' substitutions of ApL
and AginA3 are equivalent (data not shown) and are not
consistent with these substitutions being derived from the

Rac genome (see Fig. 3.12(a)).

(¢) Pragments in E.coli K12 DNAs which cross-hybridise
with AplL DNA.

Fig. 5.3 shows the sizes of fragments in ILE451 and
AB1157 DNAs which share homology with AplL DNA. LE45]1 is a
derivative of C600 in which (as in AB1157) the Rac prophage
has been specifically deleted (see Chapter 3). However,

in all other respects the pattern of A-homologous fragments
in LE{51 DNA digests is identical to that observed in ‘
C600 DNA digests. Fig. 53 is not simple to interpret
since only a few of the observed fragments can be
attributed to the region of the bacterial chromosome

' genes. However, several relevant

associated with the gsr

features of the hybridisation patterns in Fig. 5.3 can be

discerned:

(i) Fragments equivalent in size to those generated .

from within the Apl substitution (0.7kb, 1.1kb,
3.45 kb) are present in digests of LEL51 DNA. In
AB1157 DNA the R.EcoRI generated, 0.7kb, fragment is
not observed.

(ii) A 13.8kb and a 3.1kb fragment are identified with a

A probe in both LE451 and AB1157 DNAs after digestion
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R.EcoRI and R.HindIII generated fragments in LE451, AB1157

and Aimm2'b2 pli DNAs which cross-hybridise with Aimm2!b2 ph
DNA. Electrophoresis was carried out in a 0.7 agarose

gel. Upper section, overnight exposure; Lower section,

1 week exposure. Fragments in the E.coli K12 DNA for which
sizes are not indicated are thought to represent a repeated
(transposon-like) seguence in the E.coli K12 chromosome,

one member of which lies within the pl4 substitution (see text).

For other details see text. In R.EcoRI digested LE451 DNA,
the 0.7kb fragment is obscured.



with R.EcoRI and R.HindIII respectively. Fragments
of the same size but of higher relative intensity
are identified with a ApL4 DNA probe in these DNAs.
(iii) Other prominent fragments in Fig. 5.3 are those of
the sizes identified with a A-- DNA probe and which
are derived from a region of the E.coli K12
chromosome in which AB1157 is mutated (see 5.2(a)).
In R.EcoRI digested LE4Y51 and AB1157 DNAs, one of
these fragments (6.5kb and L4.0kb respectively) is
seen in addition to the intense 13.8kb fragment
while in the same DNAs digested with R.HindIII,
only one intense band (10.3kb and 7.1kb respectively)
is seen.

Thus, it seems that the gsr' block is associated with
A-homologous DNA sequences in the E.coli K12 chromosome.,
Moreover, the inability of AB1157 to generate Agsr' phages
may be because AB1157 is mutated in the region of the
bacterial chromosome which carries these seqguences.

The many weak, and unidentified, bands in Fig. 5.3
represent a class of repeated DNA sequences in the E.coli K12
genome, one member of which lies within the region of the
chromosome which comprises the Apl4 substitution. All
E.coli K12 DNAs tested contain such a set of fragments.
However, when any two different E.coli K12 DNAs are compared,
differences in the sizes of one or two of these fragments
are often apparent (as in Fig. 5.3). These findings are
consistent with the Aplh substitution carrying a transposable
DNA sequence repeated several times in the E.coli K12
chromosome. A second copy of. this sequence has been
identified within the Rac genome (see Chapter 3).

(d) Isolation and characterisation of recombinant plasmids

containing gsr' associated DNA.
A preliminary map of the gsr' region of the LE451 (or

C600) chromosome and its derivative in AB1157 can be con-
structed from the data of Figures 5.2 and 5.3. However, in
order to better characterise this region, libraries of
bacterial colonies containing fragments of the E.coli K12
genome linked to plasmid vectors were screened with A DNA
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and Apl4 DNA probes by the colony hybridisation procedure
(Grunstein and Hogness, 1975). In this manner, several
recombinant plasmids which contain Z.coli K12 DNA fragments
from the gsr' region were isolated (Table 1.3). The
plasmids were mapped with the enzymes R.ZcoRI and R.HindIII
and were used as hybridisation probes to recognise
homologous sequences in C600 and ABR1157 DNAs. 605 and
1105 were isolated from a library ofsheared DNA fragments
which had been inserted by poly-dAT tailing into the R.EcoRI
site of ColE1 (Clarke and Carbon, 1376). Only the
approximate end points of the insertions in these plasmids
have been determined. None of the plasmid vectors used
share detectable homology with E.coli K12 DNA.

The cloned fragments all share homology with at least
part of the ApL substitution and also with A DNA (data not
shown) . Moreover, when the plasmids are cleaved with
R.EcoRI and R.HindIII, or are used as hybridisation probes
against C600 or AB1157 DNA digests, they behave in the
manner expected (see Section 5.2(c)) of fragments derived
from the gsr' region of the E.coli K12 chromosome or its
derivative in ABR1157. Regions of the C600 and AB1157
genomes  spanned by the cloned fragments are shown in
Fig. 5.4(b). ‘

The simplest interpretation of @hese results is that
the gsr' genes are carried by a previously unrecognised,
and probably defective, lambdoid prophage (the gsr' prophage)
located at an as yet unidentified site on the E.coli K12
chromosone. In AB1157 DNA, the R.EcoRI and R.HindIII
‘targets which define the left and right ends respectively
of the insertion carried by pK2 (Fig. 5.4(b)) are
equivalent to R.EcoRI and R.HindIII targets carried by
C600 DNA. Moreover, pK2 hybridises significantly with
only the 0.7kb and 6.5kb R.EcoRI generated fragments in
C600 DNA., Thus it appears that in AB1157 the gsr'
prophage has suffered an internal deletion (Fig. 5.4(Db)
which has removed the region of the prophage genome that
spans the end point (x) common to the Apl, AginA3 and
ApL1 substitutions and probably part of the gsr' block
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(a) Genetic and physical map of the A prophage. Symbols
are described in the legend to Fig. 1.3

(v) A physical map of the region of the C600 chromosome
which earries the gsr' prophage, and its derivative in
AB1157. The AB1157 map is equivalent to the C600 map
with an internal deletion. Sizes of R.EcoRI and
R.HindIITI generated fragments are indicated above and
below the lines respectivelye. Sizes of some other
fragments are shown. Regions of the C600 and AB1157
genomes carried by the Agsr' substitutions and by the
recombinant plasmids discussed in Section 5.2(d) are
indicated. X, ¥y and z represent end points of the
Agsr' substitutions discussed in this chapter. ¥y is
the small region of homology with A DNA (approx. 190bp)
discussed in the legend to Fig. 5.2. DNA fragments
from C600 and AB1157 which share detectable homology
with A are those spanning x, y and z. The approximate
positions of the g', s' and r' genes are shown, as are
the regions of the prophage geneme which cross-
hybridise with the ends of the linear A DNA molecule
(cos) and with the b2 region of A. Neither the
location on the E.coli K12 chromosome nor the
orientation of the gsr' rrophage on the chromosome are
known.

N.B. (a) and (b) are not to the same scale.



of genes (see discussion). Fragments which share
detectable homology with A DNA are those spanning X, y and 2
(see Fig. 5.1)e. DK2 and pK3 cross-hybridise with both
ends of the mature, linear, A DNA molecule (data not shown)
suggesting that the cohered ends (cos) of the gsr' prophage
are at the approximate position shown. These plasmids

also share homology with the b2 region of the A genome

(see discussion).

(e) A third lambdoid prophage in E.coliK12?

The majority of the fragments in C600 and AB1157 DNAs
which sharé homology with A DNMA (Fig. 5.1) have now been
accounted for. However, one R.EcoORI (15.2kb) and one
R.HindIII (28kb) generated fragment common to both DNAs
does not appear to derive from either the Rac or gsr'

prophages (at least to the extent that the latter has been
mapped) . These two.DNA fragments overlap so as to generate
a 8.0kb fragment in R.EcoRI + R.HindIII digests (Fig.s5.1).

A 17.5kb fragment is observed in R.EcoRI digested C600 or
AB14157 DNAs with a Arev DNA probe but not with a N DNA probe.
This 17.5kb fragment hybridises specifically with the Arev
substitution but is physically associated with the 28kb,
A-homologous, fragment rather than with the Rac prophage in
the E.coliK12 chromosome (see Section 3.2(e)). Since the
17.5kb fragment is mot cleaved by R.HindIII (data not shown)
it must be totally contained within the 28kb fragment. No
fragments with these characteristics can be detected in
F123 DNA (see Chapter 3).

pK5 (Table 1.3 ) contains a 15.2kb, A-homologous, DNA
fragment derived from R.EcoRI digested C600 DNA. A map of
the targets for R.HindIII within the pK5 insert was
determined and the plasmid was used as a probe to detect
complementary sequences in C600 and AB1157 DNAs (data not
shown). Fig. 5.5 shows a ccmposite map of the region of
the E.coliK12 chromosome from which the 15.2kb and associated
fragments are generated. This region is the same in all
E.coliK12 strains tested. .

It is at least possible that the region of the E,coliK12
chromosome described in this section is a part of the gsr' '
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Fig. 545 Physical map of the region of the Eicoli K12
chromosome suspected of being a third lambdoid
prophage. Sizes of R.EcoRI and R.HindIII
generated fragments are indicated immediately

above and below the line respectively. The region carried

by the recombinant plasmid pK5 is shown. The regions
denoted ----- have not been investigated due to the lack of

a suitable probe.



prophage. More probably however, since no overlaps between
the two regions are apparent, although some homology between
them has been observed (data not shown), the new region is a
third defective lambdoid prophage.
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5.3. DISCUSSICN.

In this chapter two new regions of the Z.coli K12
genome which share significant homology with A INA, and
which are probably defective lambdoid prophages, have been
described. In particular, one of these regions (the gsr'
prophage) rather than the Rac prophage (as had been
previously supposed) is the source of foreign DNA carried
by the @Q-independent (Agsr') derivatives of A. In AB1157,
from which Agsr' phages cannot be generated, the gsr'
prophage has suffered an internal deletion.

Fig. 5.4 (b) shows a physical map of the region of the
E.coli K12 chromosome which carries the presumed gsr'
prophage and its derivative in AB1157. The sites denoted
X, ¥ and z represent the endpoints of the substitutions in
Agsr' ﬁhages as determined from a comparison of k/lggg{ DNA
heteroduplexes (Fiandt, et al, 1971; Henderson and Weil,
1975) together with the calculated position of R.EcoRI and
R.HindIII targets within the substitutions (Fig. 5.2).

X, ¥y and z all lie within R.EcoRI or R.HindIII generated
DNA fragments which share homology with A DNA. In _
particular, analysis of A/ApL4l DNA heteroduplexes (Henderson
and Weil, 1975) has shown y to be a short (approx. 190bp)
region of homology with A DNA. Thus, the generation of
Agsr' phages, which requires either host (Rec) or phage
(Red) recombination functions (Strathern and Herskowitz,
1975) appears to be the result of recombination between

A DNA and homologous segquences within the gsr' prophage.

' The region of the prophage deleted in AB1157 spans
the endpoint (x) common the the Apl, AginA3 and Apld
substitutions. However, this feature alone is not
sufficient to explain the inability of AB1157 to generate
Agsr' phages since undeleted DNA to the right of x
(contained in a 4.Okb R.EcoRI generated fragment in
AB1157 DNA - Fig. 5.4 (b)) shares considerable homology
with A DNA (Fig. 5.1) and could therefore still facilitate
recombination hetween the prophage and A DNA. Thus, it
seems probable that at least part of the gsr' block of
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genes, which should therefore lie in the approximate
position shown in Fig. 5.4 (b), is deleted in AB1157. The
Agsr' phage, AginC3 (Fiandt, et al, 1971) carries only that
region of the gsr' prophage shown in Fig. 5.4 (b) consistent
with the approximate position of the gsr' block deduced
above.

Cross-hybridisation studies between cloned fragments
of the gsr' prophage and A DNA suggest that the prophage has
its cohered ends (cos) located in the approximate position
shown in Fig. 5.4 (b). In A and related phages, the
region of the prophage genome which codes for the
structural (head and tail) proteins (equivalent to the left

"arm of the linear A DNA molecule (Fig. 5.2)) lies between
cos and the "b2 region" (Fig. 5.4 (a) and require approxi-
mately 15kb of coding DNA. The 6.5kb fragment generated
in most E.coli K12 DNAs by digestion with R.EcoRI (and.
carried by pK3) cross-hybridises with the b2 region of ° ‘
the A genome as well as with both ends of the linear A\ DNA
molecule. Thus, if the permutation of genes in the gsr'
prophage is similar to that found in the A prophage there
would not appear to be sufficient DNA available to code
for a full complement of structural proteins. This
feature would explain the apparently defective nature of
the gsr' prophage.

In order to determine whether possession of the gsr'
prophage or a derivative of it is a common feature of
E.coli strains, the same set of &,coli and related entero-
bacterial DNAs that was investigated for the presence of
A-homologous ’fandi-Rac associated DNA sequences (see
Section 3.3) was screened with a AplL4 DNA probe. Comparison
of the resulting autoradiographs with autoradiographs
showing A-homologous sequences in the same DNAs (data not
shown) revealed only one other bacterial DNA (that of the
laboratory strain E.co0liB) that carried sequences related
to the gsr' prophage. In particular, E.coliB DNA appears to
carry a. 6.5kb, R.EcORI generated DNA fragment equivalent
to that thought to carry the cos region of the gsr' prophage
in E.coli K12 strains (see Fig. L.4(a)). E.coliB DNA also
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carries a fragment that though slightly smaller than the
13.8kb R.ZcoRI generated fragment carried by the gsr'
prophage (Fiz. L.4(a)), would appear to be derived from it:
(data not shown).

The autoradiographs discussed in the last paragraph
showed in addition that the "transposon-like" seguence
thought to be contained within the ApL substitution (and
also within the Rac prophage; see Section 3.3) and
observed in approximately 10 copies Witﬂ a Apl DNA probe in
digests of E.coli K12 DNAs is in fact unigue to T.coli Ki2.
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CHAPTER 6

Discussion
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Regions of the E.coli K12 (A" ) chromosome which share
homology with A and related phage DNAs fall into three
lirkage groupse. At least two of these (the rac and gsr'
regions) contain blocks of genes that may functionally
replace analogous genes carried by A and are therefore
thought to be lambdoid prophages. The. genomes of the Rac
and gsr' prophages zre apparently organised in a similar
fashion to the A\ prophage but, by analogy with A, are
prcbably deleted for structural (head and tail) genes
suggesting that both prophages are defective. The Rac
prophage retains functional hybrid attachment sites at
either end of the prophage genome and, as was shown by the
experiments of Low (1973), is inducible. For this and
other reasons the Rac genome is believed to code for a
repressof protein which, under normal circumstances, blocks
expression of genes that would promote prophage excision.
No such information is available with regard to the presence
or otherwise of attachment sites and/or repressor genes in
the gsr' prophage. ,

Little is known about the third A-homologous region of
the E.coli K12 chromosome. However, since this region
shares homology at non-adjacent sites with both A DNA and
with the region of the Rac genome carried by Arev (which
itself shares no homology with A DNA), it too is suspected
of being a lambdoid prophage, and probably (like the Rac
and gsr' prophages) a defective lambdoid prophage. In any
case, no viable phages have ever been isolated from E.coli
K12 (A7) strains during many years of investigation. The
original isolate of E.coli Ki2 (K+) was therefore lysogenic
for at least three, and probably four, lambdoid prophages,
only one of which (A) has been found able to produce an
infective virion. '

Although examples of multiple and/or defective lysogeny
have not been previously established for lambdoid phages
among naturally occurring Z.coli strains, they are not
uncommon features of several other phage/host systems (see
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for example Holloway & Krishnapillai, 1975; Bradleéey, 1967;
Garro and Marmur, 1970; Reeves, 1972; Campbell, 1977).
One multiply lysogenic Pseudomonas aeruginosa strain has been

described that harbours at least 8 different prorhages
(Shionoya et al, 1967). In several instances defective
bacteriophages have been implicated in the production of
inducible bacteriocidal agents. For example, the 'colicin'
produced by E.coli15 (Endo et 2l, 1965) 4s apparently an
inducible but defective phage as are bacteriocidal agents
produced by several P.aeruginosa strains (Reeves, 1972), by

Vibrio cholerae (Gerdes and Romig, 1975) and by Bacillus
subtilis (Garro and Marmur , 1970). In the case of the
PBSX phage of B.subtilis, a chromosomal location for the
PBSX prophage has been established (Thurm and Garro, 1975).
Induction of these defective phages generally leads to the

production of phage-like structures (in some cases complete
with phage DNA) that, although not able to productively

‘ inject, retain sufficient functions to kill their host or

other bacteria.

In a comparatively small number of céses, bacterial
strains not known to produce phage-like particles on
treatment with inducing agents have been shown to harbour
phage genes that may recombine with and functionally replace
those of an active phage. For example, E.coliB is known
to contain a non-inducible, P2-like, prophage, the immunity
region of which is able to substitute for the equivalent
(but hetero-immune) region of P2 (Chaftoraj and Inman, 1975).
Similarly, the presence of a defective lambdoid prophage(s)
in E.coli K12 was inferred from the characteristics of the
Agsr' and Arev phages. However, with only a few exceptions,
the detection of defective prophages has depended on them
being able to produce'(after'treatment of their hosts with
UV light or other inducing agents) an observable effect on
their hosts or on other bacteria. It seems probzble there-
fore that many defective lysogenic strains exist in nature
without their lysogenic nature being realised.

For E.coli, the limited available evidence suggests that
less than 10% of independently isolated strains carry
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inducible prophages, approximately one third to one half of
which are of the lambdoid variety (Jacob and Wollman,
Bertani and Bertani, 1971; Krylov and Tsygankov, 1976).
However, in the light of experiments performed with

E.coli K12, it seemed probable that many appsrently non-
lysogenic Z.coli strains (and possibly also related entero-
bacterial strains such as Szlmonella typhimurium and the

various subspecies of Shigella) harbour defective lambdoid
prophages. Almost without exception (as described in the
discussions to Chapters 3 and 5), the DNAs of such strains
were found to contain sequences which share homology with
A DNA, suggesting that the vast majority of enterobacterial
strains isolated from the wild do harbour defective
lambdoid prophages. In no case was the same pattern of
hybridisation observed in two independent isolates even
though 13 of the Z.coli strains were isolated from patiénts
in the same EZdinburgh hospital. These results suggest
either that the different strains had diverse origins or
that defective variants of lambdoid prophages arise
frequently (and are probably lost equally freguently) in
the wild. In this respect the Rac prophage (or derivatives
of it) may be an exception since evidence for at least the
reckE region of this prophage was found in approximately
'23% of the E.coli strains investigated (but not in any other
enterobacterial strains).

Thus, defective (and probably multiple) lysogeny would
appear to be a common feature of X.coli and related

enterobacteri@ ‘as well as of other phage/host systems.
It seems reasoﬂggié—ﬁo suppose that hybridisation methods
will eventually reveal defective prophages in many
bacterial strains presently thought to be non-lysogenic.

It is even possible that other, non-lambdoid, provhages
await discovery in the Z.coli K12 chromosome.

The'apparent ubiquity of defective prophages has
several implications for the evolution of bacteria and
their phsasges. It has often been provosed that the
exchange of genetic material between bacteria and @heir

rhages might be a common process in their evolution, since
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it may lead in some cases to the assimilation and stable
control of a particular new function, or set of functions,
by one or other of the participants in the exchange (see

for example Lindahl et al, 1971; Szybalski and Szybalski,
1974). The sbcA8 derivative of Z.coli K12, JC5412 (see
Section 4.2(a) and Fig. 4.4(a)),in which a hybrid
attachment site and orobably the prophage repressor gene
have been deleted from the Rac prophage,-could be cocnsidered
an intermediate stage in such a prccess. According to this
interpretation, the host strain has gained a potentially
useful gene (rect¥), allowing its expression to take place

in the absence of prophage excision which would remove

rect from the cell line. The recE gene of JC5412 is
therefore, to all intents and purposes, a permanent
acquisition for this cell line.

The situation with respect to the sbcA8 mutation in
Ze.co0li K12 is not dissimilar to the phenomenon of lysogenic
conversion as the phage mediated acguisition of new
bacterial traits is known. The description "lysogenic
conversion" has usually been ﬁsed to describe expression
from a prophage of a gene that plays no essential role in
the phage lifecycle. However, this need not be an
absolute requirement. In several instances, lysogenic
conversion is known to be the cause of bacterial patho-

ggg&@@ty; For example, the toxigenicity of Corynebacterium
diphtheriase, the causative organism of diphtheria, has

been shown to be dependent on the bacterium being lysogenic
for coryne—bggteriophage B (Groman, 1953; Barksdale and
Pappenheimer, 1954). Similarly, surface antigens carried
by certain Salmonella strains are known to be elaborated

by prophages in these strains (Uetake et al, 1958; Uetake
and Hagiwara, 1961). The detection of lysogenic
conversion has usualiy depended upon the prophage being .
inducible so that phage can be isolated and the phenotype
of lysogens and non-lysogens can be directly compared.
Thus, it is not unreasonable to assume that particular
phenotypes exhibited by many bacterizl strains will prove
to be the result of lysogenic conversions in which the
phages are defective. As noted by Hayes (1968), it is
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surprising that more attention has not been paid to the
possible role of bacteriophages in the conferment of
bacterial pathogenicity. Hopefully, recombinant DNA/DNA
hybridisation methods will make the investigation of this
possibility less intractable than has previously been the
cese.

Lysogenic conversion may, therefore, eventually be
invoked to explain the presence of certain types of
defective prophage in particular strains  since - permanent
acquisition of a phage-encoded function may provide a
selective advantage for the bacteria which carries :-it, and
thus ensure perpetuation of the defective prophage in the
cell line. It is probable, however, that the vast
majority of defective prophages (at least in the enterobacterial
. strains described above)are little more than chromosome
debris. '

It is apparent from studies of hybrids formed between
different lambdoid phages, and of heteroduplexes fcrmed
between the DNAs of such phages, that much of the existing
variation between lambdoid phages can be explained on the
basis of a modular hypothesis of phage evolution (Hershey,
1971b; Simon et al, 1971; Botstein and Herskowitz, 1974;
Szybalski and Szybalski, 1974; Campbell, 1977). This
hypothesis views a phage such as A as having evolved by the
association of smaller elements derived frfom diverse
sources. Several of the functions elaborated by a phage
such as A (which include replication, regulation, virion
formation, lysis, integrative and general recombination) are
also those required by the host cell and by non-viral
replicons. The clustering by function of related genes and
control elements might therefore reflect the origin of a
lambdoid phage genome from its component segments rather
than design for optimum efficiency (Campbell, 1977).
Implicit in this type of hypothesis is the suggestion that
interstrain recombination,and hence reassortment between
more or less distantly related phage genomes, might be a
regular occurrence in the wild. If this be the case,
classification of phages into distinct families will become
extremely difficult.
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The simplest (and most extreme) alternative to the
modular hypothesis is that "---- groups of related viruses
have developed by linear evolutionary divergence from a
common viral progenitor that contained base sequences
ancestral to all those present in every member of the group,
and that recombination between distant relatives, though
possible in the laboratory, is inconsequential in nature."
(Campbell, 1977). This hypothesis requires that mixed
infection, and hence interstrain recombination, takes place
rarely, if at all, in the wild.

Too few comparative studies have been done, even among
the relatively well studied group of lambdoid phages, to
satisfactorily resolve this issue, although it is likely
that the true state of affairs lies somewhere between these
two opposing hypotheses. Certainly, the discovery of
hybrid formation and extensive DNA and functional homology
between such outwardly dissimilar phages as A and P22 of
Salmonella typhimurium (Botstein and Herskowitz, 1974;
discussed in Section 1(b)) makes it difficult to accept the

common ancestor hypothesis in its most extreme form.

The ubiquity of defective lambdoid prorhages in
E.coli and related entero-bacterizl strains also lends
support to at least some type of modular hypothesis for
phage evolution since it implies that the majority of
phage infections in these strains are, in effect, mixed
infections (one component of which is a defective prophage )
and may therefore result in the formation,at a significant
frequency, of viable hybrid recombinants between more or less
distantly related phages. Arev and Agsr' derivatives are
examples of the formation of hybrid recombinants between
viable and defective phages, and it may be reasonably
supposed that such recombinants are generated, if only
rarely, in the wild. If able to propagate successfully
such phages and their descendants may enter the pool of
wild type fémbdoid phages on equél terms. Thus, reassortment
between phage gehomes may be a major source of phage
variation rather than the extremely rare exception postulated
on the basis of the common ancestor hypothesis.



- 82 -



Appleyard, R.K. (1954). Genetics 29, L440-L52.

Appleyard, R.K., McGregor, J.F., Baird, K.M. (1956).
Virology 2, 565-574.

Bachmann, B.J., Low, X.B., Taylor, A.L. (1976). Bacteriol.
ReV. _L_E)_, 116-1 67.

Barbour, S.D., Nagaishi, H., Templin, A., Clark, A.J. (1970).
Proc. Nat. Acad. Sci. USA &7, 128-135.

Barksdale, W.Lo., Pappenheimer, A.M. (1954). J. Bacteriol.
67, 220-232,

Bertani, L.E. (1968). Virology 36, 87-103.
Bertani, L.E., Bertani, G. (1971 ). Adv. Genet. 16, 119-237.
Bolivar, F. (1978). Gene L, 121-136.

Bolivar, F., Rodriguez, R.L., Betlach, M.C., Boyer, H.W.
(1977a). Gene 2, 75-93.

Bolivar, F., Rodriguez, R.L., Greene, P.J., Betlach, M.C.,
Heyneker’ H.Ll ’ Boyer, HQY’J’VO [ CI’OS&, J'H. ’ FalkOW, S Y
(19770). Gene 2, 95-113.

Bolton, Z.T., McCarthy, B.J. (1962). Proc. Nat. Acad. Sci.

Botsteén, D., Chan, R.K., Waddell, C.H. (1972). Virology .49,
268-282. ‘

Botstein, D., Herskowitz, I. (1974). Nature 251, 584-589.

Bradley, D.E. (1967). Bacteridl. Rev. 31, 230-314.

Campbell, A. (1961). Virology 1L, 22-32.

Campbell, A. (1962). Adv. Genet. 11, 101-145.

Campbell, A. (1977). In Comprehensive Virology, Vol. 8.
eds. H. Fraenkel-Conrat and R. Wagner. (Plenum Press,
New York) pp. 259-328.

Chattoraj, D.K., Inman, R.B. (1975). Virology 55, 174-182.

Clark, A.J. (1973). Annual Rev. Genet. 7, 67-86.

Clarke, L., Carbon, J. (1976). Cell 9, 91-99.

Court, D., Sato, K. (1969). Virology 39, 3L48-352.

Cowie, D.B., Brenner, J. (1968). Carnegie Inst. Wash. Year
Book 67, 301-310. )

Cowie, D.B., Hershey, A.D. (1965). Proc. Nat. Acad. Sci.
USA 53, 57-62.



Cowie, D.B., McCarthy, B.J. (1963). roc. Nat. Acad. Sci.
USA 50, 537-5L3.

Cowie, D.B., Szafranski, P. (1967). Biorhys. J. 7, 567-58L.

Davidson, N., Szybalski, W. (1971). In The Bacteriophage
Lambda, ed. A.D. Hershey. (Cold Spring Harbor Laboratories,

Davis, R.¥., Parkinson, J. (1971). J. Mol. Biol. 56, L0O3-423.

Davis, R.W., Simon, M., Davidson, K. (1971). In Methods in
Enzymology, Vol, 21. eds. L. Grossman and K. Meoldave
(Academic Press, New York). Dpp. L13-428.

Denhagdt,6DéT. (1966). Biochem. Biophys. Res. Commun. 23,
41 -6Lu6.

Diaz, R., Barnsley, P., Pritchard, R.H.. (1979). Mol. Gen.
Genet. (in press)e.

Diaz, R., Pritchard, R.H. (1978). Nature 275, 561-56L.

Dove, W.F. (1971). In The Bacteriophage Lambda, ed. A.D,
Hershey. (Cold Spring Harbor Laboratories, New York).
Pp. 297-312.

Echols, H. (1971). In The Bacteriophage Lambda, ed. A.D.
Hepshey. (Cold Spring Harbor Laboratories, New York).

Endo, H., Ayabe, K., Amakro, K., Takega, K. (1965).
Virology 25, L69-LT1.

Fiandt, M., Hradecna, A., Lozeron, H.A., Szybalski, W. (1971).
In The Bacteriophage Lambda, ed. A.D. Hershey. (Cold
Spring Harbor Laboratories, New York). Dpp. 329-394.

Franklin, N.C. (1971). In The Bacteriophage Lambda, ed. A.D.
Hershey. (Cold Spring Harbor Laboratories, New York).
pp. 175-194.

Garro, A.J., Marmur, J. (1970). J. Cellular Physiol. 76,
253-263.

Gerdes, J.C. Romig, W.R. (1975). J. Virol. 15, 1231-1238.

Gillen, J.R., Karu, A.E., Nagaishi, H., Clark, A.J. (1977).
J. Pdolo Biol. 1 2’ 27‘-)-'-1 )

Gillespie, D., Spiegelman, S. (1965). J. Mol. Biol. 12,

Gingery, R., Echols, H. (1967). Proc. Nat. Acad. Sci. USA.
58, 1507-1514.

Goldberg, A.R., Howe, M. (1969). Virology 38, 200-202.

- 84 -



Gottesman, M.EZ., Weisberg, K.A. (1971). In The Bacteriophage
Lambda, ed. A.D. Hershey. (Cold Spring Harbor Laborat-
ories, New York). pp. 113-138.

Gottesman, M.M., Gottesman, l.E., Gottesman, S., Gellert, M.
(1974). . Mol. Biol. 88, L71-L87.

Gottesman, S., Adhya, S.L. (1977). In DNA: Insertion
Elements, Plasmids, and Episomes, eds. A.I. Bukhari,

J.A. Shapiro and S.L. Adhya. (Cold Spring Harbor
Laboratories, New York). pp. 713-718.

Gray, C.H., Tatum, E.L. (1944). Proc. Nat. Acad. Sci. USA
30, LOL-L10.

Green, M.E. (1963). Proc. Nat. Acad. Sci. USA 30, 1177-118L.
Groman, N.B. (1953). J. Bacteriol. 66, 184-191.

Grunstein, M., Hogness, D.S. (1975). Proc. Nat. Acad. Sci.
USA 72, 3961-3965.

Guaneros, G., Echols, H. (1970). J. Mol. Biol. 47, 565=574.

Guerry, P., LeBlanc, D.J., Falkow, S. (1973). J. Bacteriol.
116, 1064-1066.

Hayes, W. (1968). The Genetics of Bacteria and their
Viruses, second edition (Blackwell Scientific Public-
ations, Oxford).

Henderson, D., Weil, J. (1975). Virology 67, 12h4-135.

Hershey, A.D. (1971a). Editor: The Bacteriophage Lambda
(Cold Spring Harbor Laboratories, New York).

Hershey, A.D. (1971b). Carnegie Inst. Wash, Year .Book 70,
3"70 i

Hershey, A.D., Burgi, E., Ingrahan, L. (1963). Proc. Nat.
Acado SCio USA )_-La’ 7’4—8"755.

Hershey, A.D., Dove, W. (1971) In The Bacteriophage Lambda,
ed. A.D. Hershey. (Cold Spring Harbor Laboratories,
NGW YOI‘k) . ppc 3—1 2 .

Herskowitz, I., Signer, E.R. (1974). Virology &1, 112-119.

Holloway, E.W., Krishnapillai, V. (1975). In Genetics and
Biochemistry of Pseudomonas, e€ds. P.H. Clarke and M.H.
Richmond (Wiley-Interscience). ©pp. 99-132.

Humphreys, G.O., Wilshaw, G.A., Anderson, E.S. (1975).
Biochem. Biophys. Acta 383, L57-u463.

Ingrahem, L., Ehring, R., Hershey, A.D. (1966). Carnegie
Inst. Wash. Year Book 65, 562-565.

- 85 -



Jacob, F., #ollman, £.L. (1954). Ann. Inst. Pasteur 87,
653-673.
Jacob, F., Wollman, Z.L. (1956). Ann. Inst. Pasteur 91,

Kaiser, A.D., Masuda, T. (1970). J. Mol. Biol. L7, 557-56l.

Katz, L., Kingsbury, D.T., Helinski, D.R. (1973). J.
Bacteriol. 114, 577-591.

Kellenberger, G., Zichichi, M.L., Weigle, J. (1961). J. Mol.

Kelley, W.S., Chalmers, K., Murray, N.E. (1977). Proc. Nat.
Acad. Sci. USA 7L, 5632-5636.

Kiger, J., Green, M.H. (1964). Virology 22, 602-607.

Krylov, V.N., Tsygankov, Y.D. (1976). Genetika 12, 104-111.

Kushner, S., Nagaishi, H., Clark, AT, (1974). Proc. Nat.
Acad. Sci. USA 71, 3593-3597. :

Laskey R.A., mils A.D.(1937). FEBS LeterS 82 ,314- 306

Lederberg, E.M. (1951). Genetics 36, 560-

Lederberg, E.M., Cohen, S.N. (197u) J. Bacteriol. 119,

lederbersg, J., Tatum, E.L. (1946). Cold Spring Harbor Symp.
Quant. Biol. 11, 113-11L.

Lindanl, G., Sironi, G., Bialy, H., Calendar, R. (1970)
Proc. Nat. Acad. Sci. USA 66, 587-59L4.

Lindshl,G@., Hirota, Y., Jacob, F. (1971). Proc. Nat. Acad.
Sci. USA 68, 2uLO7-2411.

Lloyd, R.G. (1974). Mol. Gen. Genet. 134, 249-259,

Lloyd, R.G., Barbour, S.D. (1974). Mol. Gen. Genet. 13k,

Low, K.B. (1972). Bacteriol. Rev. 36, 587-607.
Low, K.B. (1973). Mol. Gen. Genet. 122, 119-130.

Maniatis, T., Jeffrey, A., Kleid, D.G. (1975). Proc. Nat.
Acado SClo USA L’ 118’4"1188

Murray, K., Murray, N.E. (1973). ©Nature New Biology 243,
1 3L’r-1 39 .

Murray, N.E., Brammar, W.J., Murray, K. (1977) Mol. Gen.
Genet. 150, 53-61.

Murray, N.Z., Manduca, de Ritis, P., Foster, L.A. (1973)
Mol. Gen. Genet. 120, 261 =281,

- 86 -



Nygaard, A.P., Hall, B.D. (1963). Biochem. Biophys. Res.
Commun. 12, 98-104.

Fhilippsen, P., Davis, R.%. (1978). J. iol., Biol. 123,

Roberts, J.%. (1975). Proc. Nat. Acad. Sci. USA 72, 3300-
3304.

Sanderson, K.2. (1976). Annual Rev. Microbiol. 30, 327-349.
Sato, K., Campbell, A. (1970). Virology Li, L74-L87.

Shimada, K., Weisberg, R.A., Gottesman, M.Z. (1972). J. Mol.
Biol. 63, L83-503.

Shionoya, H., Goto, S., Tsukamoto, M., Homma, Y. (1967).
Japanese Journal of Experimental iedicine 37, 359-371.

Signer, E.R., Weil, J. (1968). J. Mol. Biol. 34, 261-271.

Simmon, V.F., Lederberg, S. (1972). J. Bacteriol. 11

Simon, M.N., Davis, R.W., Davidson, N. (1971). 1In The
Bacteriophage Lambda, ed. A.D. Hershey. (Cold Spring
Harbor Laboratories, New York). pp. Wu455-475.

Sironi, G., Bialy, H., Lozeron, H.A., Calendar, R. (1971).
Virology L6, 387-396.

Skalka, A.M., Burgi, B., Hershey, A.D. (1968). J. Mol.
BiOl. i)-l, 1-160 .

Smith, H.O0., Nathans, D. (1573). J. MOl. Biol. 81, UL19-423.
Southern, E.M. (1975). J. Mol. Biol. .98, 503-518.

Steinberg, R.A., Ptashne, M. (1971 ). Nature New Biology
2 EO ’ 76-80 .

Strathern, A., Herskowitz, I. (1975). Virology 67, 136-143.

Strike, P., Emerson, P.E. (1974). Mol. Gen. Genet. 130,
39"“‘5 .

Studier, F.W. (1969). Virology 39, 562-57L.

Szybalski, (1974). In Handbook of Genetics, Vol. 1:
Bacterla, Bacteriophages and Fungi, ed. R.C. King.
(Plenum Press, New York). pp. 309-323.

Szybalski, W., Szybalski, E.H. (1974). 1In Viruses,

Zvolution and Cancer, eds. E. Kurstak and K. Mara-
morosch (Academic Fress, New York). pp. 563-582.

Tabak, H.I., Flavell, R.A. (1978). DNucleic Acids Res. 5,
2321-2332.

- 87 -



Templin, A., Kushner, S.R., Clark, A.J. (1972). Genetics 12,

Thurm, Po, GaPI‘O, A‘J. (1975). Jo ViI‘Ol. 1_6_, 179'—1 91 .

Tsyganxov, Y.D., Karapetian, A.T., Krylov, V.N. (1976).
Genstika 12, 112-117.

Uetake, H., Hagiwara, S. (1961). Virology 13, 500-506.

Uetaxe, H., Luna, S.E., Burrous, J.W. (1958). Virology 5,
68"91 L] ’

Vleigle, J. (1966). Proc. Nat. Acad. Sci. USA 55, 1462-1U466.
Weisberg, R.A., Gottesman, S., Gottesman, M.E. (1977). 1In
Comprehensive Virology, Vol. 8. eds. H. Fraenkel-

Conrat and R. Wagner. (Plenum Press, New York).

Viilletts, N.S., Clark, A.J. (1969). J. Bacteriol. 100,
231-239.

V'lrilson’ G.Go ) TanyaShin, V.I o9 Mllrray’ NQE. (1977) . MOl.

Wa, R., Taylor, E. (1971). J. Mol. Biol. 57, L91-511.
Zissler, J., Signer, E.R., Schaefer, F. (1971). In The

Bacteriophage Lambda, ed. A.D. Hershey. (Cold Spring
Harbor Laboratories, New York). pp. 455-475.

- 88 -



