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Escherichia coli K12 strain C600 with
bacteriophage Lambda (x 60,000)

Glucose grown bacterial cells (with ca. 10-20 lambda
receptors per cell surface) were preadsorbed with a
concentrated stock of ?.c26 in the presence of 10 mM MgC1 2 .
The preparation was stained with 2% Uranyl acetate and
picked up directly onto parlodion coated grids and scanned
under the electron microscope. The arrow shows an
adsorbed phage particle.
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The genome of a lambda-= transducing phage :
used as an enriched source of E.coli

operon D1A. The position

in the phage genome of the transduced bacterial DIiIi and of the trP
operon within it were determined by electron microscopic analysis of
DNA heteroduplexes formed from the trp phage and its
parent, 407.59 and also from

k:080 hybrid

X5i derivatives carrying

genetically defined deletions or substitutions. This information
facilitated the interpretation of the banding patterns of restriction
enzyme digests of )= + 51 DNA and those of its derivatives, the
series, and allowed a restriction map of the trP operon DNA
to be built up.
The positions of the Hindu, Hindlil and jI recognition
sequences within the operon have been determined. The endonucleasec
Aval, XhoI and BanHI do not cleave trP DNA and their targets flanking
the operon in )+51 have been mapped.
The crossover between lambda and 080 DNA in the hybrid progenitor
of

has been located within a 200 base pair region at 65,a-

65*651 on the standard lambda map, in an area of partial sequence

homology between the two genomes, and places the single site
recognised by the E.coli K-restriction enzyme in the 030 DNA within
the 500 base pair region to the left of this crossover.
Alignment of the genetic map of the trp operon with the physical
map obtained by restriction analysis shows close agreement between
the two except in one small, internal segment. This finding
prompted a search for recombination hotapota in the trp operon DIA

(vii)

and two sites, which may be chi (crossover hotspot instigator)
sites, have been located within the DII4 removed by the =DI

deletion.
A similar survey of chi-like sites carried by in vitro and
in vivo recombinant lambda transducing phases revealed seven such
sites in the 1.coli DIA scanned. extrapolation of these results

leads to an estimated total of 250 chi sites within the E.coli
genome.

AMP

Lambda 11N mutants propagate as plasmids, and the Lac k and
phenotypes conferred by 21acIN and tTnAIIN have been used

to select plasmid-bearing clones after infection from a phage
particle and after transformation by purified phage DIIA.
Derivatives of each of these

phages retaining a single

EcolU target have been constructed and their use as molecular
vehicles proposed.

CHA1PTEi I

INTRODUCTION

The txp operon of E.co].i
The five genes, specifying the enzyme activities responsible
for the biosynthesis of L-tryptophan from non-aromatic precursors
are clustered in the gonome of the enteric bacterium Escherichiá
coli, and are subject to co-ordinate control. This gene cluster :
the

operon, and the genetic and biochemical basis of its

control is now one of the best understood biological systems
of regulation at the molecular level.

Much of the early work on

tryptophan biosynthesis was with the IM operon of Salmonella
typhirnurium and subsequent characterisation of the E.coli TrP
operon showed parallel structural organisation and control in the
two systems. Our knowledge of the organisation and control of
tryptophan biosynthesis in other organisms, however, is still
primitive (See flargolin, 1974, for a detailed review). The trP

oporon lies at 27 mina. on the standard 0 - 100 mine, circular.
linkage map of the Lcoli genome (Bachmann at al., 1977) and its
single transcript specified the = enzymes in the order of their
reaction sequence in the biochemical pathway : Figure 1-1.
Under conditions of tryptophan starvation the operon is
transcribed by ANA-polyueraae, which binds at the major promoter,
p1 and transcribes the entire operon in a 7 Kb messenger
(mRNA) molecule (Iniamoto at al., 1965; Mosteller & Yanofeky, 1970).
Transcription control was demonstrated to be mediated through the
interaction of the operator, I o with the protein product of the
jr2R gene. This apo-repreosor binds the trp operator very

Piuro 11

e trtopan biosynthetic oçroU of Eccherjchja coli

"he genetic map of the trP operon and corresponding enzyme
activities are shown.
The positions of the

ja deletions

are taken from Yanofaky

et al. (1971); Hurray & Brammar (1973) and Jackson & Yanofsky (1972b);
The extent of the jMD1 deletion was determined by Anilionis & Bramniar
(unpublished experiments). The point mutations have been mapped by
Yanofoky et al. (1971) and Crawford et al. (1970). The position of
the lots-level constitutive internal promoter P is taken from Jackson.
& Yanofeky (1972a).
The 1MB product alone is also capable of catalysing the
condensation of aerine and indole to produce tryptophan, though this
activity is stimulated in the presence of the IMA product.

The E.coLi tp operon

FIGURE 1 -1
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tenaciously (KD = 2 x 101014 in O.12.0 £aCl at 3700 in the
presence of the co-repressor, tryptophan itself (ose & Yanofeky,
1974) and blocks the binding of iA-polyineraee at trP p 1 and
hence prevents new initiations of transcription (squires et al.,.

1975).

Variation in the concentration of tryptophan in the cell

allows a fifty-fold regulation in the rate of synthesis of the
enzymes by this means.
There is, however, another site of initiation of transcription
.Ir p2 , an internal unregulated promoter within the

D gene,

which allows a low level of expression (a few percent of the maximal)
of the trD C,13 and A genes during conditions of tryptophan excess
(Jackson & Yanofeky, 1972a). This minor constitutive promoter is

conserved in several species of enterobacteriaceae Margin &
l3eloer, 1973).
Ixamination of the expression of trp enzymes of strains
carrying deletions within the operon leaving the

p1 0 region

intact (as judged by normal repression by tryptophan) have
identified a site between the operator and the first structural
gene which may have a regulatory function (Jackson & Yanofeky,
1973). Deletion of this •attenuator' site results in an eight to
ten-fold - increase in the rate of synthesis of.LrX enzymes. These
results parallel the finding that there is an approximately
ten-fold excess of a sall discrete in vivo RNA transcript of
some 130 base pairs in length, which is identical in sequence
to the 5' segment of the normal trP opez'on m1NA which precedes
the AUG codon for the initiation of

i6mation of the

gene (Lee et al., 1976; Bertrand et al., 1976a 9 b; Pouuels &

1-3

Pannekoek, 1976). The region between the site of initiation of
transcription and the first structural gene is the trP 'leader'
and its 163-nucleotide eequence has been established (Bronson
et al., 1973; Bertrand at al.,1975). The foahortened or

'attenuated' transcript of this region is 144 nucleotides long
and is terminated by -U 7OH or -U80H and often an uncoded 3'A,
in common with several other in vivo transcripts which are known
to end in atretche5 of poly.-U, including the E,coli band IV RUA
(Ikemura & Dahlberg, 1973)9 a 080 : 143 transcript (Pieczenik
at a].,, 1972) and the lambda kZ and 6s transcripts (Lebowitz
et a].., 1971).
The 1M leader sequence surrounding the attenuator site
bears two axes of two-fold rotational symmetry:
DNA:

50

.

.

.

CGCCCGCGGCTTTTTTTTGAACAAAAT. •
I

I

+

3'. . .GCGGGCGCCCGAAAAAWCTTGTTTTA.. .-5'
attenuated RNA:

5'...CGGCCGCGGGCUUUUUUUU

OII

By analogy with other sites of protein : uucleic acid

interaction, notably the promoter and operator of the lac , operon
(Gilbert & 14axam, 1973; Dickson .t al., 1975) and the major
control complexes °ih and PROR of bacteriophage lambda
(Z4aniatis at a]., 19749 1975a,b; Pirrotta, 1975), these may represent
recognition sites for specific proteins; in this case those which
mediate attenuation. In fact, of those deletions beginning in
the leader sequence and running across one of the promoterproximal structural genes, those which remove the trP attenuator
site and its symmetrical sequences also show elevated expression

of the remaining trP genes, whilst those which do not suffer altered

i-k

regulation leave this site intact (Jackson C., Yanofsky, 1973;
3ertrand et al., 1975).

There are no apparent accessory requirements for protein
factors tothhieve attenuation of the trP transcript in vitro
(Bertrand et al., 1975),

which seems to discount any possibility

of dependence on the E.coli termination factor rho (Roberts, 1969).
By contrast, there is genetic evidence that expression of the tM
operon enzymes is increased two to five-fold by certain

-linked

suppressor mutations (Korn & Yanofeky, 1976a 9 b) which also
relieve polarity caused by nonsense mutations in thejr2 operon
(orse, 1972)0 The situation is confusing in that several
phenotypes are observed among the

-linked cuppresaora, some

overcoming attenuation to a greater or lesser degree and others
including the original suA mutations (which have been shown to
directly affect rho : aatner, 1969) have no effect on attenuation
of the = operon transcript. Thus, in vitro biochemical studies
favour an interprelation of trP attenuation involving positive
control and relief of termination, whilst the in vivo genetic
experiments indicate the involvement of at least one termination
factor and negative control of attenuation. It may be that both
types of control apply in a complex system of regulation of
attenuation in the jr2 operon.
Attenuation as a mechanism of regulation has also been
invoked in the his operon of Salmonella typhimurium(Kasai, 1974) 9

and certain polarity suppressors increase expression of the ilv
operon (Wassuth & Umbarger, 1973) suggesting that attenuation may
also be involved in regulation of this operon.
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There is an 03 codon in the trp loader cLAA, which if uced
to initiate tranolation would load to the production of a 13residue poptide in which trp occurs twice, and it has been auGCected
that this may ha:e cone reu1atery function; its translation
in vivo soes unlikoly since there is no G-rich cite - postulated
as ribocoso binding sites diotiaouiallinS translation initiation
cites (Iiino & Daloarno s 1975)

ismediately preceidino the AUG

codon, but no direct evidence is yet available.
The trp operator and promoter sequences have been deduced
from the sequence of *read-throuh' transcripts initiated ate
qrGOpjM phe.pronoter (ennett et al., 1976).

The operator

rocion preooe the transcribed portion of the operon, since one
trP deletion mutant L0I452 9 which has lost all but the 5 9 -'torminal

A residue of the loader sequence retains normal operator function.
Two regions of two-fold symmetry care found within this region
centred at positions 7-8 and 11-12 base-pairs prior to the
initiation site of trp 011A synthesis. and. the hyphenated, or

partial symmetry extends over a 26 base-pair region fiich is
protected from nuclease attack by RUA polymorace, Purified
preparations of = repressor also protect.. the trio operator from
cieavae by the sequence-specific endonuelea.co gaal # as does
pro-bound iA polymoraco, sho-aino that the operator and promoter
'otain common sequences. The trp operon control sequence shows
Low similarities with sequences characteristic of other promoters,
in the roion 5-12 base pairs upstream of the transcription
otartpoiat Uaisols, 1973; Pribnou, 1975).
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Another sequence of interest is that of the
intercietronic boundary (Platt et al., 1975) which contains the
sequence : ....UGAUG.... the UGA codon cnetituting a 'stop'
signal for translation of the 1MB polypeptide, whilst the
partially overlapping AUG is the initiator codon for the synthesis
of the 1MA product, and so only two bases between the two genes
are not translated.
The IM operon sRNA molecule suet contain a transcript of a
small region downstream of the last gene in the operon since
several =A frazeshift mutations have been shown to produce
elongated mutant tryptophan synthetaso

oC

-'subunit polypeptidee

(Hardman et a].., 1975). The largest of these has a molecular weight
of 37.5K9 corresponding to an extra 50-70 amino acid residues
which must have been translated from an extension of the trp
mENA at least 150-200 nucleotides beyond the

1mA gene. Also,

several fusions of the lac and trD operons have been isolated
which place the lac genes under

IM operon control, whilst

retaining an intact IMA gene (Mitchell et alo o 1976). Thus, these
fusions must occur in the untranslated region of the trp operon
between the last translation termination site and the transcription
termination it., and the total time required for translation of
messenger in vivo in synchronously derepreseed cultures shows
that this untranslated region cannot be more than 500 nucleotides
in length.
Control of tryptophan biosynthesis in E.coli is also mediated
directly by feedback inhibition of tryptophan on the enzyme complex

I.?

formed from the products of the =D

enea: azithranilate

synthetase - RA traiisferaae (Ito Cz Yanofsky, 19G9); (henderson
etai0, 1970). This control follows the classical pattern of
ihbition of the end product on the enzymes catalysing
the first r3action of a branched pathway q in this case that of
aromatic amino acid bioeyhesisa
Uih levels of anthranilate are also known to inhibit the
enzymes of the tryptophan synthetnee complex (anofsky et al.,

1971) and though this ia probably of little biological significance,
it is very usoul in the laboratory as a selective pressure-for
the expression of high levels of the trp operon enzymes.

The bacteriophage Lambda
Lambda is one of a class of temperate bacterial viruses
(bacteriophages or more simply, phages) which propaates in E.coli.
As a temperate phage propagation is by one of two alternative
modes : the lytic mode, characteristic of virulent phages in which
infection ultimately results in death of the host followed by cell
lysia and release of about a hundred progeny phage particles; the

second mode, which is. unique to the
establishment of lysogeny.

phagea, is

This is a process in which the phage

genone integrates into that of the host and is replicated as part
of it, being inherited as a genetic trait by each cucceedizirj cell
generation. The integrated phage is referred to as a prophage and
the host cell which carries it is a lysogen, and exhibits immunity
to auperinfection by phages of the same type due to the production

of an immunity substance : the repressor protein product of the
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lambda ci one The propba3e irifroquontly ontero the lytic cycle
0ntanoou1y (10 per cell enezration), txit can be qutitativoly
induced by varione treatr.aenta inc1udi uLtraviolot-irraditioa
(a characteristic of lambdoid proJweo, Dediatod tbroiah
inactivation of the

r eccoz by protoolytic o1eavje

oberc E Roberto ,)3), and alteration of hoot DEJA motabolism
by th i2otvation or addition of oitomycii Co
Lambda ( ) ,21 ,Ø80,ØOI ,82,L2Zi and 434 all belonG to the
lambdoid dame of phaee and they chae the proportiee of bola
temperate co1ipbaem whose lyeoGonm are iadi'ciblo by ultraviolet
light; they are able to recombine intermpecificaily and have cirilar
cohesive end coquencec at the 5' termini of their DA aoloculome
uc1i of the claccic work with Laabda is collected in 1 510
bacteriophao Lambdat (cd,) Hershey (1971), which providec an
excellent source boo!o several recent reviews of the pbycioloy
of lambda are available, of

which those by

homaa (1971)9 Schola

(1972) and Herokowitz (1973) are paticuariyiz2oraativo.
he lambda virion concisto of a ainlo double etranded DIJA
molecule .9,Q0O base paire in lenth amounting to a molecular
weibt of 32.5 million daltone, encapcidcited in an icocahodral
protein head of a aimilar molecular ueiht 500 Al in diameter, from
which protrudes a tubular protein tail 1500 Al lov*

Uao lambda

enome (Fires 1-2 and 1-3) encode3 come 35-0 cenee which chow
remarkable cluoteriao aceorclimr to functiono tevon cietronc
nececcary for the oorphoenocic of the phao bead and eleven for
the tail have been Gaaetically idemtified arid are apecified by the
conventional ribt arm of the linear hae Genome s ho protein

Figure 1-2

Comparison of 080 DNA with that of Lambda

The vegetative genomes of the two phagas are aligned so that
the major blocks of homology in the left arm of each coincide.

(After Fiandt at ml., 1971). Strong homology is shown by solid
blocks, partial homology by shaded blocks and weak homology by the
open rectangles.
The positions of the EcoRI targets in lambda DNA are taken from
Thomas & Davis (1975); those in 080 DNA are from Helling et ml.,
(1974); The EcoRK targets are from Murray at ml., (1973)9 and the
Aval targets in lambda DNA are from Hughes (1977).
The position of the k522 deletion is taken from Parkinson &
Davis (1971) and is relevant to the mapping of the 80 6 as
described in the text.
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Positions of the major Cones are indicated by their genetic
deoivatioe.

The riap shows the linear veotativo form as

packaged in the p1w.e head; clusterinp, of functionally related
Genes is apparent. Di8poneiblero(ions of the Genome are shown
by shadinG and the extent of lambda D13A replaced by the immunity
substitutions from phases 21 and 434 are indicated by the dotted

lines.

rfrcssor

?hagc taiL —io

+Phczge head. x

ott int

L

EF1

AW

yeco,nbi.tti.a,t

arty
Control

DNA
late,
ref W&M controL

N ci OP

red.

Igsis

Q SR

43$:

% Le*qth of
0

10

FIGURE 1-3

20

30

40

50

60

70

80

30

100

1-9

products of fifteen of these Genes have been resolved by Gel
electrophoresis (12urialdo & $iminovitch, 1972). The central
recion of about 1%5'.5'of the genonie has not been assigned any
function and, though at least three proteins are encoded within it s
its deletion does not affect any phage characteristics other than
buoyant density and genome length (Parkinson & Davis, 1971 ) • The
recombination functions of the major leftward oporon are diepenaible,
but the V gene itself is essential for lytic Growth. Determination
of the map locations of the I operon Genes and the assignment of
their sizes deduced from the molecular weights of their protein
products show an apparent over-saturation of the coding capacity
segment (3zybalaki & Zzybalaki, 197):

in the
60
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The positions are expressed as lambda length from the
conventional left end of the linear vegetative molecule. The mt
and xia functions are required for the site-specific recombination
events between the phage attachment site : PP' and the bacterial
att : BB'. The mt protein alone catalyses the intôgration of
the prophage during lysogen formation and both jut and xis proteins
are necessary for its subsequent excision. The promoter p 1
aiutains a low constitutive level of expression of mt independently
of other control.

S
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The phago also specifies its own recombination functions : redo(
(or

), which encodes the lambda exonuclease and redj (or bet),

whose protein product complexes with that of redov, and is necessary
for its recobinogenic activity (Signer, 1971).

The gam, protein is

an inhibitor of the host exonucleas. V to which intermediate forms
of the replicating phage are sensitive. The CIII product is

required for efficient establishment of repressor synthesis and
ral is a protein which has been shown to a]l.viate the restriction

of unmodified phage genoa.s on infection of a K-restricting host.
The lambda Kil function, which is responsible for killing of the
host prior to celL lysis during infectious growth, has been shown
to be mediated by a protein of molecular weight 24Ic genetically
upsreaa of LIII by deletion mapping. Ea22 and EaIO are proteins
of 22K and 10K respectively, which have been identified as phagespecific products by electrophoresis of infected cell extracts and
assigned locations in the lambda genoae by substitution mapping with
bio phages (Hendrix : in Hershey, 1971). The N gene itself isinitially expressed from a 12

early RNA transcript initiated at

and terminated at.tL under the influence-of the host termination
factor rho (Roberts, 1969) and is necessary for the subsequent
'delayed-earl'" expression of all the genes between tL and
The immunity region contains the ci, repressor gene
responsible for the immunity- phenotype, and the rox gene which is
subject to the same 'immunity' controls as LI and causes exclusion
of LII mutants of the virulent phage T4 from lambda lysogena. These

two functions are transcribed leftwards, whereas the negative control

I-I I

gene oro (control of repressor and other things; also called
tot : turn-off function; ai : anti'-irnmtnity, or

L_

and the

SIX cone (another function necessary for establishment of
repressor synthesis) which are also within the immunity region,
are transcribed rightwards Figure 14.
Beyond CII the major rightward operon contains the phage
replication genes 0 and P # followed by the positive control gene
for late expression : . The 'late' genes under control are
transcribed rightwards from

pI

R

(Herskowitz & Signer # 1970) and

include the lysia functions 8, a 'membranase' which shuts off
host energy metabolism late in the lytic cycle and R, the phage
endolysin, (Dambly Lt al., 1968) as well as the morphogenetio genes
which are contiguous with S and R in the circular replicative phage
genome.
On infection of a sensitive host, the linear lambda cenome
circularises by annealing of the complementary ter sequences of the
protruding 5' ends and transcription and replication proceed from a
circular genome. Two major transcripts are made at early times
after infeótion both in vivo and in vitro (Roberts, 1969; Blattner
& Dahlberg, 1972), a 123 leftward transcript of the N gene from
PL and a 73 rightward transcript of the cro gene from

R' using host
RNA-polymeraae and termination factor rho to produce discrete coherent
RNA molecules.
The commitment to follow either the lytic or the lysogenic
pathway is made very soon after this stage when delayed early
functions are expressed in competition with the immunity establishment
process (Echols, 1972). The anti-terminator function, N allows the

jre 1 4
.

ajor transcripts of the lambda nenome

The maJor leftward tracript, complementary to the 1-strand,
is initiated at p , and tminated at t

(the early leftward

trcnecrit I) until the N protein is expressed, when termination
at thi3 site is overcome and transcription proceeds acroec the
-operon and beyond the phase attachment site (delayed early
leftward transcript El).
The early rihtward transcript (I) is initiated at Pat
proceeds across the cr0 Gene and is then inefficiently terminated
at t 1 , and about one fifth of the molecules are extended across
the DNA replication Genes 0 and P and finally terminate at t. In
the presence of '17 protein the delayed early transcript (II) is
produced so that all functions between cro and Q are expressed at
a hiGh rate, and Q in turn stimulates initiation of late transcription
() which includes the uorphoonetic Genes i-.J downstream of the

cos site formed by annealinG of. the 12 bane-pair complementary
cohesive ond sequences.

I'

tL

ft

I'

JE
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transcription from p and P R to override their reaectjve

terminators t

and tRI and t 2 , and thus allows expression of

the N operon and phage replication genes from 2-3 minc. after
infection. Concomitantly, the cro protein concentration in
the cell builds up until about ten minutes after infection when
a steady state is achieved and transcription of its own gene and
the delayed early genes is depressed about five-fold by its
inhibitory action at the major leftward and rightward control
complexes °IPL and
The metabolic state of the infected cell probably influences
the competition between the positive control gene N, which favours
activation of the late genes by stimulation of Q synthesis and
consequent propagation in the lytic mode, and the repressive
activity of cro product on this activity at the major rightward
control complex Pe e The latter interaction favours establishment
of repressor synthesis, which requires LII and LIII proteins
acting in concert at p, specifically stimulating the extension
of the ka RNA transcript from on. This small oop iUA appears
to serve a dual function as primer for DNA replication initiation
and also an attenuated mRNA (Honigman eta].., 1976) whose
extension produces an anti-sense transcript of the.cro gene and
proceeds across %o, and finally transcribes the cI and rex cenes.
Once repressor protein is synthesised it efficiently blocks all
transcription from pL and p. by specific tight binding at
°L and
and
o,,uhuts off Q expression. Thus competition between the two

modes of transcription across the crc gene in the alternative
senses may be the ultimate arbiter of the decision between lysie and
lysogeny within 15-20 mina. after infection.
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The organisation of ci transcription and its regulatory sites
are detailed below.

ct
.4

0L

Pi..

OR
_______
cit
SM

4s
2Repressor, an acidkprotein whose MW has been variously measured
as 26K and 28K 9 acts at the two major operators o, and

and from

these two sites mediates an impressive array of control functions:
Bindingat the two major operators directly inhibits transcription
and PR ' and its action at theae two sites suffices to turn
off the expression of most phage genes. Secondly, transcription

from p

from p for establishment of repressor synthesis is blocked at
0R by the binding of repressor itself and since repressor activity
also prevents further LII and clii expression, transcription from
PRE is quickly halted. Thirdly, repressor stimulates its own
synthesis when present in low concentrations in the cell by
effecting shut-off of transcription from p R and favouring
transcription from the other strand at the neighbouring promoter

PRM which can only compete for RNA-'poly*teraae binding with the
help of bound repressor. Continued ci expression from pRm elevates
its concentration in the cell until a level is reached where

binding of more repressor at °R blocks this expression too, thus
constituting a finely regulated autogenous control of repressor
synthesis. Finally, since replication of the phage DNA requires
ongoing rightward transcription across the ori site (Dove et al.
1971) repressor also exerts an apistatic control over initiation
of phage replication.
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Since the iature of the Qator roe000r interactiono
interaction in
theuo coatrol coiveo as an illtotration of the uze of reatriction
ar-alycira and DVA ooquoncia, thoco 'TiU now be óoiderod in norc
detail*

iJoth major laobdn ooratorc contain three repressor dicier
binding sites, each 17 baco pairs long and oepc ated by -rich
acox'rocionc of 3-.7baso pairs. The site which is initially
bound in each operator is that nearest the operon it controls and
adjacent sites are subsequently bound in ordero oions of about

25, 50 and Co base pairs in lonth are protected from diotion
by non-specific nucloaseo in vitr3 l by increaoin concentrations
of repressor (?tashno ot al., 1976; Laniatio ot al., 197

Cz 1975)

and those correspond to the binding sites 1; 1 C 2 and 1 9 2 & 3 in

each operator.
The sequence-specific restriction endonuclease HindIl cleaves
each operator once and the nuclootide sequence of the operators

have been determined from the four 2rationto produced by ZindII in
this reion and the specific binding cites within thom determined

by studies of protection from uotblation of

a

and G residues of

their DIIIII in vitro by pro-bound repressor. Those results suest

that lambda repressor specifically interacts with the minor
Groove of its D1 binding site. Detormination of ocuence chanCes
due to virulence mutations (conforrinC insensitivity to repressor)
and various promoter defects have allowed aociCzooat of fuzictiona
to seciouto of the major control complexes and show interpenetration
of the oporatox and promoters:
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The sites of action of cro protein are also within these
sequences since the vir mutations of the operators have been shown
to decrease its effectiveness in inhibiting transcription from pL
(Sly et al., in Hershey, 1971) and p (Berg, 1974).
The switch from p to p promoted transcription is effected
by repressor binding at ORI channeling 1A 2olymeraae into the
p site, and subsequent binding of repressor at oR2

&

3 blocks

transcription from both (Pirrotta, 1976). Only about 200 repressor

monomers are present in an ordinary lyaogén maintained by p

29

and translation of this mRNA is only one-fifth as efficient as
that of the p RE transcript, an effect consistent with the absence
of a leader sequence in the former and the consequent loss of the
ribosome binding site (Shine & Dalgorno, 197) prior to the AUG
codon for initiation of translation of repressor protein (Ptaabne

It al., 1976).
Equilibrium dialysis studies show that lambda repressor
specifically binds the operators of the lambda immunity region and

not that of

and has a much lower affinity for single
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stranded or other double stranded DOA. 1quilibriuin bindinG follows
a sii curve at low repressor concentrations titrated with
increasiac amounts of:.lasbdo. D1A (Pirotta, 1976).

Dindia of the

active repressor species presumed to be a diner s but the data
could also apply to a tetramer — is rapid, the forward reaction
rate óonetant1 U=3.10 101-1

l.soc 1 , unless the repressor is

first diluted, whoa recovery of binding is slow but the ease
equilibrium level is reached. The repressor nultimer dissociation
constant, X = [ii] 2,

= 7.10 9I'e whereas the repz'ossor :

operator dissociation constant,

=

['J

101 / [1 =

]1

3.10

Integration of the propbae during lycotenisation is mediated
by the int protein alone, catalyein the reciprocal site-specific
recombination event between the two circular DIA molecules, the
phase and host Genomoo, forming a single circular chromosome with
the interatod prophae (Campbell, 1962). The int protein also
sodiates site specific recombination between two p1aae Genomes
(Woil & Zier, 1968). Both the jut and xis functions are n000ssary
for excision of the prophacje by the reverse process*
Abnormal excision events (about 1 in io), also int and xic
dependent, due to crossovers at sites other than P.P' and BB' lead
to foraation of transducing phaCes carrying small portions of the
E.coli Genone adjacent to the prophae:
CIt

chl D PSI

N
BP'

I

R cos A

IT

:

UI
P8'

6.o

uvr g
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• The abnormal excision of a 030 prophaije, which interatee
near trP in the host chromosome, leads to 080p

tran ducinG pliaCes

by a mechanism parallel to \pbio formation, and to 080dF in an

n'loous way to "Adgal formation.,
Lambda will integrate at different chromosomal locations
when the normal bacterial attachment site is deleted (hiriada,.
1972) aCain by an int catalysed process, at a frequency 200-fold
lower than lysoenioation of the wild type host, A further
200-fold reduction is observed in the intoration of
such

t.-deletion hosts.. Subsequent excision of those unusual

rophaes has led to the generation of lambda-tranaducin

phaea

carrying several host Genes which are unlinked to the lambda
attachment aito..

The replication of lambda DA will now be discussed in detail
as it is of special significance to the work to be described.

Replication of lambda DA
On infection of a normal sensitive host the linoar D1A
molecules injected by the phase are rapidly converted to covalently
closed circles (Young C L3insheiner, 1964) 9 rosultin in the loss of
infectivity of re-extracted lambda DNA (Dove & Ueilo, 1965).

Replication of these circles has been ohown to proceed through two
phases ; First, the early mode in which the monomeric circular
phase DNA is replicated bdirectionally (chns & Inman, 1970) and
semiconservatively froz a unique ori site (Dove et a].., 1971)
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producing 'G' form intermediates and yielding about twenty
monomeric circles fifteen minutes after infection (Carter C Smith,

Many of these circles have an interruption in at least one

1970).

of their strands (Young & Sinaheimer, 1968)o t3econd, the late mode
which

i8

characterised by the accumulation of concatenated forms

and proceed5.vn'' shaped intermediates. This mode continues
until 50-60 minutes after infection, when cell lysis is achieved
and about 80% of the lambda DNA in the cell has been packaged
into phage heads (Enquist & Skalka, 1973).
The early mode has been shown to require the function of
lambda 0 and P proteins acting in concert with host replication
machinery (GeorgopoUlaz & Herskowitz, 1971; sunshine It a]., 1977).
A small,
region, the

NA molecule complementary to the 1-strand of the ori
OOD

RNA, is thought to serve as a primer for DNA

synthesis (Hayes & Szybalaki, 1973) displacing the opposite strand
(where initiation of replication must also occur); the two newly
formed replication forks proceed in opposite directions until they
collide at a position diametrically opposite on (Valenzuela et al,

1976) and the two circles separate.
The late mode of replication is marked by the appearance of
linear DNA tails protruding from the monomeric circles, these
being continuously extended, resulting in the accumulation of
niultimeric linear concatenates, in a process which is still dependent
on functional lambda P product (Takahashi, 1977).

Net synthesis

of closed circles ceases, though some multimerio circular forms
can be detected (Enquist & Skalka, 1973).

Gilbert

Dressler (1968)
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proposed a oodel to account for the formation of lon concatenated
interodiate$ ob3orvod du'in the replication of a variety of
circle' codcl the tanbrokon

Accordinr,, to their

piaez.

circular atrand is a ternplate f-rGn which coacateated linear
copioa can be continuously replicated* ho predictionz of this
aodel have boon vindicated for lambda in the late rode of
replication (akahachi 9 1973 & 1977)0
onozcric lonbda DLJA, whether linear or circular, has been
shown to be a very poor substrate for the rnaturation and packain
system of lcibda (ohn, 1975 a & b; o,-w £ Uohn, 19700 whereas
linear or circular aniticoric foras are efficiently aatured and
encapsidated (Stahl et al., 1972). In fact, it hats been shown
that maturation requires two or uore cohoivo end () sitos per
DNA solocule (rrefeldor ot al, ,j 1970 9. linear conome being cut
from these sultiieric forus by the action of the lambda- A gene
product (ter) at these sites in a process intivatel involved with
the DorphoGonesia system Wang,

Laiser, 1973).

The pbae red and host rec specified roconbination cysteuc are
both involved in laubda D10A replication and those interactions will
cone

now be considered. The '.exonuolease activity of the
product is only recosbinoenic in the presence of the

/3

pr
otein,

tbouh the exorniclease activity is not detectably affected by loss
of the

/9

protein, (Carter & laddiwj, 1971. a,b). Laubda

oxonucleee shows a roarkable specificity and acts only on triple
stranded structures in a uode referred to as 'strand aosicilatioal
and though it binds at nic!s and free 5 1—projeotions it shows
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negligible activity at these sites,leading directly to a possible

mechanism of red catalysed

(Casauto & Radding, 1971.)

recombination.
34; rctc

e co
31
5'

3'

Lambda reC mutants, when grown in rec or recA hosts replicate
their DNA at a lower rate and the average size of concatemers at
late times is shorter than the wild type*

liaturation and packaging

of the phage DNA is also less efficient and the phage yield is
only 30-W that of the normal burst. Thus the red- defect in
phage specified recombination also manifests itself in a reduced
ability to initiate or to propagate the late mode of replication.
The gam gene produces an inhibitor of the host £BC nuclease
(oxo V) and its role in phage replication is shown by the reduction
in burst size of lambda Za2
m pliagec and a further reduction in the

f

extent of late replication in

mutants. See Figure 1-5.

The effect of re(r and gamj" mutations on the growth of lambda
on various hosts constitute distinct phenotypes:
Phenotype:
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The (+) phenotype is that shown by
et als o 1971 a,b) o

in each cam. (Ziesler

red!' makes tiny plaques even on a wild

type host and shows the partial-Spi phenotype by poor growth on

P2-lysogena unless accompanied by a chi recombination hotapot for
the reo system (Malone & Chattoraj, 1975).

The Feo and Spi

phenotypes are thus mutually exclusive in unsubstituted lambda,
but a transducing phage which has both these properties has been

selected. This phag.,

-reverse (Gottesman et al., 1974) carries

the sbcA gene of E.coli substituted for the

segment of

the phag..
A model for lambda DNA replication has been built up from the
known characteristics of various l*zibda mutants and this is presented
in Figure 1-6. The transition from early to late modes ia mediated

by the host rec and/or the phage red systems, and thus probably
involveA concatemer formation by recombination, but loss of both
functions results in poor yields of phages and the few progeny
produced arise from maturation of the concatenated forms produced
by a 'leakage.' into the late mode of DNA replication which is
sensitive to attack by the recBC nuclease (Barbour & Clark, 1970)

at the transition stag.; this is shown by the inviability of
redj in recA host, where the recBC enzyme is not inhibited,
and the reduced efficiency of rolling-circle formation but not
opagation, in replication of

red7gamts DNA when shifted from

the permissive to the non-permissive temperature (Greenstein &
Skalka, 1973; Sogo et 'al., 1976).
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Lambda can oxiot ac a plaanid when its replication is locked
into the early code and late functions are not exprocoode

a placid conoiotiar, of a 153 core reGion of lasbda DA (1atoubara,
1976) which lache the structural cèaoe for late functions, and
£3I which lacks the scans to ewitch on their oxpreesion, both
fulfil these requirosents. MenA1311 - infects a sensitive host
the two norual routes to ].ysio or lycoGony are both blocked
by lack of -dopendet anti-toroination activity.. The siupler
situation prevails where only the 12$ A fros p cjpocifyinr
inactive £i product, and the 78 oRIA from P R SPOcifYiag active
cro product are made. Synthocic of cr0 continuoc until its ability
to repress itsown transcription from p leads to a steady state

whore
of

-uediated 'anti-icinunity' is established as in the case

g'c

(BorG, 1974). The 78 cr0 transcript contuueo to be

cade to maintain the levels of cro activity necessary to retain
the steady state and hence establishing an antoenoU8 roGuiatory
circuit; but the 78 transcripts are only inefficiently
terminated at t 1 , and ooco 20Z continue beyond and transcribe
the 0 and P

GOflOS

and finally teratnate at t 2 .

huo 0 and P

functions are ezprecsed by leakaGe, and'since these are the only
icubda products required for replication of lambda' DA circles
(0Gaa & Toniawa, 1968) the lambda Conoco is stably established
as a plansid tjith sose 30-50 copies of the sonoser per coil
(Liob, 1970)0
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plasmids containing mutant

O

R

sites which also affect

the cro site of action have altered levels of cro expression in
the steady state (Berg, 1974), the v1 v3 mutations increasing the
equilibrium concentration of cro in the carrier cell so that
\vir is unable to make a plaque on this host, and this level is

in turn exceeded by ç\-carriera with v1 v3v6 mutations in o.

Restriction endonucleases and in vitro recombinant DNA
The phenomenon of host controlled restriction and modification
is mediated by enzymes which fall into two distinct groups:
hQ3e which show a dependence on ATP and SAN (S-Adenosyl-methionine)
as well as the cofactor Dig +4, and those which have no requirements
T
other than I4g. The former are the ypeI enzymes which have
specific recognition sequences but produce random breaks in DNA
which contain: these Bites which are not specifically methylated;
the 4g++-dependent enzymes are of Type II which cleave within or
near their recognition sequences (See L4rber & Linn, 1969; Boyer
1971 and Roberts, 1976 for reviews).
It was quickly realised that the Type II enzymes provide a
unique opportunity to produce small coherent DNA fragments from the
huge DNA molecules which constitute the genomea of prokaryotic and
enkaryotic organisms, and rapid progress was made in the mapping
of small segments of specific DNA regions of interest. (Allet,
1973; Allet et a].., 1973; 197 4

;

1975; ilaurer et a].., 1974.)

Also UI fragments produced by the action of the same enzyme on
DNA from widely different sources have identical end sequences and

i-ak

so religation in a new fragment order or of DNA molecules from
unrelated sources allows in vitro DNA recombination across all
Genetic barriers. Recovery of the DNA and its biological activity
in E,coli cello has been routinely demonstrated with plasmid
(Liukai at a]., 1976) lambda (IIurrar & Nurray, 1974; liurray at a]..,
1977; i3orck at al. 1 1976) as well as other plasmids (So at a]..,

1975; Collins at als o 1976; Jackson et-al
of ekaryotic genes achieved in

E.00li

1972) 9. and expression

by these means, albeit

inefficiently (Struhl at al,, 1976; flatzkin at al-t 1977). Flush-

ends' with no 3 1 or 51 protrusions have also been shown to be
accessible to this method (Sgaremella, 1972) and single strand
projections added in vitro have been used to ffeot joining of
isolated DNA fragments (Jackson at al. 1 1972). This technique
has been used to produce 'clones' of the rabbit /_clobin gene
in E.coli plaaniids (ibigeon, 1975; Rabbitta, 1976) and promises to
be of immense value in the elucidation of control of eukaryotic
gene expression,

Recombination hotepote in lambda and E.c.oLk. DNA
Chi (crossover hotpot instigator) sites generated by
• mutation were first noticed as oxtragenic suppressors of the ama]]
plaque phenotype of lambdaphages in which the red and
were removed by deletion (ienderson & Ueil, 1975).

gam

genes

These phages

were selected by their ability to grow on a P2-lysogen (the Spi
phenotype : Lindahl et a]., 1970), the wild type and the single

"X red"

and

mutants being excluded by lysogens of this

unrelated phage (the Spi phenotype).

1-25

iendex'son observed that stocks of these partial pi deletion
derivatives were quickly outgrown by phases forming larger plaques
which now carried an additional unlinked mutation; the frequency
at which these suppressor mutations arose was increased by
2-aminopurine, ouestinj that sorie, at loact ) wero transitions.
These suppressor mutations were shown to restore the burst size of

tx reC

from 20 to 10O that of the wild type, even though

lambda specific Dflà synthesis was only increased froc 35 to 6T 9
, 1

wild type levels. The presence of such a suppressor mutation
partially restores the level of endolycin synthesis and reduces
production of serum blocking protein (the J product : Buchwald
& Sicinovitch, 1969) to normal. Later Stahl et al. (1972) and
Lam ot al. (1974) showed that thero were at least four sites in
the lambda Genome which could be mutated to produce a chi site,
and c-2ilin et al. (1974) showed that the

1.00li

bio operon DW

contains a naturally occurring chi cite.
Stahl etal. (1975) showed that these chi mutations were
hotepote for initiation of recoDbination, even if the cite was
within a region of non-homology between the interacting molecules
and this activity was abolished by rocD mutations in the host.
This latter finding contrasts with the results of Henderson & Ucil
(197 5) who showed a residual stimulation of recombination in a
rooD hosto
An interesting parallel phcnouonon occurs in Uouros.pora
crasca, where the wild type co (conversion of cones) allele in
linkaco croup I behaves as a site which strongly competes for
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initiation of recombination alono the chromosome bearing, it, and

this activity is also effective when

is present in a region

of non-homology between the paired chromosomes (Catoheside C fnrel,

1974)9

In the absence of the rec2 allele, £2e allows six times

as much allelic recombination in the neighbouring

-3 gene and

nearly four times as much recombination in the his" 3 to

-3

interval, and conversion in the strand carryinC cor, is preferred.
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1.

3i1CrJ1IAL 311IIS used in the work described are listed below.

Bachmanv(1970) provides a useful guide to the ancestry of many of
With the exception of C-la, all are Zscherichia coli

these strains.

Lysoens and phase resistant strains were

K12 derivatives.

constructed as described in section 5(e) and 5(f), or obtained from
the collection of Dr W.J. 13rammar.
('JJB) Dr W.J. Brammar

(RT)

Dr L Thompson

(HEM) Dr N.S. Hurray

(GGW) Dr G.G. Wilson

(JGS) Dr J.G. Scaife
Designation

Relevant genotype

C600

Ras, ton(, thr,

Source

Reference

HEN

Appleyard (1954)

A' thi.
0600(P2)

P2-lysogen of C600

W3350

az, gal, prototroph

WJB

Campbell (1961)

F',

rIJI3

Franklin & Dove (1969)

prototroph

CR63

p22D

NEVII

Appleyard et a].. (1956)

The].

2ukF, cured of

IM M

Goldberg & Howe (1969)

I ILI 1 1

Campbell (1961)

pr'ophage

594
594(P2)
R47
cRk8

l, str

ienderson & Weil (1975)

P2-lysoen of 594
E, prototroph
recAl derivative of

Weil & Signer (1968)
ULM

Weil & signer (1968)

1113r1 l

Wood (1966)

QEk7
803

hsdS, metB

2-2

__iLiI

Dicnatioa

D8659

(bout I d)

Ielevant ioaote

curoe

hsdZ,

tiJ)

Jorct at a].. (1976)

i4kU

Uubacek C Glover (1970)

17BU

iraiiar at a].. (1974)

iofereuce

(tB-1x)v

Iisd, derivative of

cGoo
derivative of
5K carrying LI
plaotiiidø
tB8

2A1

13098

IlLto7 s
,

M291

2A2

endA

J?

zelPs Ew

(i, att

,bio.s,

I-lurray at a].. (1973a)
OZIN

Pauling & Nam (1968)

'.JJB

GeorCeopoulos (1971)

UJD

Or S. idhya)

uvrB)V his, etr,
SUP

th3738

EysZ derivative of

UJI3

A29l
C-la

B.coli strain C.
0,

D8536
JC5080

l3ortcuii Cz Jertani (1970)

prototriph

1LICZ c,

0

tJ3

1fr M16-type),

Clark (1967)

recA56, spea
XA2I

laci 3, 2.a czYI;11 .5.
thi s strR 2.Eo

JS
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CLUAL sui:t

Doiiatiorit
5000

(coat 'd)

iolevant

QA3 9

ourco
Aoc9825,

OZKI

1cforence

;layer et a).. (19 75)

GtrA176.

ll1L363

3463 (1?oriorly
dOIi6fltCd

1JTH27k3
fl35G6

2J

truh1 ot

IJJB

oldoht3idt et a).. (1970)

a).0

(1976)

ai9463)

G1
jiLVhC, tag

FJ31k9

trio V )E9, =A

UJB

urray & Braaar (1973)

U3110

pOMO prototx'oph

tJJB

iofoky & Ito (1966)

trp strains:

All dorivativoo

of U3110

n9914

Yaiofeky ot a).. (1971)

trioEoc5972

UjB

tr Doc 9778

Yanofky et a].. (1971)
ano2ky et a].. (1971)

2Ca1I987OCaa1 02k3

TjjB

Yanofeky et a).. ( 1 971)

tJJB

Crawford. & Johnson (1964)

tJJB

(Dr C. Yanofc!y)

Wn

Drapoau ot a).. (1968)

Am-88,

J3

Drapoau ot a).. (1968)

41oc109

t!JB

139700
a33' 12.3.

'

sZa o fsky et a).. (1971)

(to, imABCP AC9

trp V
trp 7 D102)

(forruorly

Yanofoky et a).. (1967)

UJTh

Jackcon & Yauofoky (1973)

2 -.

lm

tzaio (Cot'c2)

LeieoEaco

ou1co
UJB

aV LD2k
V Dl

UJB

V3E9

UjB

truv ci
)ç?

3

Jackson & Yano2slty (1973)
idoi uupab1ibod
irrO.T

& 3acw (1973)

un

Ourray Cz Bramar (1973)

UJB

3rooky 2t ale (1971)

trR
This thi3

P1 25
(

c.'

atCk

'ku'

a.E3:v

tr)RLD102. hio.
A126

lqci -31aczFZ A5 -s

(Lal

This

th23it

at t

Qu-pF. his
L1 129

1acL3z1 5

trpVLD102t £.A%, ouno

Thic tliaai3
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2, BACT1IOPL4GI STRALis employed in this study are listed below.
Recombinants derived durin4 the course of this work are described
in the text and are not included here.
Desi gnation and genotype

Source

Reference

WJ3

Uorchey (1971)

VJ3

Zussman Ce Jacob (1962)

iJB

fleselson (1964)

c1128

UJI3

Kaiser (1957)

\cIII67

UJB

Kaiser (1957)

WJB

Jacob & Woilman (1954)

WJ13

Kaiser & Jacob (1957)

,cIts857

1

20126

'Xvir

(v2 , v1 V3 )

2imm434
imm43

WJB

1128

UJB

'2imm434cII167

JJ3

inirzi21

Liedke-Kulke & Kaiser (196
Campbell (1961)

UJB

am7Nam53nin25

Court & Sato (1969
ianly et a].. (1969)

(P 80

tIJB
WJB

Govir

hCOat
1I

80c 1ts 857ninR5

8 Oatt 8Oninfl5

AIM51

Katsuohiro (1965)

0k h-OGQ attO8otrPDZninfl5)

A317j5
(2h

C0at180AI3CDE

Uzi

1E-I unpublished

OBN

l3raxnmar et a].. (1974)

UJD

Branimar et a]., (1974)

LJB

tJi unpublished

UJ2

UJB unpublished

-.,J13

£eisa et a].. (1972)

5)
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cno;L

2It3S (Cot'cl)

Reforoace

Source

DeciRicition and aonotype

A p5cItc857ziiaR5

I2

Ippen at

2\p(\ 2,\ )c7

Oal-2

030 unpubliabed

LcIta357Sarn7

iJB

IXayea (1976)

3°31

lizi

J 400

Qi..

(1971)

urrcy at a].. (1977)

(2 vector 607)

iit4r2d3

aa21 OchiDi 23

\('X 1_2) 7 i21

6°

k4U -1

Stahl at al. (1975)

NUN

Borck at a].. (1976)

(2vector 540)

In vitro recoobinant

oa:

(X vector and rectriction onzyoo usod)

(A vector

Aopkins at al. (1976)

540:itdIII)

()voctor 540:aindlli) '13M-1

Hopkins at al. (1976)

'3

(7tvoctor 540:HindIII)

opkins at a].. (1976)

2trtu3cL19

(vector 540:indIII)

Hopkinc at a].. (1976)

tCDE1710( vector 540:HindIII)

i11

Hopkins at a].. (1976)

(vector 37:dIII)

£2

Hopkins at a].. (1976)

(3CDi)V 3139
2\(1N1-2)(\voctor 569:
ar2210

l3orck at

a].0

(1976)

2.7

(Contd)

__
(vector 569:coiI)
(2vec

13aO

l)

1orck

2vcotor 51OinciiXX)

(2vctor 569:coaI)

.

(1976)

Dorcls eta].. (1976)
1721 -1

GA vector 5O:U.thdII1)
(9cvoctor 340:

(1976)

Dorck at o].. (1976)

(?'Vector 569:2e0I)
2,2

Dozel" ota1. (1976)
ock ot a1

(2vcctor 569:coI)
(

orco

U

orck eta].. (1976)

133rck

.

0t

al. (1976)

dlix)

£Ii

Dorck at a].. (1976)

hioD

(veotoi 540:indIII)

£J2

Dorch at a].. (1976)

9¼hioG

(2voctoz' 50:IlindIII)

ijm

Dorck ot a].. (1976)

(2vector 569:I)
\D13

(2voctoz 569;0cL11).

ozck at 31, (1976)
Dr K. Derek cited in

Dorck eta]., (1976)
(2voctor 722:HinIII)

NEi

(\voctor 72;JjncIII)

j-,-1

unubliehed
U0,1 unpublished

Avcctor 722 ie described in Iurray at a].. (1977)

Other bact ioaeo used in this work:
US2

RZT

T4

GGU

Beazer (1955)

ik £G19

(0120342a)

cU)Fro. :; the Collection o

Tk Al

(one32arn)

G(J)

Pro2000r P. Srionda

WD

Lennox (1955)

)

PThc
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A :LDIA c

3.

xii DUP'

All modia and colutions wore atoriliced by autoclavin at
1lb/cq.in. for 13 cm. before uoe.
L broth (Lennox, 1955) was the rich medium used for liquid
cultures.
ifco 3acto Tryptone
Difco Bacto Yeast otract

1O
Sc

£aCl
Glucose

Ig

Distilled water added to final volume of I litre
Adjusted to 9Z 7.2 before autoclaving.
L-aar
L-broth (as above)
Solidified with Difo aar

lOcft

BBL arar (Parkinson, 1968)
Tryi,ticase (Baltimore Biological Laboratories)

lOg
i3aCl
Difco Bacto agar

'C.
lO

Distilled water added to fins l volume of 1 litre

BL coft-asr
33L acar containing only 6.50/. Difco Dacto agar.
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GROWTH 1DIA & DILUTION BUFFS (Cont'd

Spizizen sinLea]. ajar (Spizizen, 1958)

New Zealand agar

15

Distilled water added to final volume of 800m1
After autoclaving the following additions were made:

5x Spizizen salts

200m1

20% (w/v) solution of required carbon
source

lOs].

AC!! agar
Spizizen minima]. agar (with salts & carbon source)

Difco Bacto Acid-hydrolysed Casein (vitamin-free)
added to 0.055,6 (w/v) after autoclaving.
Minimal soft-agar (for use with minimal & AC!! agar plates)

New Zealand agar

7g

Distilled water added to final volume of I litre.
J4acConkey agar
Oxoid Lactose 14acConkey agar (No 3)

51.5g

Distilled water added to final volume of I litre.
or
Difco I3acto I4acConkey agar base

40g

20 (w/v) solution of required carbon

source

50mi.

Distilled water added to final volume of 1 litre.
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QCJT1

L' L. JILU2ICt

FC (ont 'd)

BBL-XG Olorowitz et al., 1964)

5-bromo--cki].oro-3-indolyl-( -D-alactoside (o)
2.5m,3/ml i. dime thylfor2laliide (D;1F)

Added to molten 33L acar at about 50 0C

161
I litre

(The stockXG colution in DLF was stored at -20"C).
L-.-VA acar
Polyvinyl
....

alcohol

lidded to 3i3L aar (before autoclaving)

7.5
I litre

BBL-?VA soft a gar
olyvinyl alcohol

Added to ) 3BL soft-aar (before autoclavin) I litre

5c Zpizizen.oalts
(J1V2.04

lOg

It 2

7OG
.306

20k

Tr-sodium citrate. 2J120
NGSO

V 71120

Distilled water added to final volume of I litre
20x Vocel Bonner salts

Citric

Acid

It 21L' ~04

kOg
200g

70g
Distilled water added to final volume of 1 litre
2ml chloroform was added as a preservative.
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GROWTH MEDIA & DILUTION BUFFERS (Cont'd)

Phage dilution buffer

KH POI,

3g

Na2HPO

7g

NaCl

5g

14gZO, O.IN aq. solution

lOs].

CaC12 , O,IM aq. solution

tOrn].

Gelatin, 1 (w/v) aq. solution

lml

Distilled water added to final volume of I litre.

Bacterial buffer
As phage dilution buffer omitting the gelatin.
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L. E12L4

LJD

Paiicecitic

2ase and ADAacc were obtained froi Jorthinton

iocbeeical Corporation, Freehold, JJ., U.s.A.
Lyeozyee (Gradel c-uhite ozyuo) ias purcbisod frou LiGua
Chesica

Zoo*

Iouio

Ke3173,

A polyeudootido liGaoo ad olectrophorceic Grade acaroo was
:urchasod from -2ilos Laboratories Ltd, Stoke iGes, 51ouGI1,
£uckc, U.K.
Caesiuu chloride was obtained froo

Ltd, Poole, Dorset.

U • K.
Jhoaever poceiblo reaGentS used were of A.R. Grades
coI restriction endonuclease was prepared as described in
section 5(e).
liLndo ivaI was a sift of Lir S.G. HuChoa.
Endo DamI was generously provided by Or D. F Uard.
iEndo Gindlil was Drovided by r IL Thompson and also by

r K. Laicor.
do £IjndII + III unfractionated oic was a Gift of
Er IL Thoi2qson.

2.1

3,

iT1LOD
i].ating c.Ususpensions
~;

olls were diluted 5 fold from a fresh overnight culture into

L-broth *ad harveetød in mid-logaritbrn.tc phase (after 2 hours
370; corresponding to a cell density of aproxiaateiy
ahu]cin; at
5 x 1085]t)• The cells were resuspended in the earne volume of
1

1g,O 1 and stored at
rbaz:e titration

hage stocks were serially diluted into phage buffer. IS, 04-1ml
aliquot of an appropriate dilution was added to 0.11 of plating
cclii and allowed to adsorb for 15 sin. at room temperature.
2.5m1 molten iiBL soft-agar were thin added, and the mixture
immediately poured onto a 13 i3L sear plate. After 12 hours or
overnight incubation at the required temperature (usually 37°(),
the plaques were scored and counted.
Preparation of high titra hag• .tocke
will isolated single plaque was picked and transferred to
lnl of phage buffer containing a drop of chloroform, and vortexed
to release the

haee into the buffer. 0.1.1 of this suspension

was adsorbed to 0.2m1 fresh plating cells, mixed with 2.ml BI3L
soft-agar and overlaid onto a fresh I. a gar plate. Gnce confluent
iyss was observed (usually after 6.8 hours incubation at 37

0 *11

the soft agar was harvested, combined with 3m1 L broth umd several
drops of chloroform, and the mixture vi,oroualy vort.x.d for 30
eo:;nd. Jell debris, agar and chloroform were removed by
ccntrifuptton, the eupernataut decanted and stored at 40 over a
drop of chloroform in a bijoux bottle.
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(o) Pre2uration of hiri titrojhire stocl:c (Cont'c)
o avoid recombination with the bacterial Lr2 Genoo, stocks of
phaos carryinr t? ciutationo were prepared (wherever possible)
on hosts of the ese trp Genotype or carrying a (trA)
deletion.
(d) Plaaae crosses (after Lturray ot. a]. 1973)
!roshly prepared plating cello, usually of strain U1485 or
were infected with a mixture of the two phaos each at a multiplicity

of 5 p.Z.u. (plaque-forin units) per cell. After 13 mm.
adsorption.at room tosperature, uncidorbod phaGee were removed
by centrifuL ation and the infected cells resuspended at a 100-fold

dilution in L broth. Infected cultures wore crown at 37 °C with
vigorous aeration for 2 hours, and the cultures treated with
chloroform. Recombinant phaGes were selected on appropriate strains
and purified as described for individual creases.
(o) selection of phao resistant mutants
A hiGh titre lysate (10 10-1011 p.f.u./al) of a virulent phaGe

of the hoetrenGe to which resistance wee required was prepared.
0.1ml of this lyiate and 0.1ol freshly prepared platinG coils
were mixed and allowed to stand for 15. rAn. to adsorb the phase.

The mixture was then spread onto a dry L aGar plate and incubated
overniGht at 37 ° C. Several sinGlo colonies from this plate were
then purified by stroakin3 out onto a fresh L agar plate and
purified oin3le colonipe tested as follows: Loh colony was
picked into a drop of bacterial buffer. A loopful of the
suspension wee streaked once across the surface of a dry 23 aar
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Jelection of phae resistant mutants (Cont'd)
plate.

known sensitive and a known resistant strain were

included as controls. When the streaks were dry, a loo7ful of
the virulent phage was cross streaked over the bacterial streaks
and allowed to dry* After overnight incubation at 37°C the clones
were scored. Phage resistant strains were unaffected by the
presence of c2iallenging phase, whereas sensitive or immune cells
chow a clear area of lysis.
iyaoen construction
Cells were picked from the turbid area of iysio produced after
overnight incubation (at the appropriate temporaturo) by a spot of
phage suspension on soft agar seeded with the required host, and
streaked for single colonies on L agar.
Individual colonies were tested for lysogeny by streaking a
suspension of the colony against streaks of indicator phages
(from suspensions of 1O 6-lOp.f.uo/ml) onto a dry i3I)L agar plate,
and scoring after overnight incubation.
Lysogens of a phage carrying imm were immune to Ax26 but
1)80 lysogens were 030
sensitive to 2.
immune but 3ovir
sensitive. Lysogens carrying imm2l or imm434 were sensitive to
2vir but immune to 2\ iam2ic or 2imm434c respectively.
Heteroimmune helper

phago was included in the original phage

spot where a lysogen of an integration deficient phage was
required; the double lysogens selected by the above procedure,
and checked for both immunities.
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Induction of a lysoen by ultraviolet litht
i'rooh plating colic wore prepared as described in cection
3(a).

Aliquoto of 1zl were pipetted into an oapty potri-dish

and exposed to kOO ergs/on ultraviolet radiation (GO socc
under a latip delivering 7 ergs/as2/soc in this case). The
suspension was then diluted 5 fold into fresh L broth in a lightproof culture bottle (to avoid photo-reactivation repair) t and
Grown for 2 hours at 370g• Surviving cells were lysed by the
addition of several drops of chloroform, vortoxod, and the cell
debris removed by contrifugation. The supernatant was titred
for free phage.
Coaplemontation of \cloar plague outante (After Zaisar. 1957)
utants in each of the three

;k clear plaque complementation

groups, ci, cli and clii were used to teat the presence of these
genes in uncharactorisod phages. (The rare class of clear plaque
mutants, c wore not considered.)
A well dried 313L agar plate was overlaid with 0.1ml plating
cello in 2.501 molten iL soft agar. Dilutions of the test phage
containing 109 108 and 10 p.f.u./ml were applied as three drops
near the edge of the tilted plate and allowed to run down the

surface in three broad streaks t and to dry* Sisilar dilutions of
a standard . clear mutant were croos-streaked at right-angles to
the original streaks. After overnight incubation at 37°C the
plates were scored. The streaks caused clearing of the
bacterial lawn except whore two comploconting clears crossed;
the turbid area produced indicated the growth of lysogens as a

result of complosontation.
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(1)

Ooaoure., oat of restriction rtioo

ibc titro of ph n0 00 p ro 2, ucatod on the non-rootrictinr , host 9
divided by the tire on the roatrictinz strain s is defined as
the restriction ratio.
The Z octrictiora ratio ( 2 i~ ) uao ooti!3atod as the titro of

unmodified .0 $iaoo (protrod by passae throuçh the
noa-rostrictin boat : 303) on the K-rostricting, hoot 0600 or
i

nto

J1435), divided 431L the titre on the non-rostrictin hoot (303).
ioilarly, the X-rostriction ratio~Ri as obtained by
dividing the titro o2 the

*K

pharos (proarod by paseae through

cGoo) propagated on 51C, by that on 5L/I.
()

oacureentoi' 2haae burst size

The average burst size of a j$icto is operationally defined
ao the nuiabor of progoy phago after one cycle of groith, divided
by the 1w3bor of colic ori{inally infected, and was deter m ined as

foliotE3
e, re

0.1l fresh platinr coils of the required host,juixed with an
aliquot of a phago dilution calculated to give a aultiplicity of
infection (a.o.i.) of 0.1-0.3 9 and allouod to stand for 15 Di n to adsorb the phase,

lol Bacterial buffer tiaz then added and the

ospeasion aitatod to ensure citing. The coils ucro harvested
by contrifugation and the supernatant (containing any uriadsorbod
phago) vac decanted and discarded. The infected cello were than

.5
roe2coradod in Iml kictorial btZor, oixod t and diluted 10 fold
into p'ouaraod L broth at 370C.

The suspension .:a thoroughly
-

ained s an aliquot titrod for infectious centres, and returned to

a obaIin water bath at 37°C for 90 am.

At the end of this ti m e
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(j) 0oacurooent of phare zrst size (coated)
several cros of chiorofors were added, the sixture vortocd to
ensure coil lysis, and titred for phaCo. The burst size is Given
by the total phaGo burst divided by the nuober of infectious
centres.
(it)

Cornpletientation of E.coli auxotrothios by A-transducinç phaRoc
Those tests are based on the observation of Pranklin (1971),

that

transducint phaGes fors T'_pla q uosc; when crown on a

trp host on a sodium lackinG tryptopitu. The

are

characterised by a circle of lysis surrounded by a ring of Growth
stisulatod by tryptophan feodin. In the case of turbid phages

the centre of the plaque is studded with colonies of Trp_lysoGons.
Clear plaque sutants often elicit a poor response in this test, and
are more difficult to score, but addition of one drop of L broth
to the top aar layer isproves the response by enhancing Growth
of the bacterial lawn.
Spócific tests were porforuod as follows:
O.lsl plating cells or of a fresh overniGht culture in 2.5cil
sinisal soft aGar was overlaid onto an appropriately supplosented
sinivalaar plate (soo beloty). Tufold serial dilutions of
2-transducin3 phages were then spotted onto the top layer (O.Olsl
each), and the spots allowed to dry. Plates wore incubated at

37° C (or 32 0 C for

A

cIts657 derivatives). Couplcentation:. was

scored after 3-72 hours. odia used in those tests for the
.listed auxotrophies are given below:
ICIX agar with glucose as carbon source.
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(k) Cooplosontation of E.coli auxotropkioo by

A

-trasducin phagec

(Cont'd)
tna :

£1inioal agar with 1ycoro1 as carbon source,
containing 100 ,,a/ul 5-mothyltryptophan and
2(/al Indole.

his, cvs,.thv and

inicial scar with c].ucoso as
carbon courc, plus

/s1

c.ther aoino acids required
by the hoot.
(1) Staining toot for penicillinaeo
lhae were plated for single plaques on L-PVA agar plates
using DL-VA soft agar as top layer and C600 as the bacterial
host, as described in 3(b), and incubated overnight at 37°C.
Plates were stained with 3m1 of a k fold dilution of stock

iodine solution (0s32I2 in 1.2I)in distilled water, for about
30 seoo

when uniform deep brown staining was achieved. The stain

was poured away and the agar surface washed with 501 2 (w/v)

aqueous solution of benzyl.penicilln. A further 5al bonzylpenicillin solution was poured onto the plate and allowed to
diffuse into the agar for 2 sins, before being drained away.
Plaques with associated penicillinase activity were recognised by
clearing of the intense blue stain of the surrounding agar within
15-20 sins.
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(in)

Conjugation: plate matin r s
Freshly preared plating cells of the donor (IJfr) and the

recipient () strains were cross streaked onto a dry minimal
acar plate appropriately supplemented to select the desired
ex-conjugant and containing 40,g/ml streptomycin, when this was
the counter-selective agent. Plates were allowed to dry and
incubated overnight at 37° C.D--sired recombinant clones apeared
as colonies in the second cross-streak downstream of the
intersection, and these were purified by streaking out onto sialilar
selective plates and incubating overnight at 370C. Single purified
colonies were then grown up in L broth and tested for the rcuired
genetic markers.
(n) Generalicod transduction by phage Plkc
Plkc lysates were prepared on the desired host strain as in

5(c) using L agar plates made up to
0.05ml

265212

in CaC12

0

of sterile 50rMi CaC1 2 solution, 0e2m]. fresh overnight

culture of recipiont cells and 0.05m1 of a lysate of P1kc
(diluted to 1010 p.1.u./ml) were added to Is]. L broth, and
incubated at 37 C for 20 sins, to allow phage adsorption* The
cells were then collected by centrifugation and resusponded in

is]. sterile 0.IM trisodium citrate, pI7. The suspension was
diluted 2 fold in L broth and grown for 4-6 hours at 37°C to
allow segregation of phenotypes. When selection was for loss of
an auxotropily the last step was omitted and 0.lml aliquots of
cells spread directly onto selective agar plates. In the case
of selection for :1iace resistance, the aegregation lag is
critical; 0.Olml and O.Iml aliquots of the broth grown cells were
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(u) Generalised transduction by phage Plkc (Cont'd)
spread onto L agar plates seeded with 10

p.f.uo of the selective

phage and incubated overnight at 37°C. Yhe transductant clones
were purified by streaking out onto L agar plates, and single
isolated colonies crown up in L broth and tested for the genetic
markers of interest.
Plkc occasionally forms stable lysogens, but these can be
detected by the restriction ability oonfered by the prophage.
Traneductants were tested by parallel titrations of k.K on C600
and on the traneductant strains; the efficiency of plating was the
same on both strains (e.o.p. =1) for non-ly-sogene. (P1 lysogene
would reduce the e.o.p, by several orders of magnitude).
(o) Construction of A -transducing phages carrying known tr
alleles
lysogens of att\ -deleted host strains carrying the
allele desired on the phage were constructed by rec mediated
recombination via = homology as follows:
Where the phage complemented the host trp lesion,
lysogene were selected by spotting O.Olml of serial dilutions of
the

phage onto minimal top layer containing 0.1ml fresh

overnight culture of the att 9ktrp strain, overlaid onto an ACH
agar plate, and the single colonies produced were purified by
streaking onto fresh IICII plates.
When complementation was not possible, lysogens were

prepared as described in 5(f) except that clones were selected
and purified on L agar plates seeded with 10 9 p.f.uo each of two
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Construction of -traiiiducin9 phaec carryin known

im

alleles (Cont'd)
hotooiusune c].oar phaoc of different host ranos (usually Ac
030
and
Lysoens wore induced by ultraviolet radiation as airoady
described, or in the case of those carrying the £1t6357 marker,
beat induced as follows: [n exponential culture crown in L broth
at 300 C with good aoration, was transferred to k2 °0 for 15 cm.
and then crown for a further 2 hours at 37°C with chakin; at
the end of this tice the culture was lyced by the addition of
several drops of chloroform and plated for single plaques of
induced phace with a str

hoot on 3Db aar.

Isolated single plaques were picked with a toothpick and
stabbed into top layer aoeded with a

indicator strain

on ACH acar containinc kO,uc/ml streptomycin. Phases which had
acquired the mutation fail to copleent 1M7 strains mutant in
the same cone.
kyr ophoaghate selection of deletion derivatives of A _
phaco (Parkinson Cz Huakoy, 1971)
Phao lysatos wore diluted 50 or ICO fold into 20c eoc1iu
pyrophosphate (adjusted to p7.0 with phosphoric acid), and
incubated at

420 C for 10 cins; the reaction was stopped by

diluting sasplos into phae bufferat roos tesporature. Aliquoto
were plated for oinlé plaques oa flL scar containing sodiuc
pyropho3phate added to the bottom acar to 2.3ofl final
cone ontratioiri.
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Pyrophosphate selection of deletion derivatives of trp
phae (Parkinson C. IIuskeç 1971) (Cont'd)
Survivors were screened for deletions entering the trp operon
by stabbing plaques from a str lawn onto an AC1 plate containing
R
kOp/il streptomycin, overlaid with a str trP host in2.501
minimal soft agar. Phages which have lost all or part of trp fail
to ,ive I+_plaqueou on trp

AE81212, and were tested further

for the presence of individual trp genes.
Larke scale liquid lysates of phage
1 litre L broth prewarmed to 37 0 C was in$oculated with 1/20
1/0 volume of a fresh overnight culture of c600 (i148 for
phages) and vigorously shaken, to provide good aeration, at 37 °C
until the 061). at 650nm reached 0.6 (estimated 3 x 108 cells/Ml).

çhage from 4 high titre stock were added

to a multiplicity of

infection of 1.0 0 taking care not to carry over any chloroform

from the stock bottle. The 00D. 650 was then followed, taking
readings at 30 nun, intervals until the O.D. began to fal]. (2-4
hours), then every 15

mm. until a minimum value was reached.

2ml chloroform were then added and shaken vigorously. The lysate
an d
was allowed to stand on ice for 10 min.s,clarified by

centriugation at 10irpnu for 10 nuins in an OSE US18 in a 6 x 250o1

capacity rotor. Clarified suspensions show a strong Tyndall
effect (usually 2 x 10 10 - 1011 p.f.u./m].) and were titred for
free phage.
Alternatively, for convenience, .tho ?DS (preadsorb, dilute,
shake) method of Blattner (1976) was used:

0.3znl of a fresh
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Large scale li q uid lysates of phae (Cont'd)
overniht culture of C00 or the appropriate host was in$oculated
with a dilution from a oinle plaque suspension calculated to

provide approximately 6.10 - 10G Pd.ue of phage.
solution containing 10mi CaC1 2 , 10

0.3m1 of a

gS0 was then added and the

mixture shaken and allowed to stand 20 sins at room temperature

to preadaorb. This was used as the inoculum for the desired
volume of L broth (iOOml - I litre) made up to 1m

in

gZC 1 .

be

culture was then placed on a shaker at 37°C for overnight

incubation with good aeration and subsequently lysed, clarified
and titred as in the previous method, without regard for cell
density. This method was found to be less reliable than that
previously described when used with turbid phages.
Preparation of phaie DIIA

Phagea wore recovered, concentrated and purified from large
scale lysates as follows:
Dulkliquid lysates were centrifuged at 2lKrpni for 3 hours
in a 10 z IOOml rotor in an I.WS superapeed 65/75, resuspended by
gently shaking the pellet with 1/100 original volume of phage
buffer overnight and the milky suspension obtained vaclarifiod
by spinning at I0Irp for 10 sins in an 12SE

H5
13 18

as before. This

concentrated phage stock was treated with RUAasc and P'Aase

Mpg/ml each from 1000X stock solutions stored at ..200C) and
incubated at room temperature for 1 hour to digest all the
remaining free host nucleic acid.
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(r)

(oiit'c)
To dot wc wade up to 41.5 (u/v) in

0 - 709G 00lii

Coal per

CC1

by aCdin-

c pharo oucponzion, uaz thoroui].y

Die

and 'hon oontrifuCod to equilibrium at 27rpD for 24 - 36 hours
in a ewiw-out titanjuL rotor in an Qarj c1aporspod 65/75
(aisor

1960).

The phaGo band was colloctoci in drops

from a bole pierced in the bottos of the tuo, diluted 2 - 3 fold
with fresh clarified 41.55j' (;/v)CsCl solution aud rebcindod, this

tiio at 3.3.Krpn for 24 hours and collected as before.
The purified phae were diluted with phase buffer to Give an.
estimated 5
10--20

pf/ol and dialysed for I - 2 hours aainot
pUU.O, 11 LDTA, D11 was extracted by Gontly

roUin for 2 - 3 sins with an equal volume of freshly distilled
phenol, and collecting the aqueous phase (Laioor

i%O).

This step was repeated twice sore, or until there was no lonor
a white gelatinous precipitate at the aqueous : phenol interface.
The viscous DL solution obtained was dialysed exhaustively
aainot 10:; 5ris-1 9 pC.O, 1uL

A (cinisum of k cbanoc In

24 hours). DIM preparations wore assayed by detersination of the
O.D. at 260m (an 01)

50}'G/l).

of 1.0 cor, 4e"sZondinr,, to a cancontratjon of
r2a e ratio 0D260/0D230 was also routinely detorsinod

and cave values approaching 2.0 for protein-free solutions.
Values of 1.7 or loss indicate an unaccoptably hiçh protein
content and require re-oxtraction with pbeaol. Preparations
were stored in sterile screw-capped plastic tubes in a
refriGerator ( - 6°C) for several years without deterioratio.
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()

roparation of LcoLU (fftor Yothiaori, 1971)
traetion buff or contains:10

Petciceiuu

Phosphate}i7.O

loll

7o2

2-1orcaptoethanol,
in ditillod water.

irozan cole (100) wore thawed and suspended in 250i1
extraction buffer in a Glass beaker and sonicatod in 3 z 30 soc.
bursts with intorEaittent periods of 1 2 olao to allow cooling
(the suspension was stood in an ice-bath throughout the procedure).
The total extract was clarified by low speed contri2uation
00rp in an i= LW10 for 15 sins) and than at ih speed (3Krps
in an 8 x 50s1 rotor in a

S65/75) for I hour. The ( 230o1)

supernatant was decanted into a 21 beaker and lOOsi 5

(w/v)

Streptomycin sulphate solution in extraction buffer added slowly
with constant stirring. After 15 sins atirrinG. the precipitate
was rcovod by centrifugation (10frpi 'or 10 pins in a 6 x 250n1
rotor in an '123L 18) and solid a oius sulphate slowly added
to the oupornatant to 5G

saturation (105g to 340sl). After

stirring for 30 ains the precipitate was recovered by
centrifugation (10trpo 9 10 sins in an USS nsi8), dissolved in
45i extraction buffer and dialyced exhaustively against extraction
buffer. The aosonius sulphate fraction (77o1) was then riade up to

0.35

in UaC1 by the additioa of 7,14l kj UaC1 stock solution.
1 I5co x 3co diasotor colusa of 'Uhatoan 211 phospho-cellulose

was prepared after. rc-eycling the resin in 0.I14 iC]. and 0.I1-1 11a0
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( s ) Preparation of EcoRI (After Yoshimori, 1971) (Cont'd)
with extensive washings and final equilibration in lOX extraction
buffer, then extraction buffer containing 0.35

NaC]. according to

the manufacturer's instructions. The ammonium sulphate fraction
was loaded onto the column at a flow rate of 2 - 3 column
volumes/hour, washed with 50m1 0.3514 NaCl in extraction buffer and
eluted with a linear gradient from 0.35 - 0.8M NaCl in 600wl total
volume extraction buffer at the same flow rate, collecting lOmi.
fractions.
Fractions were assayed by mixing 20u1 aliquots with 0.5ug

A DNA

in Ecoal restriction buffer and allowing digestion to proceed for
1 hour at 37 0 C, followed by analysis of 1% fLgaroseslab gels as
described in the next sections. Active fractions show discrete
DNA bands in assay digests.
Active fractions (from the 0.5M NaCl region of the elution
gradient) were pooled, dialysed against extraction buffer and loaded
at a flow rate of 20m1/hour onto a 5 x 1cm diameter column of
DEAE-.oelluloae (Whatean D-52) equilibrated with extraction buffer.
The column was washed with 20w]. 0.15 14 Nau in extraction buffer
and eluted with a 200wl linear gradient of 0.15 to 0*5CLM NaCl
in extraction buffer at a flow rate of lOmi/hour, collecting 4mi
fractions. Fractions were assayed as before and active fractions
(around 0.3!1.on the gradient) again combined, and dialysed against
extraction buffer.
The enzyme was concentrated by adsorption to a small column
(2cm x 1cm diameter) of DE32 9 equilibrated as before and eluted
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(a) Pro atiOn of coI (After Yoshimori, 1971) (Cont'd)
with a mingle step of 0.5l IlaC), in extraction buffer, collecting

Imi fractions. An equal volume of glycerol was added to each of
the active fractions and carefully mixed by strrin.

The enzyme

preparation can be stored indefinitely in thio form at -200C
without loss of activity.

(t) Digestion of DNA by site-specific endonucleasea (':emtrjctjon'
-

digests)
0.5 - l.0.ig DNA was used for analytical purposes and I - lOj.g

for digests subsequently to be used in ligation exerimente.
Reactions were generally carried out at a 2ZA concentration of

25 - 5031g/ml depending on the initial concentration of DUA and
enzyme samples used #
lOX restriction buffer

(o.iu
(o.w

'2ris-1101 p117.5 (0.011-1 final)

(

contained:

11g012

(0.01'1 final)

(

(0. IN 2-niercaptoethano).
(

(

(0.0w final)

Predetermined volumes of lOX restriction buffer, distilled
water, DNA (in 10i1 Trio-LIC1, pii3.0, InN .JDTA) and enzymewere
dispensed onto parafilni, uzing Corning micropipottes or Drummond
'microcaps', mixed, and the appropriate volume of 1Z NaCl added to
bring the final concentration to O*U1 for LcoRI O or 0,051
Rindill or Hind II & III digests. Incubation was at 37 0 C in sealed

capillary tubes when volumes of up to SOjil were used, and in
sterile screw-capped plastic tubes for larger scale reactions.
igestion was stopped by heating to 70 ° C for 10 nuns in oxperimenta
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inestion o f D

(t)

y site-$pecificoz1donucloaee ('iosrictioa'

diCe3ts) (ont'd)
whore di[;Qstm were used as oubstrato3 for liGation, or by adding
1al. 1 19 per 50u1 Cieetion oin prier to storafe. ioutine
a].ytical dieots wore loaded directly onto aarcco çels without
otopjin the reaction.

* The voluie of enzyme fraction required for each diCost Jae
deduced from the 'titre' of that particular proaration
determined in a trial o:cperieont. (ho titre is defined as the

ozeallcet volume of oasymc fraction required to yield a total diCost
in 1 hour at

of IpG

(a)

lcctrophoreticaa1.ysio_D
(harj) et al.

tbrourh afaroee cols

1973)

A continuouc buffer system, usinC S buffer freshly diluted
from a 10

io

buffer otock solution was used*
buffer contained:

48.4/l 0 X :
ociius acetato.3I 20

o.ok

final)

27.2C/l (1 2 L: 0.021 final)
3.7C/1 0 X .: 0.001I final)

i; aaroso was preparociThy rofluin 2.56 aCaroso with 2.3Ool
1 buffer in a Quicfit 500tl glass balloon for I - 2 uins

after reaching the b.p. and subsequently cooling until the flask
could comfortably be held by hand before pouring. c-sIc were cast

in 40

C,3co m oulds consisting of two Slaoa Diatos.
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(u) Electrophoretic analysis of DNA through agarose gels
(Sharp et a]..

1973) (Cortt'd)

separated by lucite spacers and sealed with paraffin grease. One
surface in contact with the gel was precoated with 2.5m]. 0.2$
agarose in distilled water baked onto the surface, to anchor the
gel and prevent slippages during electrophoresis. 10 or 16
sample wells were formed round perepex combs, the wells extending
the full width of the gel.
Samples of 20 - 30il were mixed with 5 - 10z1 loading buffer
containing 10% Ficoll in 0.IXE buffer, 0.025;*'broaophen blue
(BPB), or in early experiments: 50 glycerol in O.5XE Buffer,
0.025$ I3PB, and loaded into individual sample wells. The slab was
stood in the lower reservoir of 1XZ buffer and a wicc of Whatmans
3MM paper saturated in IXE buffer provided electrical contact from
the top of the gel to the upper reservoir. Electrophoresis was
at a current of eOmA, at 220 - 240 Volts for 18 hours, when the
blue dye had migrated over distance down the gel. The gel was
stained by soaking for 15 - 20 mine, in excess 2.5pg/nil ethidium
bromide solution and washed for 30 - 45 sins, in distilled water
before photographing under ultraviolet light on Ilford FPk film
(4X red filter) which was developed for 9 sins, at 18 0 c in
I4icrophen (Ilford Ltd., Ilford, Essex, U.K.).
A quick method for electrophoretic analysis of restriction

digests was used when accurate, comparative data were not required
(e.g. when assessing extent of reaction in enzyme titrationa, or
assaying column fractious during enzyme preparations). This
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Electrophoretic analysis of DNA through agarose gels

(Sharp et .1.

1973) (Cont'd)

employed a Shandon electrophoresis apparatus with eight 15 1 0.6cm
diameter cylinder gels (held in place by nylon mesh and rubber
bands) or, a twenty cylinder improvised apparatus for multiple
samples. Samples of up to SOp1 were applied and electrophoresis
was carried out for 3 hours with an applied current of 5aA per
tube. Staining and visualisation of DKA by ultraviolet light
was performed as for slab gels.
Preparation of gradient acrylamide gels (Jeppensen, 1974)
The gel former was assembled from two glass plates (20 X 16cm)
separated on three sides by lucite strips 0.15cm thick and the
seal effected by a thin layer of high vacuum silicone grease on
contact surfaces, and held in place by bulldog clips. A small
(about 1mm) bore teflon tube sealed into the bottom of the mould
was used to pump in the gradient.
The following solutions were prepared and degassed in a vacuum
desiccator:

7.5% acrylamide
5.021

30% acrylamide, 0.8, NN'-bia-metbyleneacrylamide (stock solution).

2.0ml
10.0nil
3.0a1
20.Om].

IOXE (as above).

50% sucrose (to stabilise gradient)
distilled water

7.5% acrylamide, 0.2% bis (final).
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(v)

Preparation of gradient acrylaiide aels Weppensen, 1974)
,

(Cont'd,

30, acrylamide
2.4n]

30 acrylarnide, 0.8 iJi'-bis-methylene
acrylamide (stock solution)

I .Ginl V L'-bis-iethy1eneacpylamjde
2.Oznl MCL buffer
k.Oml

5Q

sucrose

10.0rnl distilled water
2000znl

3.5% acrylamide, 0.1755,or bis (final)

stacking gel (acrylamide component)
1.7m1

30% acrylainide, 098%11 9 -bis-methy1ene.
acrylainide (stock solution)

I .2m].

1% NN '-bis-methylene-acrylainide

002m1 IOXE buffer

619m1

distilled water ,

1000ml 3% acrylamide, 0.236 bis

un]. io%

,N'-tetramethylethylenedjamjne (TEED, Eastman

Kodak Ltd, London) and Is]. 10% ammonium persuiphate were freshly
prepared as polymerising agents.
100zl

'LED and 50p1 persuiphate were added to the 7,5%

acrylaside s7olution and 25i]. TE1ED and 50zl persuiphate added to
the 3.5% solution, and stirred taking care not to cause bubbles
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(v) Preparation of gradient acrylide jels (Jeppeison, 1974)
(Cont'd)
and reaorate the solutions. hese wore then poured into the
two chambers of a gradient maker arranged to give a linear
iradiont from 3.5

to 7.5' acrylamide, pumping the less dense

end of the gradient into the mould first, under 2 - 3ml distilled
water (this allows the top of the gel to level out more everil).
A peristaltic pump set to deliver about 5m1/min. was used and

2m]. 50 sucrose solution pumped in after the gradient to prevent
polyserisation in the tubes and hence blockage of the pump and
supply tube. ¶e gel was complotely set aftor 30 sins, when the
upper layer of water was poured away and the top of the gradient
washed twice with 2m1 unpolysorised stacking gel mix.
The sample well former (13 or 16 slots) was placed in position
above the gradient. The reining stacking gel six was otirrcd
with an equal volume of i

agaroso in 0.22 buffer (refluzed and

cooled to 50°C), 200u]. 10 TI2ED and 200ul 10

persuiphate and

quickly and carefully poured onto the top of the gradient level
with the slot former using a lOml pipette and bulb disponser
(unpolymerisod acrylamide and bis. are both potent nonrotoxins
which are readily absorbed through the skin). After a further

20 - 30 sins, when the stacking gel was sot, the slot former was
removed and the ucils washed and filled with O*IYZ, buffer.
Samples (up to 20j.il) were propared and loaded as before* lectropliorosia, staining, waching, vioualiation and photography wore
performed exactly as for agaroso gels.
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(w)

Preparation of 3scherichia coli

DJL1

(Adapted froo Narour s

i%i)

A 54^jO1 L broth liquid culture of the demired strain in late
logarithmic growth pie (03D. at 650nm of about 1.0) was harvstod
by coutrifuçation at VC and :esuspouded in 12ml 25;j'sucrose in
5021 Tris-Cl, p28.0

Lysozymo (1.7m1 freshly prepared

solution containing 10zn/ol in 0,25U Trio-IiCl p16.0, 0.25 DA
pI8.0) was added, shaken gently for Co sacs. at 37°C and thou
placed on ice for 5 Mina. After this time, 6.5s1 0,25LI EDTA
pfl3.0, was added and the cell suspension left for a further 5 mine.
on ice to complete lysis.
13.521 Triton solution (2 v/v Triton X-100 in 62.5s
50oJ Trio-= p128.0) wore then added and left a further 20 mine on
ice. The volume (now about 3ml) was made up to 1 in porcl2lorate

by the addition of Cmi. 5LI UaC104 to dissociate protein from the
nucleic acid. The entire mix was then shaken with an equal volune
of chloroform:isoaxIylaloohol (24:1 v/v) in a stoppered flask for
30 mine.
•

Phases wore separated by spinning at 8Krpm for 5 sins and the

upper aqueous phase carefully removed with a sterile pasteur
pipette.
vólues 95

The volume was measured and Gently overlaid with two
ethanol in a 250nl class beaker, and gently stirred

with a clean glom rod to pull out the DA threads, Exceso fluid
was drained away by pressing the classy spooled nucleic acid aainat

the side of the vessel, and then the threads were stirred and
dissolved in 20a1 dilute SSG (152-I £aCl, 1.5.2LI sodium citrate,
pfl7.0).
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Presratian o 2

~~,z

cli or ichia coli DIII (Adapted 2rom Z 2arour s iGi)

(ont 'd)
The

hOIlOGOnOOUs

concentration (0.15

solution obtained was aade up to etaadard SS G
aCl 0.0'5U socUAum citrate, p7.60) With

10LC stock solution, and again shaken tiith an equal volume of
ehloroforz : isoamylaloohol £or 15 ems.

tactione were

rooated several tines until very little protein appeared at the
interface between phases. The suporiatant from the final
deproteinisation step was precipitated with 2 volumes 95-j ; ethanol,
"

the nucleic acid wound out onto a Clans rod and dispersed in dilute
C (0.3 X supernatant volume) as before.

The solution was incubated with M lAaze (from a concentrated
solution oontainin

20m/61 in 0.152 £aCl, p13.0 9 preheated to

80°C for IC ems, to inactivate any contaminatinG DAace) at a
final concentration of 50prj/sl, for 30 mine at 370C.
•

The preparation was then extracted twice by rollina gently

with an equal volume of freshly distilled phenol (equilibrated
with an equal volume of 0.5A Tris- 11C1 9 pL8.0) followed by extensive
dialysis aGainst 10

rie-C1 pUB.00

The concentration of DA was assayed apectrophotomotrically
exactly as for phaGe DA (prev.ouoly described).

Liationof 'restriction' fra±uonts of DIIA
Aestricted MI A and receptor DLA were mixed in equal proportions
by ueit and diluted to a final concentration of 2Oi/l with
10U Tis-ICl p7.5 in a plastic screw-capped tube of 2s1 capacity.
Then 0,1 volume 1 £aCi was added and 0.1 volume lox
cocktail.

liaae
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Ligation of 'restriction' fragments of DNA (Cont'd)
T4 ligase cocktail
IM frjs-Hl PH7-5

0. 1112 2LDTh pii9.0
i

1;cc].2

114 Ditbiothreitol
09 114 ATP (freshly prepared)

final concentration
66T11

66mJ
I mill,

2.5ji]

lOjal
10zl
1104

10rri2
0.1mM

The reaction mixture (usually 0.1 - 0.3m1) was reincubated at
70°C for 10 mine (to reopen any annealed ) cos ends and ensure total
dissociation of restriction fragment ends) and transferred to ice.
T4 polynucleotide ligase (Uiles Laboratories Ltd) was added to a
final concentration of I unit/al (2411/mi), and the mixture incubated
at 10°C for 3 - hours, then transferred to an ice bath where it
was kept throughout the sampling &riode when transfectioi or
transformation assays showed a decline in recoverable plaques or
clones per 11 reaction mixture (usually after 6 8 days) the total
mix was subjected to 70° C for 10 mine (to inactivate both ligase
and competing nucleases) and stored in the refrigerator at k - 60C
until required.
Preparation of ii.coli cells come

in DNA uptake,

transforation/tranafection
(Modified from the procedures of 2andel & Higa, 1970; Lederberg
& Cohen, 1974)
It is imperative to use fresh bottle-grown L broth overnight
cultures (o/na) of the desired competent strain to achieve the
maximum efficiency (5mia in a half ounce bottle ensures a short lag
before growth resumes when subcultured)*
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(y) Preparation of2,.c--Ii cells copotant in DUA uptake,
transforation/tranefectjon (Cont'd)
An 0/n wao diluted 50 fold into fresh prejarod L broth in a
flask of at least 5 tiiios that capacity, and crown at 37°C with
vicorous aeration on an orbital shaker until the 0.). at 650zi
reached o.G

- 0.70. The cells were chilled on ice for 3 - 5 sins,

harvested by contrifuatioa, resuspended in half the oricinal vainso
of i6-cold 0.I11 Lc12 solution and harvooted acain. The cells

wore then ro usponded in 1/20 oriinal voluuo ice-cold 0.10 CaCl2
solution, kept on ice and used an quickly as possible.
DUA in 0.1sl sterile Ca/SZC (2 volumes 0.112 CaC].29 I volusô
standard 2C : 0.15U OaCl, 060151 sodius citrate, p117.0) was added
to 0.2z21 oolciuii-troatod competent cello, prepared as described
above, and incubated at 0°C for 30 sins. The coils were heat-pulsed
at 42°C for 2 sins and returned to 0C for a further 30 sins. After
this tine aliquote of 0.lul of the mixture wore sixod with 2.501

L.00Zt aar and overlaid onto BBL acar plates for phao plaques
or spread directly onto selective plates (L acar containinc
antibiotics, or supplemented sinimal acar with/uithout antibiotics)
for transforsant colonies as appropriate.
(5) letoroduplex_tochnios and electron aicroscoy (iuon at ale 1971)
lal concentrated phace stocks (about 10 12 p.f.u./sl) were
prepared from clarified (101rpmn. 9 10 sins in an 31150sl rotor in an
2S

11513 coutrifue) 100l liquid lysatos by ;2arvestinC.

3 hour

spin at 21rpa in a I0XVOs1 rotor in an E-I B SS 63/73 and
rccpondi the pellet in lal phaco buffer by contlo pipettinc.
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(z) Iletoroduplex techniques and electron oicroscopy (Licon et al-1971)
(Cont 'd)
Stocks were clarified by a 2 ain

spin in a bench uicrocentriIuge

at 7irpa and stored over a drop of chloroform.

Volumes (approximately 40xl) of each of the two phaCe stocks
10 p.f.u.
required for heteroduplex analysis containing 3-5.10
(estimated 1.5 - 2.5zt DA) were denatured in 0.ml 0.I11 IaOfl,
0.0211 LDTA by standing at room temperature for 10 sins, then
neutralised by the addition of 50il l.&I Tris-HC1 9 0.21 ris-base
and 0,5ml forsamide. Renaturation and hoteroduplex annealing was

achieved by 2 hours incubation at 27 ° C, followed by immediate
chilling to 0° C to prevent further renaturation and formation of
higher areates.
30p1 of the ronatured mixture was diluted into Imi hyporphase
solution (Q.Th 5ris-U2L, pfl8.5, 0.011-1 EDTII, 50 formcuiide, prepared
within an hour of use) at room temperature and allowed to stand for
2 - 3 sins. 50il cytochrorne
631789

C

(Sigma Chomióal Co. St Louis, No.

solution : lag/mi in 20sI.Tris-1Wl, p118.5 9 2m

EDT[,

as then added,
Spreading is very sensitive to draughts or vibrations, so the
remaining procedures were carried out under a large draught-excluding
hood on a stable surface.. Sojil of the DOA and cytochrome c solution

was spread onto the surface of lOOml hypophse solution (iOs
2ris-flCl, p18.5, lsii LD11 9 13 forsanide, freshly prepared from
concentrated stocks of the constituents within 5 sins of use:
dilute aqueous solutions of formamide are very unstable and become
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(z) goterodu 2 lex techniauoo and electron gicroccoga (Simon et al.1971)
(Cont'd)
acid very quic1lr), which had been vory liGhtly dusted with talc
powder.

f fused quartz razp was used, dippin into the hypophazo,

for this purposo; the eacplo was Gently introduced from an Ippendorf
ioropipette to a position on the ramp 0.5 - 1.0co above the level
of the bypophase, and the talc observed to ensure adequate opreadin
had occurred. £ftor 1 sin, a fresh parlodion coated coppor Grid
was Gently touched against the surface about len fron the hypophaze
boundary on the rwp and then dipped in stain (5x1o 5 uny1acetate,

102 SC]. in 90 ethanol, freshly prepared) for 30 sees,

washed in 903 ethanol for 10 sees and dried by li&itly tottchin
the edge of the arid against a filter paper circle.
Grids were rotary shadowod with platiun vaporised from a Pt
wire on a boated filament at an anGle of tan 1 0.2 (11.3 °), whilst
mounted on a motor driven turutable spinnina at several hundred rpm.
£tainod and shadowed Grids were scanned with a 3iouexis
luisop IA electron microscope at 20,000 tines maGnification with
an 80 XV acceloratint voltaGo (In cases when the parlodion was
found to be unstable on opoaure to the electron beam, the arid was
removed, coated with carbon from an arc across Graphite electrodes
and the parlodion dissolved by vaohin3 in absolute ethanol for
I sin. Garboñ coatinGs were found to be more robust and withstand
the bombardment of the electron beam),
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(z)

Heteroduplex techniques and electron microscopy (Simon et al.1971)
(Cont'd)
Heteroduplox molecules which were extended along one axis

were rejected as they could have been stretched. Suitable
molecules were photographed directly at 20 9 000 times magnification
and negatives enlarged 5 fold and traced onto large sheets of
card. Molecules were measured with a map measurer and the
accumulated data statistically analysed.

6.

Tests for E.coli genes carried by 2'-transducing phaes
The complementation tests used for E.coli auxotrophies are

described in section (Ic),

: single plaques of the putative
of the vector

)hsdk phage, and also

2569 were grown on the non-modifying host 803.

Ten-fold serial dilutions of each were then spotted onto a BBL
agar plate overlaid with C600 and another with 8039 and incubated
overnight. The unmodified 2569 is restricted about a thousandfold, whereas

and

\hsdk shows the same titre on both strains.

-lop-ll : doubis-lysogena of the putative Alig and

Xiiva2l in N3098 (te7) were prepared by spotting 106 pfu of each
phage onto a lawn of N3098

overlaid on BBL agar, and streaking for

single colonies onto L-agar from the turbid area produced. Lysogena
were tested for both immunities and for growth on L-agar at 370 and
420C.

Double lysogenc containing

)4 grew at both temperatures,

whereas those containing only the vector )569 and inun21 failed
at 42°C.
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6o

cots 2or 1.coli Peneo car ried by

-tranaduc

haes (Cont'd)

D13 and 3¼b1072 ; both phaec were tested for the Fec,
Leb phonotypoo conferred by their red- substitutions, by growth
on a rocA strain (Q48) and failure to grow on 03098 (ligto7)

by comparing 3pot-titreo on Z13L agar overlaid with the appropriate
hoot. Vector A 569 is red and grows efficiently on both hosts.

: double

lysogena of the putative 1221A and Aimm2l

helper in K8 (polAl) were constructed and streaked for single
colonies on L-agar containing O.O £1S. 2tpo1A allows the strain
to grow in the presence of the alkylating agent whereas the vector
569 does not.

: this phage produces turbid red plaques on U3350 when
grown on galactose-NauComltey agar, whereas control phages give
colourless plaques.

: produces turbid red plaques on ED8538, or other

hosts on lactosoUacCoakoy agar, whereas lanbda wild-type
gives colourless plaques.

phages : these wore preliminarily chocked as allowing
the growth of ED8538 (lea am , lacZam ,

A33) on minimal agar

supplemented with tryptophan (20 ug/mi), and producing red plaques
'on this strain when grown on lactose-aConkey ag.r; and giving
irp plaques on jM P55 (C—
ED 98701 as10243) on ACE-agar. The Asupo

phage gives the weakest response in these tests.

2-k2
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T esto for E.coli genes carried by 2-transducinr hces (Cont'd)
Confirmatory evidence was obtained by comparing the ability of

lysogena of these phages in a 1EEC55 rain (selected az Trp
colonies on ACH agar) to support the growth of various Tkati phages:

Tk 1419

T41

wild type

(gene 34am)

(gene 32am)

t3350 (°)

+

-

-

CR63

(D)

+

c600

()

+

-

+

Ymel

(F)

+

+

-

C55(D)

+

±

+

(2E)

+

-

+

C55 (AF)

+

+

-

C55(2.)

+

-

-

bacteriophage:-

+
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SULT2

C]2 3

C0kUCTI0N /U'I) C

CIfiTI0u OF

trp51 SIS OF ?11àGE

(a) Construction of phaces
The non-defective trp transducing phase )51 was isolated
by 3rammar et al. (1974). It was formed by the classical
mechanism of aberrant ezcisiàriL of a

-18o

4°

1ysoen

of W3110(tonB-)VAC9 and thus carries only the 1) and B cenea
of the trp operon, and since it exhibits normal repression by
tryptophan, the trp operator and promoter remain intact; it also
retains red function (3rammar et al. 197 4 ) and 80zis
(Bramraar & Dunbar, personal communication).
was induced from a W3110051) lysogen and selected
as a rare plaque-forming phage able complement =VAE89 and
thus carries the entire trp operon (J.J,

i3rammar, unpublished work).

This information is summarised below:-

2:48o

hybrid (iUL1f07.5) parent of trp51 series
h- 080 att jut xis red immt

nm

51
h- 080

VAC9

---------------* r
480

xis

CDEL0/p

red imm\

- xis

rod thrit

am

nin
-( )-
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?Javy lines represent DA from 80 9 thin straight lines that
from \, and heavy lines bacteria]. DiA. The extended host range
mutation h7 080 permits the hybrid phage to grow on
hosts which are resistant to 48oh, and the phage attachment site
att 00 specifies prophage integration near Ir2 on the host
chromosome. The deletion ninR5 reduces- the DiA content of the
hybrid phage by 5. 1f

of the lambda genome (Fiandt et a]. 1971)9

thus allowing more space for the incorporation of transducing DNA
since the 80 head specifies the upper limit which can be
packaged into a viable phage. The above phages were used as the
starting material for this work.

\51

derivatives carrying the internal deletions trpVZE9

and trpVLD102 and the partially characterised deletion/substitution
mutation trP ,70E1 were constructed as follows:-

A

lysogen of\51 in 23110

=VBE9

was selected as a stable

Trp clone immune to challenge by superinfecting 2c and
described in Materials and Uothods. Induction of this lysogen by
ultraviolet light yielded a mixed lysate of the original phago and
a derivative able to complement (and hence give Trp+ plaques at
high efficiency with) W3110433 and A109, but not
C9870C10243 9 D9778 - or 10914.

B9700,

'51 complements all of these

mutants and since the former are the properties expected of
carrying the deletion

7BE9 9 one of these phages was repurified

by single plaque isolation and the phage stock prepared from it

thenceforth referred to as

51VBE9 9 Figure

3-1

shows a model

for the events involved in its formation.
since

51V 1329 lacks jr2B,C 9 D and E function, the phage

progeny of any genetic exchange leading to the restoration of any

as

JiRure 3-1;

Proposed mechanism of formation of
31 lOtrp V9( \ trp51) lysogen
and oxciLón of A tr251 V 13Fq

circularisev by annoaling of itm cohesive ends and

integrates into the homologous region of the 3,coli chromosome.
(1) and (2) represent the two recombination events lending to
lysogeny. Ilormal site-specific recombination at the att

Go site

cannot occur as the mt gene is almost certainly deleted in the
transducing phage and the normal phago att site is absent.

(3) is

the reverse ezciai4. event; (4) leads to the formation of
5179,

all these events rely on reciprocal. recombination

and are thus probably mediated by the host roc rather than the
phage re& system. The prophage arising from event (2) is omitted
for simplicity - it leads to an analogous structure with the
positions of the trP and
same excis

nIL

'7.BE9 alleles interchanged, and the

modes apply.

•9580 I)NL is represented by t-iavy lines, \ DI'A by thin straight
lines and i.coli by heavy lines.
A3CDE are the five structural genes of the trp operon, L
is the leader region and

0/p

is the operator-promoter complex.

cysB

trpVBE9

tonB att°
I

11-I----

Segment of E.coLi
chromosome

C.
08Q
imm'

OW
WWW

-

imm'

R

rr

trp51

I

r'A

cysB

h

A

trp
ABCDEi°4

-;' I

imm

tonB ott 080

trpVBE9

Ok

trpV BE (>trp51)
P rophage

(4)

A

FIGURE 3-1

T

OW trpVBE9
Lqp,
h
A

imm

t

R

)drp5lV BE9
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of these functions can be selected directly, even thouCh they may
occur at a very low frequency amongst the population as a whole.
Such recombinants form Trp+ plaques on the appropriate
(I,D or E) hosts, whereas
situation arises in exchanges with

51VE9 cannot. !his
VLD1O2 and =V OE 1 : both

mutations leave the IUC gene intact and functional, and as both
overlap with trpVBE9 (Figure 1-1 ), rescue of jaC from these

mutants must simultaneously result in the pick-up of the respective
tr deletions. Lmploying this strategy,

'51 derivatives

carrying trpVLD1O2 and trp VGE1 were selected from lysatee of

2517BE9 grown on W3110 strains carrying these mutations, as
phages able to make Trp plaques on W3110C987000243.

(This

double mutant was used because of its very low frequency of
reversion to Trp+.) Further tests showed that the selected
recombinants had indeed acquired the complementation patterns
expected of VLDIO2 (TrpABCDE) and VOEI (TrpABCDE).

271VLD1O2 arose at a frequency of approximately
10 3/plaque forming unit (p.f.u.), but the VOEI derivative was
much rarer, occuring at approximately 10 5/pfu. This difference
in the frequency of pick-up of these deletions onto the phage
suggests that there might be less homology for recombination in
the latter case. The host rec system may be responsible for the
formation of these phages by a mechanism similar to that outlined
in Figure 3-1 9 here involving only transient lysogeny by
integration into and excia 1 9 from the hostchromosome in areas
of trp homology, during the normal course of the lytic cycle.
Alternatively, the phage red system may perform the conversion;
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assimilation of an homoloGous Di[ strand from the

region of the

host chromosome into the phago DA could lead directly to the pick-up
of the chromosomal marker according to the model postulated by
Cassuto and iadding (1971) 9 described in the introducing chapter.
Here again, site-specific recombination between phage and
bacterial att
of the

° sites is precluded because the transducing phages
series all lack the normal phage attachment site

and probably also the 080 mt function which catalyses the
insertion (lost by substitution of bacteria]. DW).
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£eaourezent of heteroduplexea of A trp5IV

1eteroduplex

Plate £oe

phaes

Neasurements converted to
5.19

407. 5nin/ 2 jEol

9304/5

1i.16

10.13

50.5

9327

-

50.5 1-11

9328

9.97

1.00___
.4o

9012

24.49

10.81

1.01

10.10

9329

50.5(

50.5
sod.

-

4.97

- 25.66
0.99

10.76

9.78

1.15

24.22

5.25

10.68

0.47

0. 30

1648

0.24

0.50

7.07

9331/2

2.47

50.5

9333/4/5

7.50

43.o0

2.35

71
9336/7

44.8

2.61
TC

s.d.

5005 7.76 2048
•85

43.34

0-13

1.11

=r

T is the arithcetic mean of the observations and sod. the standard
deviation about the clean, calculated from the formula s.d.=

~

F n
where x is the observed value and n is the number of observations.
The actual lengths of the tracings of the heterodupexere between
130cm and 130cs.

-

TAD-LB I (Continued)

lieteroduplex Plate £oe

'AI WI V 102

Ueaouremento converted to
- 7.70

9342

50*5

op

A+

6.16
2.40

0.51

35 • 7

-

9344/5

50.5

7.19
2.01

9397

50.5

9398/9

50.5 3.9

_54,33
0.67____- 34.1 i

- 0.69

------

___ 3.93
_.. 36.97

-

S

0.34

3447

1.38
FE

50.3

347

1.88

0.55

4.99

35.31

1.85

0.43

0.16

0.97

1.30

.95

9303

7.21

50-5

\5170E1

27 03
------- 3.79 ___

2.16

-O--c-

6.91

9306/8

50.5

9318/20

50.5

9324/5

50.5

6.91

- 2.66

5.67

29.06

7.31

8.14
T- 28.57
-- 5.15
- 2.16
'- 4.98 -

8.o4

3.56
594

28.31

7.71 4466 28.25

2.27

x

s.d.

50.5 7.05

2.1

,.4

0.37

024

0.4 0.77

-

0063

These results are represented diaCracatica].ly in iiure 3-2.
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Heteroduptex mapping of .Mrp5lV phages

10 % )
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(b)

fleteroduplex analysis of phacee

The phages of the \i series (
>51 VLDI02,

51V OEI and the

51VE9 9

51,
80

nim5 hybrid

from which they were derived) wore characterised further by
excthination under the electron microscope of DWi heteroduplex
molecules formed from selected pairs of phagee.

fletoroduplexes

were prepared as described in £iaterials and ilethodse photographs

were taken of a few examples of each type and these were measured
to obtain a low resolution quantitative anlysia of the deletion
and substitution relationships between pairs of phagea.

The results of this survey are presented in Table I and
Figure 3-2. The length of the double strand from the loft
molecular end to the att80 site was taken as the standard and
normalised to 50,5 of

double strand length (Fiandt et al.

1971). The formamide spreading technique used yields double
stranded and single stranded DNA spread such that the ratio
of equivalent double and single stranded lengths is very
close to 1.0 (P.J. Highion g personal communication), and this
is confirmed by the data shown below. Each of the heteroduplexes
will be discussed in turn:

i) fleteroduplex of hybrid 407.5 uinJtr5i (Plate i)
The nin version of the hybrid parent phage of the

\si

series (with the ninR5 deletion replaced by \ + DIJA) was used as
the j/nj5 non-homology at the conventional 'right' end of
heteroduplex molecules allows aseignnent of orientation by

Schematic representations:
(b)

Plate 1: 4075 nin / Atrp5l

Plate 2: )trp51 I )trp51

(a)
(b)
S

A,

-.-

...:'•.

.'

I

p

PLate 1 : 407 5ntn I )trp51

p

Plate 2

Mrp5l / Xtrp51
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ifll3poction, and also provides a useful reference loop of knotin
size and position as a check on the accuracy of these seasuromerits.
This nin hybrid was annealed with t51 and showed the expected
DUA heteroduplex of a single small deletion loop near one end and
a substitution bubble near the rni&L].e of the molecule. The
deletion is

5 and the substitution is the replacement of 80

DNA between att and xis by bacterial DNA containing the trp D and
Genes*
The compiled results, shown in Table I, are in good agreement
with the known characteristics of

njni5

53% A + deleted at a

position 10.7% from the right molecular end (as e=ared with the
accepted figures of

.k% and 10.8% respectively, Fiañdt et a].. 1971).

Thus the use of the 4)80 left arm as the internal standard is
vindicated. The lengths of the single stranded arms of the
substitution bubble are 1.25' and 9.8% 2

length, making the

assignment of strands unambiguous. The 1.25' (390 base pair) arm
must correspond to 080 DNA replaced by the 998% (4,800 base pair)
length of bgcteria]. DNA, since the former is insufficient to
encode the trp D and E genes (each with molecular weights of
60,000 daltone, requiring a minimum of 3,300 base pairs for the
combined length of their genes), and the latter is too larje to
be accomodated between att and xis of

ii)

80. (Figure 3-2(a).)

lieteroduplex of trp51/trp51 (slate 2)
The relationship between the (tonI)-trpBC)V trpD'E'

phage,

AjW1, and its

TrP

derivative was examined directly in
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this hotroduplex which was shown to carry a single substitution
bubble near the middle of the molecule.

By comparison with the

previous results, the longer double stranded arm oust correspond
to the conventional left side of the molecule, and this was
noroalisod to 50.55' X length as boors, (Table I). The
alternative choice yields much larger values for the total length
of DNA of both phages (in excess of

110%

with that previously observed for

X) which do not concur
whereas the present

results are in good agreement with the data of figure 3-2(a).

The 7.85j'

length (3 9 800 base pair) substitution arm must

be the acquired DNA including the trp £1 and 2 genes, and the 2.5%
length (10200 base pair) arm must represent DNA lost in the
exchange. (Figure 3-2(b).) This is the only possible assignment
as the

A and D proteins, Of molecular weights 299500 and

50 9 000 daltons respectively, require a total of approximately
2 0 200 base pairs to encode their genes.
The fact that the hoteroduplox shows a substitution bubble
rather than a deletion loop is surprising at first sight, since
the clu'omosoizial •marker V AC9 carried by

51 is a pure deletion

of the tonD-trp region of the host chromosome (Yanofoky et al.,
1971; Coukell and Yanofcky, 1971). However, several lines of
evidence support the contention that

51 was formed from

\i by two independent events, which when taken together
resemble a substitution. First, the trP ph age arose at an
abnormally low, frequency from a lysate of

271

on a

(tj.J. 1rasmsr, personal communication), second, in previous

host
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studies the major class of 00PIm transducing phages obtained
by induction of a c80 ].ysogen carried only part of the trP
operon (Matsuehiro, 1963;

Deeb, Okamoto and Hall, 1967). The

transducing phage of this type ((P 8Optl9Oh) was obtained

only Sy

as a rare variant amongst alysate induced from a TI-resistant
(tonB7) host lysogenic for 8Oh, indicating that there is some
obstacle to the direct formation of such = transducing phages.
Thirdly, several h

transducing phagee isolated from

toe hosts do not tranaduce the TI-receptor, tonE, (w.J. Brammar,
personal communication) which maps between the attachment site
for 80 and the trp operon, and should therefore be carried by
trP -transducing phages generated by a simple aberrant cross-over

mechanism. (See also the test for tonE transduction by

later in this chaptez) These observatio*B suggest a model for
the events giving rise to ()80p

transducing phages, detailed

below for the genesis of
VAC9
DELo_nin
(intermediate)
h at t+
-

tonB trP ABCDELop

nm

1(2)
h attj, tonE trpABCDELop

nm

-

new deletion

Schematic reoresentations

Plate 3: Atrp5l / .Xtrp51VLD102

Plate L,: A trp5l / )trp51VOE 1

•/ -. :
-

-

•

-

-

-'-

-. 7

44

Plate 3: )trp51 / )trp51VLD102

It

Plate L: )trp51 / Mrp51VOE1
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Event (1) may require host roc or phase red functions,
yielding a phao which replicates noroolly, but is in this
instance fcr too large to be packaged into the 080 head.
vent (2): A very strong selection now pertains for
derivatives which have deleted sufficiont DNA to brine the size
of the remaining transducing phage DOA to within the packageabie
ijoits whilst retaining the = operon intact. This constraint
dooands etensivo deletions of inessential DNA, and those between
the

0 80h

gone and = oay wall be the only ones which satisfy

these criteria.
According to this oodol
(7.8 - 2.5) 2

51 has gained 593

length of DNA from the promoter distal CBA end of

the trp operon, and deleted a further 2.53

length of the

5hage DNA froi the end of the deletion AC9

original

towards or across the phago att site. This in turn moans that
the use of the

50•5

080 left are as a standard noreai.ieoc3 to

could be in error by up to 2.5

3

length, but in fact

the total length of X71 calculated on this basis is 96. YZ

X

length as compared with 95.2 from the hoterodupiez (a) in
Figure 3-2. This, within the limits of resolution 02 the present
data, any loss of

(P 80

DNA left of the att site in

.

rM 51

oust be very small.

iii) Noteroduplex of

A tr221Z

tp51V102 (Plate 3)

Since 251VLD102 was derived from

p31 (via

51V39), the substitution non-hoaology between 1AIE251 and
would be anticipated in this heteroduplex in addition to
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the deletion loop from VLDIO2. This structure, a substitution
bubble near the middle of the molecule very close to a deletion
loop, is seen as predicted. The left arm (identified as that on
the opposite side of the deletion loop) was again normalised to
length, and this is subject to the same small systematic

50.5%

error discussed above.
These data (Table I) lead to an estimate of

%2

length

(2,500 base pairs, with a standard deviation of 500 base pairs)
for the length of deletion LDI02; this is lower than the 3,400
base pair estimate obtained from genetic data (Jackson & Yanofeky,
1972; Figure 1I ). The small double stranded DNA link between
the substitution and deletion, defining the distance between the
endpoints of deletions AC9 and LDI02 1 was measured as 0.55%

+

length, corresponding to 270 base pairs with a standard deviation
of 80 base pairs. This too is a lower estimate than that obtained
from genetic data (Yanofsky et a].. 1971) 9 which suggests a value
of approximately 600 base pairs for this distance. The overall
length of

51 assessed from these heteroduplexes is 93.2% 2',

some 2-355' lower than the above estimates, but not significantly at
variance with them.

iv) Heteroduplex of 2trp51/2'trp5170E1 (Plate 4)
In this heteroduplex the

71/51 substitution was

again anticipated along with the OEI non-homology of an
unpredicted nature. The heteroduplexes observed, Table I, shows
two substitution bubbles. One, near the middle of the molecule
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must be the

1/>51 non-homolngy referred to above, and

Ic of the memo dimensio ns as those coon previously (compare (b)
and (d) in .!iGure 3-2), and the other, iith single stranded arms

of more nearly equal lonth, oust be the change duo to O10
To decide uhich of the arms io the nou DNA strand incorporated

into

1VO1 and which is the replaced otrand, the igiare of

94.3

2

DW.

(This is the average of the values obtained from the previous

length was ued for the total length of phago

three hetorodupleec from IPIGure 3-2 (a), (b) and (c).) The longer

of the two strands (7.7

length) was assigned as the

MA replaced by the shorter (47

Alwi

length of now DNA, since

this leads to an estimate of 94.3 (50-5+2-3+5-5+7 7+26-3)% A+
-

length for the total phage D, whereas the alternative arrangement
would lead to a value of 91.3

(50.5+2.+55i..7+28,3)9

Values

taken from sble I This is a narrow margin for the decisIon, but
the unique predictions of this alternative, that the

itc for the

restriction enzyme EcoRt in A rod (at a position of 65.(--' on the
otandard V map, Thomas & Davis, 1975) and at least part of the
red 0(0 region are removed by the O1 substitution in

~ IW IVOZI (7igure 3-2 (d)0) are emply confirmed, as described
later in this chapter*

v) fleterodupleit of trp51VOE1j'Xtrp517BE9 (Plato 5)

Hoteroduplox molecules between 01 and IAIWJ V9
were prepared and eiemined under the electron microscope, but were
not ooasux'ed, mince only the position of one end of the B9

-

-.

I,

/

-

-

-

S

S

.-__•'% .;_
- : •

-

-

-

Pc

.

I

-

I
p

Plate 5 : )trp51VOE1 / )trp51VBE9

..
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deletion would be determined (the other being under the O1
replacement), and the3o re2ulte would only partially characterico
2trp51V3E9. The hetoroduplox formed between X trp 51 and

AIW I

would isolate the

/VBE9 non-homoloGy, but would

carry no standard length of double otrandod DA and so was not
examined.
The hetoroduplex formed (Plate 3), chewed the expected pattern
of a large contral substitution bubble, which can be explained by
an overlapping deletion and deletion/substitution, as predicted for
13E940I1 in this case,
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(c) Further genetic analysis of 2trp51 series
i) TonB tests
From the considerations of the mechanism of formation of

from 271 in the previous section, it is of interest

f

to know whether the tr

phage carries the tonB locus intact.

Since the latter lies between att8O and trp on the E.coli
chromosome* it would be expected to be present in a
formed by the simple single step Campbell

transducing phage

model of abnormal exciaioi of a prophage (Campbell, 1957). Such
a h

8 0 jnB

transducing phage should express tonS in the

prophage state.
A lysogen of = 51 in a host carrying a tonB deletion was
tested for its TonB

phenotype.

A

lysogen was constructed as described in materials and methods, as
a stable frp clone immune to challenge by 2c and \h8Oc.
Integration, a prerequisite for stable lysogeny, can only occur by
rec mediated vecombination within the limited homology remaining
between the VAE8 region of the host and the transducing DNA of
the phage, as in Figure 3-1.

1 80.y was unable to form plaques

on this lysogen (efficiency of plating, eop<10 6 ), whereas
80h grew well (eop approximately 1.0), showing that the growth

of 080 was not blocked by the prophage, nor by any host defect
other than the phage receptor deficiency. These are the properties
of the parent tonB host, and so the conclusion was drawn that
does not carry tonS intact.
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ii) Tests for the K-restriction site of 080
thage 1107.59

the :80 hybrid progenitor of the

series, has the left arm of its genorne contributed by
right arm by

0 80 and the

(see the beginning of this chapter). It has been

shown to carry xis
\ red o<

ASEP

and also the site for the EcoRl enzyme in

(ç68o DilA has no analogous site; the nearest being those

left of att

and that within the immunity region of 080:

flellinij

Goodman & Boyer, 1970 Figure 1-2 • The position of the crossover from

0 80

to

A DNA in this phage is thus not accurately known.

The single site in 4)80 DNA for the restriction enzyme
EcoRK (sk8O) resides in this region of the </8O cenome. urray,
£anduca de aitis & Foster (1973) showed that its position is
between the end of the 080 region equivalent to deletion 522 and

48o red, placing it between
map of A DIA Figure 1-2.

64.3% and 65.6% on the homologous

The experiments described below were designed to test whether

\si and hybrid 407.5 carry 2k8O, so as to give more precise
information concerning the position of the

4'8o:

DA exchange.

In order to detect sk8O by the twenty fold increase in K-restriction
it confers on an unmodified phage, no more than one other K site
should be present, any additional sites it contains must be
replaced or deleted. The hybrid 407.5 should also contain sk1
and sk 2s 2 and 2\g51 should have ak \ 1 ,sk 2 and the K restriction
target in trp E, sktrp (Kurray C irammar, 1973)9 aaseU as sk8O,
if the latter is present.
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The replacement of the immunity roion of 2

by that of

j'hae 21 is known to recove 5k2¼2 without introducing any other
K recognition sitoc, and the internal trP deletion LDI02 removes
oktrp along with the entire LrEL gene sequence. The i=21
derivatives of 2tr51 and , \51 V LD1O2 wore constructed as
follows:
71(+/LDlo2)
(+/LD102) xis030

15
)

inrn21nimi5
ninI5

The hybrid trP transducing phage wore árosced to 2¼imn2IninR5
in the host strain U148 as described in Nateriale and Ilethods,
selecting 080imri2i recombinants on i1485( 2 )/ 2.At
512l
and

VLD102iuim21 recombinants were purified by single

plaque isolation on t1485/2 ad shown to carry i=21 by failuró
to grow on

1483(\imrn21).

Won-modified stocks of these two phagec and also of A óI26 9
t80, hybrid 407.5 and 21c7 LD1o2 wore prepared on E.coli
strain C-la. Tenfold serial dilutions of these wore spotted onto
1)L plates overlaid with soft agar seeded with either the
K-restricting strain U1483 or the non-restricting strain C-la, in
order to determine their K-restriction ratios, Table 11(a).

'V?
LIL

K-Lestriction Ratio of Atrp5l Series

(a)

K restriction *

£ restriction sites
Phage

Other

\cI26

Ow

cktrp

ratio

sites

titreonC].a

+

+

+++

-

3

2 9 00

+

-

-

-

-

1

10

7

+

+

-

7

+

hybrid

A

2or3

3,000

)

407.5
+

A51)

im21

J

LDIO2

)

7

-

+

2 or 3

5 9 000

+

-

-

2or3

250

-

-

-

I or 2

100

'517)
LDI02

7

+

2 AMB

II (Continued)

(b)

K restriction.

ratio

K restriction cites

Phe
ok8O

ek

i

sk 2 2

Other
Ck

L'eitea

2c126

-

+

+

3

2,000

80

+

-

-

1

15

¶1

-

+

-

lor2

500

'1

-

+

-

I or 2

1 1 000

-

0 or 1

16

-

0 or I

18

hybrid
1107.5

'flip'

U)

hybrid
07.5
'flip' (ii)

51'7
LDI02 iziirn2l
'flip'

-

(i)

LDI02 im2I

2

-

-

'flip' (ii)

* The restriction coefficient of a phae is defined as the titre
of unmodified phace on a non-'estrictin,g host divided by that on

a K-reatrictin host.
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The results show \cI26 and 80 have K restriction ratios
of 2,500 and 10 respectively.. These figures are 2-3 fold lower

than those usually observed, but since titres were estimated by
spotting dilutions (a procedure which is only reliable to within
2 fold), they are quite consistent with those expected. On this
basic, hybrid 407.5 and

51i21 show ratios of 3 9 000 and

5 9 000 respectively, indicative of three or more sites each;
71: V 14)102 9 2509 consistent with two or possibly three

sites in view of the generally low ratios observed; and
\51VLD102imin21 shows a ratio of 100 9 which is suggestive of

two sites, since 30 is the highest value observed for a single site.,
and hence provides evidence that sk8O is present in these phages.
At the suggestion of Dr N.E. Nurray, sk21.izi these phages
was removed by replacement of the 'right tip' of ?DNA (on the

conventional vegetative phage map) by the analogous

4) 8o

DNA

(which is known to be devoid of recognition sites for the
K restriction enzyme) by growth on a 00 lysogon - this process

almost invariably leads to replacement of sk Al (N.E. Hurray,
Nanduca de Ritis & Foster, 1973). Such 'flipped' h

0imm \

hybrids are recognised by their high efficiency of plating
(eop = 1.0) on a

4) 80

lysogen, ascoinpared With that of the

original, hybrid with k DNA at the right tip, which was 20-30 fold
lower.
717LD102imm21 with the

4)

80 right tip removing

should thus retain only the putative sk8O& This hypothesis was
tested as follows: hybrid 407.5 and 2¼71VLD102imm21 were grown
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on W1485(4 80) and each *own to plate with low efficiency

(sop = 0.03).

Two isolates of each phage were selected. Subsequent

growth of these phages on the earne host was with the usual high

efficiency (cop =,190)*. Unmodified stocks of these phagee were
prepared on

E.00li

CIa, and their K-restriction ratios determined

by spot titration on W1485 and CIa as before. Table 11(b).
The control phages

I26.c and 08O.c gave ratios of 2 9 000

and 12 respectively (again approximately two fold lower than
normally seen with accurate full pkate titratione) and those of
the two hybrid +07.3 'flips' were 1,000 and 500 (characteristic
of at least two sites) whilst the AtrP51 7 LD102imm2l 'flips'
were still restricted 16 and 18 fold, indicating the presence
of a single K restriction target. The latter two phages thus
retain sk8O which must also be present in all the
(with the notable exception of

3

series.

51V0E1: see the next section)

which retain the 080 DNA between xis and red.
The cross-over from 80 to

2

material in these phages

must therefore be right of the 't80DNA equivalent to deletion
22, and left of

A red.
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Atrp .5 1 VOE1

iii) Tests for red andn functions in phae
One of the predictions of the

heteroduplox data is that at least part of the red

-red

region is reuovod by the O1 substitution in phage

k51V GEl.

-

Several genetic properties conferred by this region of the
gonorie can be conveniently tested: the Spi, Fee and Fob phenotypes
Wee introductory chapter). ieoulte of these tests with
25lV GEl and control phagee are shown be].ou:

Growth of phaes on various hosts

Phenotype:
phage:

host:

Spi
594(P2)

Feb

Fee
Q148(recA)

3098(ts7)

+

+

\pbio-1

+

—

—

'.tEE5l

—

+

+

—

+

—

itOBI

Npbio-1 reaovos both red and gam by substitution, and thus
shows the i,Fec,ileb phenotypes.

¼51, which carries red

and eam intact, ()rainiiar et a].. 1974) behaves as does
(Spi,ec,i?eb) whereas the OBI derivative is Si

,n

and Fec but

Feb, indicating only a lesion in either the red genes or gam. since

the 011 replacernent in this phage approaches the

region from

the left, red would be expected to be affected leaving the gam gene
intact.
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(a)

Analysis of tr, oeron i)A in

\trp51 using IcoI and

find ii c iii
The effects of substitutions, additions and deletions on the
restriction fraGment pattern of a DIJA oolecu].o are discussed in
Appendix I.
It is clear that the simplest situation is found in cases

where the region affected by the change is bounded by a pair of
cleavage sites. In such cases, provided no now sites are
introduced, the two related molecules yield restriction dioests
differing in only one fragment. ECOUI makes only five breaks in
1
a wild typo aubda DNA molecule (Allet at al., 1973; turray &

urray, 1974;

Thomas & Davis, 1975) and tcs expected to produce

a simple restriction fragment pattern with the DNA of the \71
series of phages. A more detailed picture of the changes can be
obtained by analysing digests of these

eDAa with a

restriction ensyce which cakes cany cuts per solecule. he
unfractionated mixture of the two restriction endonucleasos
find II & III, which introduces forty-three breaks in the Lambda
genome (Allot & Dukhari # 1975), was used to derive a find structure
sap of the

ja operon DOA

in >51 and its derivatives.

(I) Analysis with co1I: Evidence presented earlier in this
chapter shows that the trq operon in 2si replaces

80

A of the att-xis region of the hybrid phage from which it was
derived, and that this region is known to be dotoid of targets for

the icoaI enzyme. Also, since theoperon DI, 7,A itself lacks such
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taretc (Lrariinar, liurray and tinton, 1974) deletions, substitutions
or any other structural chanoc which lie within the trp DW
should affect the length of only one fragment of an Lco2l di6est.
That this tituation prevails for all the AjW1 series of phases,
with the sole exception of

71V0i, was demonstrated by

analysis of IcoiI dijeots.

Plate 3 shows the resolved FcoaI frazaents of the DUA of the
series of phases (tracks 2 - 7)1 along with those of 4)3Ø
(track 8) 9 wild type 2¼ (tracks I C 9) for calibration purposes and
2¼51h2 (track 10) to help in the assiurient of 9580 derived

fragments. The 2¼71 series chow nine bands in common and these
were deQinated a - i, whilst the

2¼ :co1U fragments were

designated A - F, as shown in Plate 6.
The

51 series each chow one unique band (2¼ j71 V 011 also

lacks band b) as predicted. This must in each case contain the
IiEE DiW, or the 9 5 80 D1A for which it is substituted in the

case of the parental hybrid phage, 407.5 : track 6. Bands sand
b, as well as 1? and f arc equivalent (Figure 1-2) and are
derived from the immunity region and the extreme right tip of k ,
respectively * Dands c,d,e,h and i are all present in the

080

DA digeot (track 8) and thus originate from the left arm of the
hybrid phagos.
Dands a and g remain to be assigned* It is known that the

jM phages also contain a fragment derived from

2¼

:o?.0

c

containing the n105 deletion, and thus yield a fragment (12.15.k)

6.7

2¼

length, smaller than 2 :coI F of 6,9 X

Plate 6

Icoi digests of trp pha g e DWI

1.0 pg of each phage DNA was digested with EcoRII under the standard
conditions described in Chapter 2 We

Digests were submitted to

electrophoresis through a 1 arose slab gel, stained and visualized
as detailed In Chapter 2 (u) • he origin is at eO cm on the scale.
The )NA species were:
"rack

1.

XII

2. )71VOE1
3. AjW1V

.

4.

3E9

51

3.A 1WI VLD102
(hybrid
A

+

A
Ø80
+

51

i,407.5)

ao

two

ONO
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length.

This must be represented by band g, though ueasureents

from

Plate 6 suggest that

5.

21. 13and a appears to be derived from neither

R5 extends over 6.0 rather than

and cannot arise from the region of their exchange in the hybrids,
as this

has

Annealing

a

large

been shown to be within the trp : co1U agrnent.

of the

fragment

terminal fragments
with a

c and f, however, would produce

calculated mobility cAmilar to

that

observed for band a (See Jppendix. II. This interpretation

has

not been tested further. Track 10 shows a digest of the h?
derivative of

which replaces most of the

(p80 left arm

of the hybrid transducing phage by )¼ material, and as might be
anticipated,

this

removes bands a,c,d,e,h & i0•

The known molecular

weights of the 2 :FcoRI fragments were

plotted against the observed mobilities of their
observed from Plate 6 9 and a calibration curve
weight Vs. mobility obtained

(Appendix

bands as

of

molecular

This was used to

II).

estimate the molecular sizes of the unique EcoIII fragments of the
series givingthe following results:

Phage DNA

Uolecular Size

and

EcoI fragment
1107.5

(att-xis) fragment

jW1

;

ragment
fragment

V 3E9 : trø fragment
~ IWV V LD102 : trp :'ragnent
\tp51V0E1

: tU fragment

£*

I

KbP, I
9 0 0±006

18.1.2

9.10.6

13.6±0.9

27.8±1.8

11.3±0.9

17.0±1.11

3.5±2.3

7.8±0.5

11.7±0.8

23.8±1,6

8.9±0.6

13.11±0.9

27.2±1.8

13.5±1.5

20.2±2.2

11.2±L,1+

I1

•

t+ i•

3.22

* Units quoted are Id (sega-daltons : daltons x1O), Th (ilo-base
pairs : base pairs x10 3) and
49b as 100 ~

length (taking the estimate of

length). The latter were included to facilitate

comparison with the heteroduplex results described earlier. 1rrors
were estimated on the baois of an uncertainty of m in the band
position.

Only BE9 and LDI02 are represented as pure deletions in their

respective AIWI derivatives, and the above data lead to
estimates of 5.3Kb and 3 9 61th for the extent of V3E9 and VLDIO2,
respectively, by comparison

with.

Deletions £C9 and

OEI have been introduced concomitantly with substitutions, the net
size reductions being 3.4Kb and 4.15Kb, respectively, by comparison
with

(the V OEI derivative having absorbed

Zrp

:EcoilI

fragment B into the trp fragment present in its digest).

Similarly

the substitution of the jMDE genes for the att-xis region of, 080
in the formation of

51 from the hybrid, 4075, lad to an

estimated net increase of 4.6Kb.

gencme& of the

These size relations between the

51 series, though oflly approximate, will be

useful in comparisons between digests obtained with t1r sequence
specific endonucleases.

(ii) Analysis with Hind II & III: Plate 7 shows the digestion
products of

2 and of AtrP51 series' phage DFAs obtained with an

unfractionated mixture of 11in dII and Elindill activities, and
a ):ilindIIi digest run for calibration UpOse

(track 1), as resolved by electrophoresis through a 1

agarose gel..

The conditions used for digestion and electrojhoresis are fully
described in chapter 2.

Plate I

IlindII Q III digests of

ttx'p51 phages analysed on a

1 aarose Gel

The

and the

: LiiEdIII digest is i icluded for calibration purposes,
: ilindil & III digest allows the assignsent of X bands

in the transducing phase digests* Solid pointers indicate the
containinC fraGments in the digest of

251 DNA, and the open

pointers show the positions of the *fusion fragments' generated by
the deletions.
Track

1.
20

HindIII
: HinoiXI & III

407.5

'N trp+51
1VLD102

Xiwi VOE1
7,
8.

10.

71vaJ9
.tE51

X : Hindu & III

L3

3UIO1

sI1mIsI1V
- -i
•
•

--I

I

1

1W

_
__

Wb

__

I,iIII
II
dim

•15
0

-

16

Plate 7

:I_1

3-23

j51 and its hybrid parent phage, 407.59

The digests of

may be compared in a search for those bands which are specific to
the transducing phage and thus represent fragments containing
bacterial D-1-JA, as explained in Appendix I. The six bands indicated
in Plate 7 by solid pointers were identified in this way. The
open pointers indicate the new fusion fragments specific to each
of the transducing phage derivatives, arising by the
juxtaposition of those sections of the two fragments only
partially removed by the deletion or substitution. The sizes of
these fragments were assessed as described in Appendix II and the
values shown in Plate 7 ascribed to each of the six bands with the
following estimated errors (again based on an uncertainty of 2rm in
measurement of the migration distance).

stimated size

ilindli & III:trp oporon
fragment

Plate 3

-1d

±
±

base pairs

1

1.55

2

1.15

3

0.90 2 0.05

1,330

75

0.70 2 0.05

1,050

75

0.1

29325

0.1

19723

150

±

150

3

0.53 2 0.04

795 2

60

6

0.45 2 0.03

673

±

45

shows the same t51 series:dII & III digests

analysed by a 2.5 - 7.5

y

linear gradient polyacrlarxiide gel in

order to resolve lower molecular weight fragments and hence detect

Plate 8

HindII & III digests of

\trp51 phages analysed on a

gr adient polyacrilamide gel

Digests, prepared as before, were submitted to electrophoresis
through a linear gradient polyacrilaside gel. The

:

II digest

provides additional low molecular weicht reference markers.
Track

I

: HindII& III
407.5

\.tr.E21VLD102
517OE1

3.

AjW1 VB9

Alwi
: HindII & III
: DaII
The very small fragment of an indeterminate low NW (less than
250 base pairs) marked 12' is not present in the parental 407.3
digest nor in that of

1V031 9 but is present in A.51VLD102.

It is thus taken as originating from upstream of the trp Leader
sequence - the site thus defined is marked with a dotted arrow in
Figure 3.3.

1

Lf

23

5

6 789

1

rI

V.

-

- --

•V

-

-

1=1 -. I now

795
675

- je-

-

--

-

V

'

11!
?200

Plate 8
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any osallor Ylindll L, III diGestion products of
Gel clearly

3h0w3

the two snallos

indII

IM ooron DOA,
C2

12he

III fraaents and

the VLD102:XindII C III fusion frapont (indicated by pointers
in Plate 8), and those, aloni, with the :ndII & III 2raponts
of known aolecular woiht were used to plot a calibration curve
of aelocular ueiht vs fratent cobility (Appendix II)* he
Gradient Gel has detected and resolved fraGsents freD 1000 base
pairs down to a lower lisit of approxiatoly 150 base pairs.
The

dit (track 3) sos no now bands in this

size range when compared with that of its hybrid parent phase,
407,5, (track 2). It would sees, then, that the above six
fraGoents are the osly sajor products of 11inc1II & XXI diGestion
of the

oporon D, thouGh 2rasento of less than 150 base

pairs would not have boon detected, and 2rasonts producing bands
coDiCratin with any of those already present nay have boon
overlooked.
CosparinG the known distribution and overlaps of the standard
deletions : FiGure 1-1 , carried by the

series of

transducinG phaGes with the observed presence or absonco in the
correspondinG diGest of the six identified IindII & III frasents
containinG bacterial DI3L 9 a fraisont order for the

oporon DL

say be pieced toGether ,

The followinG table is an 'attendance reGister' denotinG the
presence or absence of each of the six trD oporon 1LindII & III
products in diostc of each of the '51 series of phaGe DAs.

trp oeron:1indIX & III
trp deletion carried

fraent present
1

2

3

4

5

6

VD.C9

-

-

+

-

+

-

t' 39

-

+

-

-

-

-

LD
'1O2

-

+

-

+

-

+

Voii

+

+

-

+

+

+

TOY Atrpt5l derivative

The AC9 derivative retains fraients 3 and 5 which suet
therefore originate frou the IMDE segment of the oporon, and must
necessarily be contiguous. Also frasents i t 2, 4 and 6 must form
another set of unknown order, of which fracient 2 is the only one
present in the 3E9 derivative and suet therefore originate from the
A end of the operon. This Gives an order 2-.(1,4,6)-(3 95) in the
tran ducinE phace IrZADCDE orientation, whore parentheDea enclose
unordered frasente. The LDI02 derivative rota -ins 2racento 2,
4 and 6 9 civinc the order 2-(490-1-(395). F inally t since O1
resoves only fracuent 3 from the ItiERE and of the operon the final
order deduced is 2-(490-1-5-3.

The franents 4 and 6 cannot be

placed in sequence by tho above data, leadinG to the preliminary
IiEg:HindlI & III map shown in ficure 3-3.

Figure 3-3

Alignment of genetic and physical maps of_the E.colj
trp operon

The five structural genes, IUE - A, are presumed to be
contiguous, without spacer regions, - and to occupy 30 base pairs
per 1,100 MV of the determinant proteins (i.e. each 3 base pair
codon specifying an amino acid residue of average MW 110 daltons).
L is the untranslated leader region at the 5' end of the
transcript, o/p is the major control complex and P 2 is the minor
internal constitutive promoter* -

Map A. shows the arrangement of point mutations and sites within
each gene as determined by genetic ].fti:ge data (Yanofsky et al.,

1971; Crawford et al., 1970 and Drapeau at al., 1968). The extent
of deletions are taken from Jackson & Yanofaky, 1972 (for LDI02);
Murray & 3rammar, 1973 (for OE1 and BE9); and Yanofeky et al.,
1971 (for AC9).
• Map B shows the refined physical map obtained by superimposing
the determined order of restriction fragments on the,1M gene
lengths (estimated as in A, above). HindII and

I targets are

marked by fine arrows and the two HindIII targets by bold arrows.
The circled numbers denote the trP DNA fragments produced by
HindII & III digestion in descending order of size, and the numbers
above these circles represent the measured fragment sizes in base
pairs.
The preliminary map C, shows the two possible alternative
arrangements of fragments k and 6 which have been distinguished to
produce the refined ma2 B.

FIGURE 3-3 Alignment of genetic & physical maps
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(e) Analysis of trp deletions selected with sodium pyrophosphate
In order to complete the 11indII & III fragment map of the
trp DNA of

j'51, more of its deletion derivatives were needed

to chance upon one which separates
and 6.

:flindII & III fragments Li

Forty-eight deletions entering the tr operon were
screening

selected after pyrophosphate-treatment of

the survivors for those (approximately 10 of the total) which
displayed a Trp phenotype, as described in chapter 2. Of the
forty-eight pyrophosphate-selected

deletions, the following

Trp complementation patterns (determined aGainst U3110 carrying
trP mutations A88 9 139700, C9780C1O2k3, D9778 or 9914) were found:

Trp phenotype

number. observed

designation
(fl51 PPV number)

3

1 1 11 9 5 and 6 ......
1e7 9 49 and 30

2

2 and 19

A13cThE

2

27 and 29

1ThThD1

1

43

ABThTh

110

,

The preponderance of (ABC) deletions may be due to the selection
of sibling phage progenl from a single mutant clone, since all the
deletions were selected from the same high-titre stock of
or it may reflect an intrinsically higher probability of deletion formation originating from the =C gene and the tonB region. This
was not investigated further.
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The eiçht

51 PP deletions: 1,2,4,5,6 9 19 9 27 and 29 were

for further otudy. Phao DXi wac purified from each and diooted
with ECOI (Plate 9) and HindlI & III (Plate 10).
The mobilities of the unique tr

'coal dioste

were moacurod and their nolocular wei2ito

ac0000d

from the

calibration curve shown in Appendix II, and the extent of each
deletion deduced:

tr?51E'PV

IAU of

uuubor

trp51

tCOiU

frat3ent

Ud
11.3

PP 91

?.

PP V2

990

PPVk

7.5

PP5

±

th
1.0

2 o.

±
±

17.0
11.3

±
±
±
±

estimated extent of

deletion in .bae pairo
1.5
1.1

59700

162

3500

1.1

5 9 700

0.8

13.5

0.7

11.3

7.5

0.7

11.3

1.1

59700

PP V6

7.5

0.7

11.3 1 1,1

59700

PPVI9

7.8

0.7

11.7

1.1

59300

PP27

9.2

008

13.8 2 1.2

3 9 200

PP V29

9.2 2 0.8

13.8 2 1.2

3 1 200

±

Deletions i,4,5 and 6 do indeed appear to be identical in
extent, though 2 and 19 are different ac are 27 and 29. The
IidII Qz III diosto of the 'Aj W1PPV phwe MAs show complicated
restriction fraiout pattorno, but only the presence or aboence
of the six

:Iindfl III fragments (indicated in Plato 10) need

Plate 9

EcoflI diceot13 oftrp51PPV phases

he cizes of the remainine

IM

operon containinG fraents of

the derivative piaes may be compared with that of their original
.

/

+51 proaeaitor.
Track

1

All digests were prepared with EcoRIq.

¼51PP V 29

k5iPPV5

i'..

71PPS7l

5,

51Pps;?1

XlWlppv 27
as

251PPV2
trP+ 51

51
110
12. 40705

51PP719

I
1

0

,L.

lLi
..:

$4

328

concern us her* these being an effective fingerprint of the IM

operon DNA retained by the deletion derivatives.

The distribution

observed in Plate 10 is as follows:

jrj eperon &ndll & III
y

37 carried by
fragment present

trp51 derivative
•PPVI94,5aad6

1

2

3
,+

•

PPV2 mid I9
PPV27 and 29

4

.9..

+

6

5
+

+

4W

+

-.

+

-

As can be seen from the table, the pairs of deletions V 2 and
19, and V7 and 29 affect the ease

DNAzliindiI & III bands,

even though they are all demonstrably different, All three classes

of deletion remove fragments which are contiguous in the previously
determined order (Figure 3'.3), but unfortunately, none resolve the
sequence of the unordered pair of fragments, 4 and 6.

An

alternative method was sought to solve this problem.
Definitive information regarding the distribution of cleavage
sites for isolated jW111 within the IM operon DNA became
available about this time (Ropkinst Murray & i3rasasr, 1976). It

was shown that only two andlil targets lie within the IM operon
DNA ..uenee, and that them, define the termini of a fragment of

molecular weight 2.0 * 106 dalton.e, containing the

C gene. This

CsflindlII fragment was cloned in a :,dUI vector having a

Plate 10

HindII & III digests of

ktrp5lPPV phags

• HindU & III digests of the PPV derivative phag.a are
compared with that of their X51 progenitor. The affected trp
operon fragments are indicated by the solid pointers.
Track

10

2¼L51

2.

Aiwipp V1
it

30•

PP72
ppvl,

If.
ii

PPv5

•

PP 719
PP V27
"

PP729

251

1

2 3 4 5 6 7 8 9 10

*4

II.
'S

Plate 10

123

Hindlil digests:
)54OC
)vector 540
3.

t

tpC

Plate 11
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single target for that enzyme*

An in vitro

of this type,

was obtained and its DNA

recombinant

digested with HindIII. plate 11 shows this digest, in parallel
with those of

and Xvector540 for comparison and calibration.

A molecular weight of 2.0 fid was assigned to the

C:EindIII

fragment on the basis of its observed mobility (Appendix II) in
reasonable agreeient with the published value.
Now, a DNA fragment of molecular weight 2.0 lId contains 3,000
base pairs, and since the same ilindlIl sites are cleaved by he
Ilizidli & III mixture, some fragment or combination of fi'agnents

present in the digest of =DNA by the unfractionated mixture
must together form the 3 9 000 base pair

iii:,c

fragment.

Figure 3-3. shows that bands 6 & I (675 + 2325 = 3,000 base pairs)
have the requisite total length and these were shown to be
produced by &:ndII digestion of the HindIII; Itr C fragment. Thus,
since the

6

indII & III fragments I and ft are present within an

isolated Ihindill fragment, they must be adjacent to each other.
This leads to the final

DNA:HindII & III fragment order: - 2 9 4 9 6 9

19593 - shown in Figure 3-3.
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Alignment of the genetic and physical maps of trp DNA
and refinement of the trp:rezstriction map
The Hindlil mapping already referred to identifies the sites

between the

:HindII & III fragments 4 and 6 9 and between

fragments I and 5 as targets for the 3indIII enzyme. An
alignment of these targets with the trp genetic map has already
been achieved (Hopkins, urray & 13ramn2ar, 1976), placing the
former (chnIII:3) between the loci of mutants =B4 and
318, and the latter (shnIII:D) between =D159 and

D562.

Bertrand et a]. (1975) have otainod the sequence of the
first 200 bases of the 5' and of the In vivo trp operon miNA,
overlapping the known IME I-terminal amino-acid sequence.
This sequence, which contains no 11indII or 9indIII sites in its
complementary DNA, was extended by 3ennett et a]. (1976) to cover

the preceding 33 bases. The sequence obtained shows an
I site

at a position 9.-I4 bases prior to the

start of transcription in the trp operon 2th, and Bennett et a].
wont on to show that this site was indeed cleavedtV the EgaI
endonuclease and could be protected from such attack by pro-bound
trp repressor or NA-poiymoraae, thus locating it within the

operator/promoter control region.
Since thoI recognition sequence is a sublet of that of
Hindu

the &aI site in the •trp .operon should have

been cleaved by the HindII & III mix. iU.ao , since there are no
UindII or IIindIII recognition sequences within the next 200 bases

on the trPE aide, no ciiall fragment outside the limits of detection
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of the present work should be present. Thus, the only candidate
for the 91paI a.cionst those KindII cites sapped in the previous
section is that definino the end of :HindII & III frauent 3,

distal to frauent 5.
oI
The siri].o

cite and the two

:HindIII cites toether

allow only one possible alinment of the physical and Genôtic maps
of the trp oporon as shown in LiGure 3-.3.
To test for the presonce of other PpaI tarets within the trp
operon, DIA samples of the

71 series of phaec were digested

with this enzyme. Plate 12 shows the fracent patterns obtained.
The measured 2:llindIII frauent mobilities were used to draw a
calibration curve (Appendix II) fros which the solocular weihtc
of the unique Epal bands of each of the

diCests, indicated

by pointers in Plate 12 9 wore determined as follows;-

Plato 12

Phase DA

Size of
fraents

iet structural

6um

change, Kb

Ab

Kb (kilobaso pair

Track 3

trP

f5i

Track k

LD
71VA102

Track 5

51
(i.e. VA9)

Track 6

71 V

3.22

+

7

3.22

+

2.48

7102 : 3.6

9.3

5.92

VAC9 : 3.

9.3

1.02

VE9 : 5.3

9.5

-

9

3.22

-

7

HpaI digests of

Plate 12

The

trp51 iohages

: Hindlil digests are included for reference. All other

digests are with

Solid pointers indicate trp operon fragments

in the digest of the

hage. The open pointers show the

positions of the 'fusion fragments generated by the trp deletions
LDI02 9 AC9 and B19.
Track

1.
•

2.

; liindlll
407.5
+

3.

Ajd51

k.

AiM517 LD 102
Alwi

k51VBE9
X: Rindlil

w

_
Un
P

••

-S

_

boo

_

WAMP

a
(

St

ftaw

_

__
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Since the sum of the jUSILtaI fragments together with the net
size change of the deletions or substitutions with respect to

should clearly be equal, it can be deduced from the above
table that the

2p51 digest should also contain a fragment of

size (93 3.22), 6.1Kb in length. The calibration curve
plotted in Appendix II shows that such a fragment would be found

at position approximately 15.5cm on the gel shown in Plate 12. A
band at positioa 15.70m is present in all the digest, and thus
probably overlaps and obscures a

band in the

51:I

digest (Plate 12, track 3).
The deletion/substitution pattern shows that the 3.22Kb
fragment is removed only by 7AC9 (see the above table), and this
originates from the jaA end of the operon. The 6.1Kb fragment,
which

cont

tLI1S

V139 and 7LD102 9 must therefore span the

distance between the known ApAl site in the trD operator/promoter
region and one of the HindII sites in the IUA region of the operon.

iy measuring 6.1Kb into the trp operon DNA from the position of
.

he known #2&1 site on the physical map (Figure 3-3), the estimated
osition of the second

#al

site in the operon falls within 100

ase pairs of the mapped position of the hind1l site between
j:HindII & III fragments 2 and Z• since the jjRg recognition
Jequence is a subset of that of HindII j the latter two sites are
:esumed to coincide.
late 13 shows the banding patterns of the hybrid, 407.5 and
rogeny phages A jW1 and
--

digested with jdIuI.
-

12

123

Hind III digests

407.5
At_Lp 51

Md
65

p51

we

Plate 13
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shows the banding changes. A single band is lost from the 407.5
digest and substituted by two smaller bands in thFt of
The A.Eta'51 digest differs discernably from that of

ASWJ only

by the acquisition of one new band. These changes are indicated

In Plate 13, and their approximate molecular weights shown in the
schematic representation alongside.
The unique lLindIII band in the rp digest (track 3) is
consistent with a fragment size of 1.9Md 9 the published value for
the

CzHindIII fragment. No bands corresponding to the other

two cotrp:HindIII fragments (of molecular weights 3.8id and 2.0i1d,

carrying

and

respectively: Hopkins, Murray & grammar,

1976) were observed however, and the conclusion was drawn that the
Kindill sites in the bacteria]. DNA immediately adjacent to the
trp operon are not present in A fl51.
IUB and the

That the site preceding

flg operator & promoter region is absent is not

surprising, on the basis of the DNA content of

(Figure

3-2) 9 but the estimated position of the Hindlil site downstream
A is only 1+00 base pairs downstream of the last mapped

mdii Lc III target (Figure 3-3)o

iiace this is abseit, two

inclusions can be drawn; first, the mapped HindU & III site
the ,B distal end of
:

:llindIi & ill fragment 2 (Figure 3-3)9

cleaved by Hindu, and secondly the bacterial DNA carried by

51 falls short of the known ifindlil sequence downstream of

3-3k

The sequence-specific .ndonuol.aee Avai g from the blue-green
alga .nabaena variabilis recognises and cleaves the sequence

5
3' -GRGGLC-5' in double-stranded DNA and its sites within the
Lambda genoxne have been mapped (Hughes, 1977 $ Figure 1-2). In
order to test for the presence of an Aval site (or sites) in the
operon DNA the by now familiar a n alysis of digests of the
t51 series DNfs was performed Plate 14.
The A ja '51 digest (track 5) has a unique large fragment
with an estimated molecular weight of 5.2 1 O.3Md, corresponding
to 7.8 ± 0.45Kb. This fragment is missing from all of the other
digests of the )51 series, and must therefore carry most of the
ooron DNA; 3ine, however, no other fragment is deteotably
affected by the incorporation of the deletions BE9 and LDI02 9
(which together span most of the operon) and the only other
fragment affected by the AC9 deletion is very small (ca. 450 base
pairs), I conclude that most, if not all of the trp operon lies within
the 798Kb vaI fragment with the possible exception of a entail
region of trp.1 . The actual positions of the two AvaI sites
flanking the operon in AtrP 51 may be deduced by taking the known
:a1 targets as fiducial points.
vI fragments in the intact lambda DNA
.c1ule is D'-A-H-C-E-7-D-G-B, labelled alphabetically according
o size from the largest products A l to the smallest

t

H, where D and

are indistinguishable in size. Only fragments B and G of the
•51 (Plate 109

Plate 14

A vaI di g ests of the

Atrp5l series of phagea

coAU and jkval digests of wild—type lambda DNA are included for
calibration and reference.

The single trp operon containing fragment in the digeot of
)51 is at position 11.0 on on the scale (track 5).
Track

4+

1&2

A S

3

407.5

Aval

Ø8&

5

;\

51

6

V LDIO2
I

7
8

7 OEI

9

E51 VJi9
$ Acc

10
11

4+
A

: Av.

The emalleatoperon
gel is best revealed by densitomotry - see Appendix II, Figu

This fragment, of an estimated 1+50 base pairs, is present iz
digests of all the )1 series except

AjW1 itself and th

hybrid 1+07.5; it thus originates from the ItERA end

.I.

we
to
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-
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material and fraent B is reduced by the niO3 deletion. Since (,
fragment F is missing, the Aval target defining its left end-point
must lie under the 0130 DN in the transducing phage. This places
the 080: A cra3s-9vcr point in the hybrid to the right of this
Aval site at 65.2 on the standard lambda map, and to the left of
the icoI site at

(the latter being retained in the hybrid,

as described at the beginning of .this chapter). See Figure 1-2.
Ue can ask whether the 080 DNA in the xis-red region of the
transducing phares brings with it any new AvaI sites by comparing
the )5J and
has been

4312otin

A2I VOEl digests, since the 01 substitution

to completely remove this 080 DNA segment. The

Alrg5l V 0C1 digest (Plate 14: track 8) shows the loss of the
71 8Kb trp band and also the loss of one other band (due to a
fragment of molecular weight 1.25-+ 0.114d; 2.9-+ 0.151tb) which must
therefore originate from a position between the trp fragment and the
].asbda fragment D, defining a new site in the 080 (-red) DNA.
The arrangoont of Aval sites shown in Figure 3-4 is thus determined.

The endonucloaso XhoI from Xanthozionas holicola, a plant
pathogen, cleaves double-stranded DNA at the sequence 5'-dTCGAG 3'
-

+A.-

and thus reeogn3.eoz a subset of the Aval targets 51-CYCGiG-3'
3'-(rGCYc-5'
To test whether
region of

either of the Aval targets in the jaA
Is

recognised by

I, the Thol digests

of this phage and that of its hybrid parent, 407.59 were coupared
(Plate 13A). A large fragment in the 407.5 digest is replaced by
two smaller fragments in the AjLr

51 digest (indicated by pointers

in Plate 15A), and therefore the bacterial DNA carried by the

I DNA aw

Bacterial DNA

080 DNA

103%)
length

/
/
\
\
\
V

EcoRI
HindIII
HQgI
Barn H!
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I
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0
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bae bzinc with it an XhoI taroto T%ic oust be coincident with
one of the two obcervod fvaI taretc ae shown in rjiaie 34
o nhou that the XhoI tarot ic in the IMA prozioal recion
of the bacterial DIL, and not distal to the tonB delotion LTnown
to be Dresont in

(coo earlier sections of this chaptoz),

the yhaGe A 540aaA7 13 carryinG the intact Tr :dIII racent
uae•diGccted with XhoI, GivinG the restriction pattern ohon in
Plato 1513, track k

hat of the vector

A540 alone ia ehoun in

track 5 uhilot the A 5401MC 1 2: Mol digest in track 3 identifies
the coion right arii

Since the

fra(nent cannot

contain an Aval tarCot t nor can it harbour an XhoI target
The ttTo bands ecea in track 5 are indicative of a GinGle NhoI
site in the DNA of the vector phase : sequencing studies of the

5 1 torina2. nuelootides of roztrjctjon fragmento shot-i this to be
identical to larnbda g Aval site 6 at 69.4 on the standard cap
(33 uhes, poz'conal counicatiou) and this is conaisteit dth
the lcbda Xhoi fraont sizes sec in Plate 15B traci: G.
The

5fO13 diGazt 2 houever g zhouj three clearly resolved

bands and mot therefore arise by the cleavaGe of tue cites
rocoaised by XhoI, one of tjhich gust reside tiithin the bacterial
)NA (iGuro 3-.5) • The secisuroiontc ton froii Plato 153 Guest

that the bacterial JhoI site is in the
flizdIII fraGent

roical eoent of the
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The sequence

occurs five times in the lambda

onocie. It is reconioed f,3y an endonucloace : BamM. purified

froo Bacillus amyloliuofacions and cleaved at the positions shown.
These five aEI recognition sites have been mapped by 1aerty &
Sch].iof (1976).

To detect any Bairñil tareto within the trp operon

and its hybrid parent 407.5 were compared
digests of
=
)51
(Plate 16) 9 alone with the B=HI digests of AtrLD 51h

and of

lambda itself.
The hybrid 407,5 to

+51 transition results in the loss

of two bands and the acquisition of a oinle larçer band. Thus
the small segment of 080 (att-int) DOA lost in the substitution

ovont contains a BamXII cito, and is replaced by a larger (+)
ooaent devoid of 3asI sites. See Appendix I for the General
aruient. Thus the trp operon DOA does tot contain a Bamfll

recognition sequence.
1easurement of the size of the 3am: trD fragaont together
with the known distribution of sites in lambda DELL, reveal, the
arranemont shown in Fiuro 3-4.

4

BamHI digests
407.5
51
)451h
4

+

Plate 16

CmipTza 4

Detection of cbi.liko sites in the .coli trp oporon DUA

The ostiation of a lonrth of an internal coraont of the trp
oporon on the basic of onotic data on the one hand, and direct
physical moaouroLiont on the other, have IoC to tidoly differin
values for the distance between the nearest endpoints of the trn
deletions LDI02 and I9 (Chapter 3 and compare the data of Thnofsky
et al, 1971).

The respective ostisates. '270 and 600 base

pairs ; a difference too Creat to be oplainod by errors alone.
Such a discrepancy could bo explaifled if the Genetic QaP
wore distorted in this region by a locally increased frequency of
recombination overlapping the woasured interval. Thus, a short
stretch of D1A tjith this increased rocorbination frequency per unit
lenGth tsould, by Genetic analysis, resemble a loner stretch of D1
with the norrnal, lower and unifors level of rocoobination throughout
its loath, the physical data beinG unafi'octodo A precedent for
such sites of locally enhanced frequency of Genetic e:chanGo has
been observed in the Genomos of

phaGos carrying

particular point mutations and in certain pbio transducinG phaGos
(cilin eta].. 1974).

Stahl defined those sites which initiate an

inosd local level of rocoobination as chi sites (crossovoi
botepet istiGator)0 ovoral aspects of the effects of chi sites
are described in the introduction to this thesis.
The properties of chi sites, taken toGether tith the above
observations were 3ugeGtivo of a naturally occurrinG chi site in
te vicinity of the jr2c gone, and this chapter describes eporioontc
undertaken to detect and locate any such sites which say be pre3ont.

Stahl and co-workers (Stahl at a].. 1974, and Lam et a).. 1974)
have directly demonstrated an enhancing effect of chi Bites on
the frequency of recombination in the region flanking the chi site
itself, the stimulation being greatest at the position of the site
and falling off with increasing distance from it (though possibly
more markedly in one direction than the other), the maximal effect
being over ten fold, as judged by density transfer crosses
(McMilin et ml. 1971+) and extending over 50% of the lambda genoa..
Chi mutations have been shown to greatly enhance the growth
of

A red

phages (Henderson and Weil, 1971+) and this is

thought to be mediated by a stimulation of host

-mediated

dimerisation of monomeric lambda circular DNA (Enquist and Skalka,
1973); the latter is inert in the maturation and packaging system
specified by the phage, whereas the former is quite efficiently
matured and encapsidated. This assay for chi sites was used to
characterise the trp operon DNA of various specific transducing
phages, but since it is only a secondary manifestation of a chi
site and does not directly prove a role for enhanced
recombination, the sites responsible for increasing the vigour of
phages will be referred to as cu-like, allowing

these

for the possibility that other sites may confer the same phenotype
by a different mechanism. This distinction must be maintained
until the effect of these cu-like sites on recombination :h,à
been demonstrated more directly.
The

Ala

transducing phages constructed in vitro with the

restriction enzyme HindIII provide a series of phages which
differ only in their content of bacterial DNA. Hopkins et ml.
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(1976) isolated

AIMA, AIMC and

phages by this riethod,

the respective EDU2 : IlindIII fragsonto of length 3.OLb, 2.5Ib
and 597ib being inserted into vector 50, at the single remaining
indIII target (shn?3) in either of the two possible orientationse
wo cethods of screening those transducing phagos for

chi-like activities were employed, each based on stimulation of
growth of phenotypically aedTham phages on a roe host: Any
differences revealed between the

t540

series of phages can

than be directly ascribed to the transduced bacterial DU4. Both
methods rely on the blocking of :U gone function and hence of
the 11-dependent expression of the red and Zam genes: the first by
growth of a double amber mutant (s73) on a suppressor-free
host, and the second by growth of the phage carrying a wild-type
) :U gone on a host insensitive to :U-protein (U785).

Both

systems require that the phages carry a mutation allowing
U-independent expression of the lambda late functions, in this
case the deletion nin15.

(a) Growth of A UUnin Pha g es on a suppressor-free host
The 2' trp transducing phages constructed in vitro are
derivatives of the A icm21-voctor UO whose constitution is
shown below:

2 vector5fO
att\

rI(1-2)

i1 l
shn

-A 3

ioin2l
I

nm" shn)6 0
(Ø8oDii).

The individual tranzducing plzaGes were constructed by
insertion of the bacteria]. ISp. operon DNA : HindIII fracments at
the position indicated by the arrow, chnk3. The mutant
2m753 gene was introduced into each of the transducing phagec
for the chi test by the fol].owin cross;
iMI321

ninv

-

I1294

h080

60

-

480

ninv

The AjrZNILnin recombinants arising by the indicated exchange
were in each case selected as

V imm

phagee by growth on the

E strain C600(2jxnza2i) and purified by single plaque isolation
on C600 itself.
The DNA of the longer pbio phages are known to carry a chi
site and 2bio16A and Ab1072 were used as control pliages:..
subsequently both have been shown to carry the

-chi site

(Ia].one & Chattoraj, 1975) 9 though A bio16Arod

gives a low

burst-size, normally indicative of a phage lacking such a site:
in this case because of a 3.8

excess of DIA over that of wild-type

lambda, since the deletion b519 restores the phage to a larger
burst-size,
phage

deletion

addition

tbio16A

1.5

5-3Z,

2b519bio161

7. 8'

5.33

2 bio72

8.6c3

net size
(5)
103.8

reference
;alone & Chattoraj (1975)

97.5,3

Malone

99.93

Eradecna

&

Chattoraj (1975)
&

hOzybalski (1969)
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Thus, 3bioi6A serves as a pseudo-

r

control and bi072

as a + control. The NNnin genotype was introduced into each
of these phages first by constructing the Abioimm2l and then
replacing imm2l, containing the phage 21 N gene with ism ANN in
the following two crosses:

—

--\

h080att08°imm21

- w_--

-

h08°att8o
-

-

-

-

-

)himm21 recombinants were selected on C600() and purified
on C600. These \ bio imin2l derivatives were then crossed to
NM294
'Abio imm2I

bio

imm21
(b)1

NM294

h080 attO8O\

NW

ninv
—
"-

Several 'A ism ), recombinants were selected on C600 (2inim2i)
as before, and purified on C600. These recombinants were then
grown on a suppressor-free host (W3350) to check for the presence
of the deletion ninR5, rendering phage growth N-independent. Phages
which gave no lysis within a spot containing

10

pfu were rejected,

having suffered the double recombination event (a).(b), whereas
the remainder had undergone the single exchange (a), and one such
recombinant from each of the \bio phages was kept as \bioNNnin.

k-.6

The burst-size of each of the

Nnin derivatives during growth

on the suppressor-free host \i73350 was determined as described in
'I2ethods'. The results are presented in Table III, and
schematically in Figure 4-1. The figure shows that

cI857 with

its wild type 0 gene and P.-dependent controls, gives a typically
high burst size of over 100 pfu per infected centre, whereas

X54OLiNnin (which was predicted to lack a 2-site) has a burst
size of about 20 : a five-fold reduction as compared with the wild

type.
In each case the plaque size of the 2Nnin derivative on
lawns of W3350 parallels the measured burst size, those forming
small plaques giving single bursts of about 20 pfu, whereas those
forming larger plaques generally give bursts of 60 - 70 pfu per
infected cell. The slightly lower burst size of the
phage might be due to its greater DNA content as compared with the
other trP derivatives, though this cannot be the basis of any
difference between 2EDC 1 and AIMEDC r . The low value
observed for the burst of the \bio transducing phages may reflect
the variability of single determinations, though the possibility
remains that some quality of the bio-chi-site differs from that
of the trP chi-like sites leading to significantly different burst
sizes under these conditions. The reason for the exceptionally
high burst size of the AtrP2CNninphage, however, is not
apparent.
hage AlMlErMinin appears to be a special case, as this
isolate behaves differently from the other three- ALMEr
derivatives even though they appear to be identical in 1ME

ab10 III : Zurpt sizes of 2 1nin j,haj- ec on 73350

thprinent

LeaI1

7].aque
oizo oi

1 onJ th

X

II

III

100

57

133

130

108

lire

17

24

22

21

anall

24

-

-

24

onall

94

41

-

-

41

laro

39.5

19

30

-

25

Quail

13ftInin

89.5

19

27

23

omail

2C

39.5

104

97

80

94

larCe

39.5

36

89

46

37

large

95.5

64

57,73

65

large

93.5

54

7881

71

larGe

,X C18.5 ,1 (nin)

25 40 3 nin

83.5

t016A inin

in

3,5,8fnin

17101C'nin
19Jthnin

3350

95.5

8

19

30

19

small

101.5

43

44

34

40

large

101.5

56

67

59

61

larGe

96

50

92

-

71

larGe

Plaque size of the phases jroducod in the single burst
experiment was assayed by spot titration on lawns of

I3350 seeded

in a soft agar overlay on DBL air. tiwo determinations of the

burot size of

17E nin were made in experiment III as shown.

One deteruinatioi each of the iu IF containing phages 3L', 5e and
as uade. Superscripts '1' or
traascrition of the trp fragrient.

Irl

refer to direction of

ixure 4.4

Thirst sizes of AlMnin pháges on I3350

The averace burst sizes of the i1inin versions of the in vitro
rocoobinant AUR and control Abio transducing phaos, measured
as described in the text s are represented on the linear scale shown :
0 - 110 pfu produced per cin6ly infected qaMO host cell,
The average burst-size of )cI857 itself, with its wild type
N-gene and N-control determined under the same conditions was 108
pfu.
Those phages which showed the presence of a chi-like site in
the qualitative, plaque cisc test are bracketed together as (+) and
those which failed to show this response are bracketed together as
(-).

• BURST SIZE
pfu/singtyfrfected Su

bio16A 10

(

"ib

(tp1E)
chi-like site(s)
present or
absent:

F

20

EPA

cell

).

bio72

30

40[

)cI857N
50

60.
I

PEe

tip EDC

I4r

70

At

80

90

tIpE'

EDCr tipABC

ê

FIGURE -1

Burst sizes of the )NNnin derivative
phages on W3350.

100

1110
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complementation testo and recombination with 030p190 (Itopkins,
persona]. coinunication). £ince it is difficult to imagine a
selective pressure for loss of the chi-like site in the jUE
fragment (especially whilst maintaining

function), the most

likely explanation seems to be that two or more UindIII fragments
were concomitantly. -.cloned in the 2540 vector in A=113r j the
A excess lowering its burst size, as in the case of 3bio16A.
The direct demonstration of this by analysis of its HindIII
digestion products has not been undertaken, but by analogy with
bioi6A, it might be predicted that the extra fragment or

fragments must together amount to more than 5Z A + length and
probthly nearer 9%

length to cause such a severe reduction

in Its burst size.
It seems fair to conclude two things from thec?e results:

first that thetE= and jr2C : Ilindill fragments each carry a
chi-like site, whereas the =A : Hindlil fragment does not.
Second, that the presence of the =A : Hindlil fragment in the
,tABC 1phage does not moderate the activity of the site in
A

the =C : Hindlil fragment, nor does the presence of two
chi-like sites in the same phage (as in

EDC) appear to

lead to any cumulative effects on plaque morphology or burst
sizes
As can be seen from Figure k-i, the burst size is not
affected to any significant extent ( 5) by the orientation
of the

A or jUE fragments. The values for the two

orientations of jC and also for IZODC 9 however, are very

different: (DC1 < EDCr; C1> Cr), but these latter findings
are very difficult to interpret, especially as the jtME fraraent

alone does not confer an orientation dependent increase in burst
size, and the optimum orientation of =C appears to change
depending on whether thetE= fragment is present in tandem with
it.

(b) Growth of nin phaes on aroR785
The control phages for these experiments were nin25 9 which

like wild-type lambda does not carry a >( site, and
carrying a standard and well .charactorised

1)123

-mutation (Lam et al.

1974). The ninR5 deletion was isolated in the fo1lowin cross:
iiim21

imi321

--

-e

\(a)

(b)/

Recombinants were selected on C600 (imm2i) and purified on
C600. Isolates were checked for nin25 by spot-testing on Zro N 785
with 10 6 pfu per spot. \nin, from cross-over (a) shown above,
will grow under these conditions despite the absence of a chi site,
whereas

from the double event (a) and (b) cannot grow. All

isolates tested were of the nin type, and one was used as the
negative control in the cu-tests described below.
The ')( D123 mutation was croøsed onto nin15 as follows:
jnt1+
red 3.21 0

X

D1 23

+

int red Ram

/(b)

(a)
+

+

+ '\

1)

&l
r

-t

lf-9

Recombinants were selected as large plaques on
nin parent makes tiny plaques and the

785 (the

parent cannot grow

at all on this host) and purified by single plaque isolation on
C600. Control experiments showed that

15 alone gave rise to

large plaques on the selective host (by mutation) at a frequency
200-fold lower than in the phage cross (by recombination), thus
giving assurance that the

<D123 allele, and not a now )(ri'utation,

had indeed been selected.
The desired recombinant is from event (b) shown dove, but
the selection would not discriminate between this and the
product of the double event (a) and (b) :
however, the isolates all showed the Feb+ phenotype, by normal
growth on a sup ZolL.A strain and are thus red

The int

mutation is not relevant to this work and was not tested.) One
such recombinant was used as the positive control in the cu-tests
described below*
hages which carry the immunity region of phage 21 grow on

11785 even in the absence of a nin mutation and do not respond
to the presence of a chi site. (see next section of this chapter.)
For this reason the phage 21 immunity of the in vitro recombinant
trp transducing phages was exchanged for that of lambda in
crosses of the following type.

6°
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Sorie of the earlier crosses were to a pIace carrying a
upoataneouz clear mutation (shown to be c1 by the comploseatatjon
tests deocriboca in £ethods : h) instead of the to allele c1357.
i- ecoabinanta were selected on CGoo (im21) 9 purified on

cGco

and checked for complementation of the Ir a cones carriede
was constructed fros the

derivative by the method described in chapter 2

(0)9

inducino a

XEDE prophaGe in an att)Y trP 7L0102 strain and screening for
phaee in the lycate. The

r13C(LD102)V was

constructed by Dr. J.J. Drazmar.
The

deletions LDIO2, ED24 and Dl were transferred to the

722-tranoducinc phao by Growth of the oriciaal
derivative on hoot strains containing the required

deletions

and direct selection of the Trpe pIiaes in the resultinc pl2ace
stocks as Indole plaques on ACE acer supplemented with 2/ml
indole; these new
-deletion derivatives arose at a frequency
of 10- 3 .per pfu in the lysatee and were selected and propagated
on a (ton3-) deletion host with which they have no homology
for Genetic oxchane.
These phaeo were then used in spot-tests on jM01 ,1 785 and CGoo
in a search for chi-liko sites carried by the bacterial DIA they
contain. The presence of a chi site enhances the Growth of those
phaeo on

U785 (in which the red and ras cones are not expressed)

without affecting their normal Growth on c600, as shown by the
control pbaes nin v.

2'nin)(Th123. Plates 17, 16 and 19 show

the results of such qualitative te°ts.

Plate 17

Tests for chi-like sites in A54Ot ER pharteo

Aliquots (approximately 0.01 ml) of each of three ten-fold aerial
dilutions of the immA test phases were spotted first onto plates
seeded with ZroN 785 to test for chi-like sites (Upper panel); and then
onto C600 to compare y,hae titres (Lower panel).
Teat ihaes

Chi-like activit

Colucn a.
b.

(Control)

\54ocDE

+

+

C.

d.
e,.

5koABC(LD102)V
254oABC
ninR5

+
(Control)

-

Plate 17
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.
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•
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f

c
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•

.I•.

:1.

• •.. •f
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S..... •p
S

•••
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S
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c

d

e

f

Plate 18

Further tests for chi-like sites in 2540trp phagea

Phage morphology and plaque titre were d.termined, as before,

by spotting 0901 ml of each of the ten-fold aerial dilutions onto

£F2N785 (Upper panel) and then onto C600 (Lower panel).
Test phagea
Column

Chi-like activit
a.
b.
C.

D123
)540A

54oc(LD102)"

d.
a.

(Control)

+

+

722A(BE9)

(-)

Plate 18

4

....

ci

.

V •

.,

b

-

d

c

e

•

••

e

.

e• •..
.

.

.••.

. S.
,.

00

S

00

-...
•

I

a

•

I

C.

••

41
4-

e

f

Plate 19

Teats for chi-like sites in )722trp phagea

Chi-like sites were determined from spot tests of ten-fold
aerial dilutions of the phages onto &roN785 (Upper panel), and the
phage titres were compared from spots of the same dilutions on
0600 (Lower panel).
hi-like activit

Test phages
Column a.

AniAR5)( D123 (Control)
OCDE

b.

+
+

C.

722&BCDE

+

a*

722A3C (Dl )V

-

e0

722ABC(D24)

-

f.

722

A nin.R5

-

( BI

•

.W '
S.

1.•

-U
.1

CD

(0
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All the vector 50 derivatives used were of the
series, whilst those of vector 722 were of the

(l)

(r) series,

though the evidence presented in the previous section of this
chapter suggests that orientation of the

-fragonte is not

ioportant for this canifestation of their chi-like activities.
As with the previous assay, the 1MC and 1ME

flindill fragiente

show a chi-like activity, whereas the =A fragseat does not

(Plate 17c, Plato lOb and d). Thus there are at least two

-like

sites within' - the bacterial DNA fragments tested.

Interestingly, those

-trancducing phages which carry the

LD102 deletion (Plate 17d; 18d) lose both (or ail) of their

chi-like sites along with the deleted D. Since thia deletion
overlaps the flindlil target in =D (See Figure 3-3, mapB) at least
one cite must lie on each aide of this restriction target and within
the region covered by LD102. Thus the detected

-like sites must

reside within the trp operon DNA,
The original vector722 derivative :

Bi9Y (Plato lao)

shows a plaque size on the aEoll host which is intermediate between
those of Anin and ninX I), To tact whether this is the
positive or negative response of the vector,, the

version,

which must carry at least two chi-like sites and therefore must

elicit a positive response, was constructed. This phage :
722(ADCDE)+, was selected after marker rescue from a
host exactly as done before with the trp internal deletions.
Plate 19 shows the results of comparisons between the '722
variants and 540CDN along with the control phagea

tnin and

k-12

Xin'D. It can be seeu at once that the positive response is
siQilar in all three cases:

nin')(D;

OCDI and 722à3CDE.

The A729= variants carrying the trp deletions Dl, ED24 and LDI02
all form plaques on thearoll host intermediate in size between

thoce of

722p7 and \nin,, suggesting that this is the negative

responae of these

9722 derivatives. iou, the 1ULD102 deletion

has already been shown to remove all the chi-like sites in the
-operon D1A 9 confirming that this is the ro5ponze of the \722
vector phage in the absence of a chi-like site, and defining the
position of the -liko sites in the trP operon more accurately:
See ViGure 1-1 for a map of the

deletions.

-,

IBE9
1LD1O2

H
I

IED2Lf
I

I
II

I

Dl
I

I

chi-like cites:

(1)(2) I
I

-oporon DNA:

I
I I

III

I

trpE

D

C B A

RindIII targets:
Thus, the two chi-like sites detected in the E.coli tro operon
DA suet lie under the jMD1 deletion, one on either side of the
flindill restriction target in

D.
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Chi-like sites in substitutions from lambdoidph,ges
The lambda genome has been shown to be free of chi Bites,
though they can be readily acquired by mutation (Henderson & Weil,

1974)9 and it is of interest to know whether chi sites occur
naturally-in the DNAE of other lamboid phages. The most convenient
assay available is the growth of )¼nin carrying substitutions
from these phages, on &roN785 as described in the previous section.
It is important to remember that the ZEoN host can only be relied
upon to block the function of the N protein of lambda itself
(Georgeopoulos, 1971; and see discussion ; Chapter 6), so that any
substitution tested must leave this gene intact.
Substitutions from 080 and phage 434 were tested with the
results shown in table IV; W1485 was used as the permissive host
for the comparison of phage titres, since c600 is resistant to

The genomes of all the phages listed in table IV are between
80% and 100% lambda wild-type length and so any growth defect on
the EEoN strain should not be due to a deficit or excess of DNA.
(See discussion : Chapter 6).
Phaes carrying either the h 080 or att080
subst.tutona. or
both, grow well on

N7859 indicating the presence of at least

one cu-like site in each of these regions of the 080 genome.
The small shn6o substitution from the Q gene of 080 on the other
hand, does not contain a chi site, nor does the immunity
substitution from phage 434. The slightly enhanced growth of
bVimmk3knin (line 7, table Iv), over that of Anin is not due to

Table IV
eetc for chi-like L9itoQ in sub3titutiono from 8o and phare 434

Growth on
chi-like
Pbae

Substitution
1148

(control)

iiin

nin

site

785

'

D-623 (control)

Xh08°att080cI857nin

hO8O.t080

+ + +

+ + +

+

+ + +

+ + +

+

+ + +

+ + +

+

12080cI1inohn60

1108

srI(1-2)V cInin chu6 0

chuG°

+ + +

+ - -

-

att

+ + +

+ + +

+

08073
7I34jy

ShU60

imn434
+

+

++

-

-

+_+

+

+

The nin sutation uced was the deletion ninii.
The h08° substitution replaces the left arc of lambda with
by a D11A
is
080 satorial. of 40 lambda length; att 000 carried
ceccent contiguous with the II080 oubatitution and of 1015f lambda
lenGth, (I?iandt et a].., 1971)0

lmG ° is a suall (<3j') substitution from 080 and includes
part of the Q gene (Described in Blattner et al.,

1977). The

issunity reGion of phao 04 is carried by a DIM cetnont of 6.5
lambda lenGth (Simon et al., 1971).

L1 L.

a cu-like cite, since its vigour is markedly increased by an
additional att0 substitution (line C), whereas cumulative

effects are not seen in other j=oll toots. (Compare lines 3 and 6)
When crown on the

hoot imm21 uas found to give small

plaques comparable in size to those of

whereas

was found to give large healthy plaques like those of

D123;

also, A 54o (srI(1-.2)V imm2lnin6 ° ) and k540C produced
indistinguishable large healthy plaques. Thus, the known chi-like

site in lEpC does not visibly affect the growth of 2¼21nin, and
therefore phages carrying imm2l cannot be directly tested for
chi sites by this method.

Chi-like sites in cloned framents of E.coli DNA
.coli )IA fragments from digests with the restriction enzymes
EcolU and Ilindill have been cloned into lambda vectors and several
individual in vitro recombinants transducing identified genes have
been selected from them (l3orck et a].., 1976).
used in a limited survey of

These clones were

-like sites within the E.coli genome.

All the recombinants carry the ninR5 deletion. The ScoRI clones
have the immunity of lambda and were screened directly by parallel
spot-tosta on

785 and C600 as before. The

21 substitution

carried by the kIindIII clones was exchanged for that of lambda in
phage crosses of the following type:
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7

540 Boo clone

hø3Oattø3OcI857nin

EcoDfl

-

icm21

nin60

cI8.57

nin

The desired recombinants were selected on C600 (A iii21) and
purified by single p.aquo ieolatcn on C600.

Each clone was chocked for the particular phenotype conferred
by the E.coli gene(s) it transduced (as described in Chapter 2,
section

6)

before performing the spot-tosts on

785 & C600.

The results of these tests are shown in Table V.
The phases

(Ippen et al., 1971) and

)¼pC

(Feiss

et si., 1972; Chow et al., 1974, and Apbio72 (Uradecna &•
zybalcki, 1969)9 which were constructed by in vivo techniques
were also used in this survey; the results of teats with their
iij05

derivatives are shown in Table V.
The phaeo 2nin and kninXD123 were run in parallel with

each experiment and titros compared on C600 as before. The Unsubstituted vector phases

fros which the clones were

derived (or their lambda immunity derivatives) always save a
email-plaque response on

p785 showing that they lack a

chi-site.
Only in the case of ?B does the size of the Genome of the
tran ducing phase approach the limits of viability and hence
pre0judice the result of the

I-test; for this reason the

assiCnaent for the E.coli £Z3 fraGment must remain tentative.

Table V: 'etQ for chi-like

(a)

3itoQ

E.coli fratieat

plaque size

chi-like

iie (tb)

on LLO 11 735

site

3.5-400

email

12.0

large

Alk

90

email

2D13

4.5

laro

+

2D

large

+

)E

email

Eco1I clones:

1,

Ahekos

21

in E.coli DL1 fraonto

small

Ilindill clones:

IWI

E.00li

fragment

size (Kb)
I.

on

+
-

-

-

-liko
site

G

5.5

email,

hiL3MXAF

.5

small

-

large

+

7.0

small

-

5.

8.0

email

-

69

5.0

email

-

7,

7.0

email

-

\flA

3.0

small

AC

2.9

large

+

6.2

large

+

k.

(c)

plaque size

(-)

XtnaA

Other transducing
phagos:

£.coli fragoent

plaque size

size (Kb)

on LroW 785

5.0

eciall

XpZal ftin

5.1

coal

Apbio723Inin

k.2

large

5cI857nin

-

-

-like
site

-

-

+
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The 2

12R711 described in Borck et a].. (1976) was cloned

from the ligase over-producing strain,

-11, and gave a positive

result in tests like those shown in Table V. This phage differs
from the 5k lid tested previously, only in the orientation of the

Ik fragment in the phage, and in the ILa promoter (K, l3orck,
persona]. communication). Thus it would seem that either the

mutation creates a

IM

-like site, or the fusion of the lin

fragment with the vector DNA creates such a site when the fragment
is present in oae orientation, but not in the other. The final
alternative is that some other structural change, not related to
and which has not been detected results in the acquisition
of a chi-like site.

Phage D13 is the intermediate (cited in Borok et ale, 1976)
carrying an uncharacterised fragment of E.coli DNA of 9 lambda
length, from which 311 were produced.
An extrapolation can be made from the above data giving an
estimate of the frequency ofchi-sites in the E.coli genome
(assuming that the sites assigned are indeed chi-sites and not
sites of a different nature conferring the same phenotype):

1.coli clones

Number

E.coli DNA

£.-sites

avae

tested

$urveyed

found

separation of
chi-sites

IcoRI fragments

7

Hindlil fragments

10

'in vivo' phages

3

ca 52.5Kb

3

17.5Kb

ca 55Kb

3

18.3Kb

1

14.3Kb

14.3Kb

4.17

Thus, the e3timate which emerGes is that the .co1i cenome
containing about 4,000Kb (Klotz C Zimm, 1972) probably contains
200 - 250 chi sites, or one per 12 - 15 genes*
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LMDDA IW L PL11ID

Lambda can propagate as a plasmid when its i gene is inactive
(Signer s 1969; Lieb, 1970); and a small segment of the lambda
cenome can exist independently as a plasmid:

\, present in

50 - 80 copies per cell (Natsubara & kaiser, 1968; 3er, 1974;
Chow et a].., 1974).

The classical kdv'-1, which contains only

13Z of the lambda cenoxre, has been used as a cloning vehicle for
foreix DOA (Iukai et a].., 1976).
It seems reasonable to suppose that AlUr which exhibits
similar properties to \dv's, but maintains the entire lambda
cenomo, could also be used as a receptor molecule for cloning
experiments - with the added advantage that recovered recombinant
DNA could be propagated as a-plaque-forming phaGo on hosts in which
Its II gene was functional. Genetic analysis of plaque-foroin
lambda transducinG phaGee is Generally technically easier than

that of plaamids: tram ofor to different hosts prior to
recombination or complementation tests being a trivial procedure.
Thus, foreign DIIA frauents (regardless of size) could be
cloned into an appropriate restriction tarGet in a )man vector
and propaCated as a plasciid and recombinants selected. Covalently
closed circular

(ccc) DA recovered from this transformed strain

could then be used to transfect a sup host, demandinG plaques
and hence selecting for deletions where necessary, to brine the
transducinr phaGo into the uaturable size ranGe. Analysis of a
series of such phaGee, carryinG deletions of different parts of the
cloned fragment s would allow a genetic map of the original to be
built up.
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The five EcoI targets of lambda have been manipulated to
generate vector genornes with one, or two targets for use as
cloning vehicles by insertion or replacement, respectively
(I2urray & Uurray j 1974; Hurray et a]., 1977). The ITNamnjn
versions of these receptors would fuilfil most of the requirements
of the proposed vector, but a selection for transformed cells
bearing lambda-plasmide was a lso needed. Two selective
procedures were investigated; one, the Lac + phenotype conferred

on

hosts by kp

(Ippen et al., 1971) and the other,

ampicillin resistance mediated by the I.coli TEN

..lactamase

of the transposon rMnA (Heffron et a].., 1977),
A

strain with a high competence for DNA uptake was

required, and this, along with its

and recA derivatives,

was constructed from 641291VLD102 : a known highly competent
strain.

Construction of competent strains A1251 M26 and 11129
The T6-receptor gene is closely linked to lac in the E.coli
chromosome, and was used as the coselection for the P1-tran sduction
of the lacz deletion 1-115. A x-resistant
%
derivative of the
laci3i.aczNl5 donor, XA2I was selected and a high-titre lysate of
Piko grown on this strain. The lysate was then used to tranaduce
WX291LD102 to T6-resistance, and tranaductanto selected on.
lactose-UacConkey agar spread with 1010 pfu T6.

About three to

five percent of the surviving colonies were white (Lac) and when
tested were able to complement the lacz fragment of phage 2626
(urray et al., 1977) by alpha-omega complementation (tT].lman,
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Jacob C- Vonod v 1967) to give red, Lac k plaques on Iactose-2acConkey
agar.

One such tranaductant was purified and named A123.
The

F derivative : A126 9 was constructed by P1-transduction

of 1125 to Trp

using a high-'titre lysate of Plkc crown on Yc1e1

and testing the tranaductants for ability
to support the growth of

am7 and 'Uw2753.

About thirty

percent of the Trp+ progeny were qble to suppress both these
mutants and were judged to have acquired the

31? genotype.

The recA56 allele was introduced into A125 by ilfr mating with
Jc5088 and selecting flj

ex-conjugante, as described in Uethoda We

Purified His colonies were replicated to minimal agar supplemented
with biotin and with biotin and tryptophan; rp colonies
(retaining the =LD102 deletion) were picked and scored for
by testing their ability to support the Growth of Ab±o-1 and of

k

(the fee phenotype). All were found to give small plaques

with the wild-typo, but gave none with the bio phage (Fec) and
were taken to be z'ecf.

One of these colonies, was picked and

named A129.

Construction of lambda-plsnid vectors

The 2p°4 0 5 0 mutations of the RI restriction targets in
lambda were derived from 2607 and the Iam753 mutations rescued
from

(UB231) in the following phage cross:
30

jO

50

607

231

Ii080

ItMD 3
-

+ "

IM/
*

+

+

R = 10,000
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The progeny were grown for one cycle on 5K/RI to enrich for
phages lacking RI restriction targets (moi = 0.1 0.5, at a
cell density of 106/al in L.-broth, grown at 37 with good aeration
for 75 ains, and the lysate sterilised with several drops of
chloroform). Recombinants were selected on c600 (2tiam1i3k) and
purified on 0600, and their RI-restriction ratios measured by
spot-titration on 5K and 5K/RI. A recombinant with a restriction
ratio of unity was checked for NNam by its reversion frequency
0
(found to be Ca. 10,9per pfu by growth on the MM hosts W3350
0
and A125) and was used as the donor of the right arm (3 NN40 5 0 )

for the lambda-plasmid vectors.

The Xp5NN vector was constructed by the following cross:
738

A62
NM620

lacz

Progeny were grown on A126 (the

30
/ 30
/

NN

1+0

5

clam
40 30
-

-

pF host) on BBL-XG agar.

Phagee carrying p5 make blue plaques on this medium, and
%m73 produces 'cocarde' plaques with a small central turbid
ring (due to undersupply of active N-product for LI expression on a
22EF host : see Reichardt, 1975). Thus, the desired recombinant
was sought amongst the 'cocarde' blue plaques; candidates were
purified and tested for plaque-formation on A125 (°) and
their RI-restriction ratios determined on 5K and 5K/RI. Of these
picked only a few were ApjjcjNN phages as judged by their low
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reversion frequency (io) on a sup O hoot and LI-restriction
ratio of 5; one such isolate was kept as the

vector.

-

5
lacz

2 att
n

30

3°

56% arm

arl lac

arm

Q

(insertion site)

M, specifying the E.coli ponicillinaso, has been transposed
to various positions in the b2 roion of the lambda chromosome
(Hayes, 1976)9 and one of theme phagem : 2pf, was used as the
donor of TnA in the following phage cross:
A62

k538
,A

1719 1515

39

IM
c1857

40

rO

R=I

+ Sam?

2 = 1 1 000

The progeny were grown for one cycle on 5K/1I to enrich for
phages with few RI targets as before, and the resulting lyoa:e
plated on CGoo (which does not suppress the Sam7 nutatioa and hence
does not allow these phagea to form a plaque) at 37°C.
Uell isolated single turbid plaques were then picked and
spotted onto duplicate plates overlaid with a lawn of C600 9 one
of DDL agar and the other of 3L-PVA agar. After overnight
incubation the spots formed turbid areas of lysim, and the
)BL-PVA agar plate was stained for penicilliname as described in
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-1otho& (1). 'ho rocoobiunpto carji

were rocoioo1 by

tho docoloirieec1 haloo ourrozandizo their placnoo aid each was'
roo0vore1 frog the duplicate plate, tooted for plaque-foatica
oa E125 aad ito

I-re3trictio7i ratio detoroined Tay accurate

titratiou on 51C and 5/2I. 02 the
in thie uay,

zA:013 reoobinato ocreened

coot had an Xrootrictioi ratio of ca. 50; donotin

the preaence of ooro than one I-tarot, but a few had a ratio of
only 2.5 9 characterietic of orI2 alone (2urraj

Lnrray, 1974).

One of theoo latter rocoobinanto wac pioLtod ae the

vector.

63
A

519

aro

715

30

Inj

40 50

ar

LL'A2
(ineox'tioa site)

Transduction froioncioo and etabilit2-laooids
The frequency at which a

C011 9 oinly infected with >.IIJ

forz3 a qlaaoid-boariaS clone was o zindc1 for each of the
2-'ectcre and ccuarod with that of AXIWIM,

prop000d

lube tranecluction

2rouency ize oprocood ac the number of pfu on A126 divided by
the nuobor of oloaoo celectod on A125 in joarallal eiLoriaont8.

Xnfectin

olection

Soloctivo 120dium

cooe

frequency
rp

Lack
ao:G3

Tramforoatioa

uiniciul + &CL aar

0.33, 0.48

laco+his,trp,bioe

0.12, 018

icillin

0.299 0.37
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Amino-acid supplements were added to a final concentration of
20 ag/ml; lactose at 0.2,; and ampicillin at 20 ig/ml.
The Amp

colonies grew up in 12 - 18 hours and the

clones in about 36 hours, but the Lac+ colonies crew very slowly,
giving only tiny colonies on the selective medium even after three
days. The low transformation frequency observed for the
\lacU:64 plasmid is probably because some of the Lao colonies
were too small to see.
One of the transformed colonies of each type was picked and
grown in liquid selective medium (10 ml, with the same supplements
as shown above), and tested for immunity to euperinfectiori by 1¼c
and Avir; the supernatant of each culture was titred for free
phage on A126.

Lambdai-Plasmjd
Selection:
eop of

.

cop of

çvir

free pfu/inl

)71
Trp

io
1.0

\lacTh: 61.
Lack

3,

AMP

06

0.5

1.0

100

IO

10

10

rp'/Lac/Amp5 }

Iot

0

76

cells in cultures

done

60

306

From the above data it can be seen that the Amp

phenotype

was readily lost in liquid culture: this may be because of
depletion of ampicillin by liberated penicillinase during the

5-8

18 hour growth period, but this hypothesis was not tested.
However, an Amp colony grown on solid selective medium contained
few, if any Amp

cells

(97 colonies from a dilution of a colony

selected on L-agar and 20 ig/ml ampicillin, as judged by replica
plating teats).
Thus, whilst the Ampicillinreaiatance selection for
\UN:63 appears effective, and the plasmid bearing clones stable

(at least on solid selective medium), the selection for clones
containing 2lacuN:64 is weak and very slow. Only the )UI:63

vector was used in subsequent trial cloning experiments.

Restriction & ligation experiments with the

DNA was prepared from

tarnptiN:63 plasinid

U:63 grown in the lytic mode, on

0600 9 and also from Lcoli J3110.

The DNAs of X806 or 2461

were used as convenient competence controls in transfection
experiments, since they form plaques on a]..1 the hosts used*

iduch

experiments gave the following competence levels routinely:
Transfection host

8o6 or

10

461 DNA

ampIiN:63 DNA

10

A125 ( SUP

2-2.6 x

A126 (F)

1-1.5 x 106 pfu/pg 1-1.5 x 106 pfu/PS
1-105 x 106 pfu/ag 0.8-1.2 x 10 6 transfmts/pig

9129 (recA)

pfu/g 1-1.5 x

tranafmts/jzg

0.1-1.0 ng (10 -9-1C 10 Gm) intact phage DNA was incubated with
0.2 ml calcium-treated cells for each competence assay, according

to the standard procedure described in Methods (y), and plated either
for plaques on BBL agar, or for £nip colonies on L-agar and 20 lag/mi
ampicillin, as appropriate.
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The procedure adopted for trial cloziinC experiients was as
follows:

2-5 ji

i:63 MIA and an equal wei3ht of .coli

U3110 DtI1 were separately restricteO with 13, co2l as described in
tethodo : 2(t). The beat results were obtained when restriction
was performed in the presence of 0 9 1 volumes OPorton dilution
buffer'., which contains:
20mfl Potassium phosphate, 99 7.1
.5UI £aCi
10sl 2-sorcapto-ethanol
0* 11,3 Triton-MOO
2 ma/ml gelatin
(sterilised by autoclaviw before use)
Cutback in transformation efficiency of the lambda plasmid D5A
duo to restriction was assayed using 10-50 n

restricted DNA, just

as for, and in parallel with, intact lambda placriid DI, to transform
0.2u1 competent cello to ampicilhin-reoiatance. Cutback was
Generally 50-1000 fold for the sinGle site vector, the lower fiGures

correlatinG with the moat efficient reliation in later staGes.
Restricted vector and I.coli Dks were mixed in equal
proportions and the liGation reaction carried out as described in
iothods : 2(x). Religation was monitored at 1-2 day intervals by
transformation of competent coils as before, and where effective,
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of the original transformation efficiency per jac vector DL1

was recovered after 2-6 days.
In experiments where recovery was observed after ligation (to
2 and 7M, recombinants containing L.coli TJ3110 DA were oouht.
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Aliquots of ligation mixture containing 1,000-2 0000 Amptransforming
units were used to transform 0.2m]. aliquots of calcium-treated,
on

competent A125 cello and the mixtures spread e selective glucoseplus

minimal plates containing 20 ig/rnl ampicillin Atwo of the following:

tryptophan, hiotidine and biotin (0.05% ACLI was added to the plates
lacking tryptophan). Other aliquots were spread onto galactooe-or

lactose-minimal agar containing all three amino acid supplements,
and 20 pg/ml ampicillin. These selective procedures were designed
and

to detect \plasmid recombinants carrying the
jac regions of the E.coli chromosome, but no such recombinants

were selected. Since religation of the vector had been amply
demonstrated, the E.coli DIlA preparation used was suspect.
Effort was then directed towards cloning the Boo R I:trp operon
fraoent of

A trp

31 into the lambda plasrnid and the above

procedures were repeated, but on a 1ag scale. Again, restriction

and subsequent ligation were shown to have occurred efficiently
(cutback was to 0.2% and recovery to 2% original transformation
efficiency) as judged by transformation of A125 to ampicillin
resistance. IIowever, the

)2F51 DNA used was unmodified and

sensitive to restriction by an 2.coli K strain such as A125; the
Eco1I:

fragmen t of )¼

'51 carries two K restriction targets

(see Chapter 3) and' would be expected to be restricted a thousand
fold.

For this reason, despite a 4-5 fold sacrifice of competence

in DNA uptake, the strain ED8639: (803 sup0 L 7,BE9 V

,f)

was used in an attempt to select Amp aT rp + recombinant clones.
Aliquots of the ligation mixture containing 200-300 Amp-transforming
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unite wore spread onto ACH-agar containing 20 rig/al aspicillin.
Several small colonies were found on each plate after 36 hours
incubation at 37 0 C. These clones grew poorly when streaked onto
fresh selective medium to purify the recombinants and on the
second round of purification did not grow at all, As discussed
in Chapter 6, this instability may well be du, to the trP R'
genotype of the host and a repetition of the experiment using a
+

j' (non-restricting) host, such as E.coliC-latAE8
=
9

remains to be done.

OMIPTM
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1?4ypical and Relletic anai.yio oftr tranoduciaR ieo

Me heterod?lex cvidece DreoenteC oho= that the bacterial
)EJA carried by

51 is 7.4 ± 0.7 £b (15.1

1.5 laobda) i n

lewth, only slightly 1oner than the eotioated 7.0 XTJ Oiniouu
extent of the trp operoa it containe. ¶hio doDotrateo that i
ic unlikely to carry any other 2.cli 3enoo g and indeed it wao
ohowu to be unable to tranoduce the touB Gone which lice between
the bacterial ØO-attachiont oito and the trp oporon in the boat
chroe000ae; thus

cannot have been formed by a oirilo

reciprocal cross-over event according to the claooica]. Caripboll
eodel (Caopbell, 1962). The evidence is conoiotent with the
formation of 251 2ron AjW1 by rescue of the wild typo
1023-

ooent of the hoot chrou000me, followed by the oclection

of a occondary tons deletion bringinG the cenouo of the lambda-j
tranoducin jhae into the viable cizo rano.
The AIM,511 AjW1PZ1 beteroduplox
hoaoloGy, the oubotition runiw

fro!II

ebowe a

'b.abblo' of non-

the expected uap poeition

of 3EZ02,31 (raooar at çJL., 17) on the loft. acroec the Ø0
Qaterial includia the zic c°o and into the lanbda-rod racion on
the right. Thic obctitution in the hao oust have occurred by an
illetitioate recobiaation event, without any boroloy between the
lambda DIM on the one aide and the now T)US upctreao of =E on tLo
other, and this corrolatee with the Etch lotor frequency at which
It arooe couparod with the pick-up of IMLD102 : involving only
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legitimate cross-overs in homologous regions. The nature of the
chromosomal =OEI mutation remains obscure it could be a deletion,
an insertion or a substitution, divorcing the

control region

and a promoter-proximal part of the IME gene from the rest of the
operon, which is then coupled to an efficient unregulated promoter.
The

operon is excised intact by the lcoRI endonuclease

and analysis with this enzyme has been very useful in the
determination of the extent of gross structural changes in the
operon. The ECORI : trp fragment fror the

271 series,

however, also contains the contiguous 080 and lambda material on
each side of the bacterial DNA, showing that the targets for this
enzyme flanking the

region of the Lcoli. chromosome are not

present in these phages.
The data of Chapter 3 lead to an unambiguous map order for the
seven aindli & III restriction fragments detected in digests of
the = operon DNA (Figure 3-39 map B). The possibility remains,
however, that one or more very small fragments coming from sites

less than 150 base pairs apart may have escaped detection. If this
turns out to be the case, then the additional site(s) must be
cleaved by the HindII enzyme, since the two HindIII targets mapped
have been shown to be the

only

ones present in the ItM operon

DNA (Hopkins et al., 1976),
Statistical considerations show that Hindlil sites would be

expected to occur on average once per (ca. 6) 4,000 base pairs,
whereas HindII sites should have a mean frequency of one per 1 9 000

base pairs (ca. k.22), bearing in mind the redundancy of the
recognition sequence. Thus two Hindill sites and eight HindII sites

6-3

would be expected within the 8KbDNA region analysed. In fct
the actual observations show two £IindIII sites and six HindII sites.
Using the known position of the

I site in the

-promoter

(Bennett et a]., 1976) the genetic and physical maps of the tM
operon have been aligned and show close agreement, (Figure 3-3,
maps A & 13). The Hindlil site in the =D gene falls between the
D156 and 1)562 mutations in the alignment and this result is
corroborated by genetic evidence (hopkins et al., 1976).

The

Hindlil site in the =B gene is known to lie between the Bk and
1318 mutations, but only the order of these mutations as determined
by deletion mapping (Crawford et a]., 1970) is known and no linkage
data is available (the order of the =B mutations shown in
Figure 3-3 is correct, but their positions are arbitrary). The
present results show a,dIII site in the promoter-proximal half
of thet =
B gene, which is consistent with its genetic map location.
The restriction data suggest that the #yal target at the
promoter-distal end of the operon falls within the =A gene, one
hundred base pairs from the promoter-proximal end. However,
comparison of the amino-acid sequence of the =A protein (Yanofeky
et al., 1967) and the poasible amino-acid sequences specified by
a YyaI site:
01,1I1:

5' -GUU-AAC3';

G-UUA-ACX- ;

-val-asri-.

-leu-thr-.

XGU-UAA-CXX;.
x'-ochre.

shows that there can be no ff2 a I targets within the ILEA gene.. Thus,

the mapped target probably lies in the IMB gone, close to IiEBA,
and the inaccuracy in its determined position is probably due to
cumulated errors involved in adding together several measured
fragient lengths.
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carries only 7.4 ± 0.7 Kb of bacterial DUA,

Liuce

(ace earlier discussion) and the aura of the lengths of the
HindII & III fragments of the = operon in its digests is 8.1 Kb,
the last mapped HindII target, downstream of the =A cone, is
probably within the 080 material,
The single XhoI target observed in the E.coli DNA carried by
and 9¼5k0A was measured to be downstream of the
gene, but since the Xhol fragient is large in each case, so is the

possible error in its placing. To test whether there are any
positions in the trPA gene which are compatible with an XhoI

target, the IMA protein sequence was scanned for possible
translation products of the Xhol recognition sequence:

5 1 -C1JC-GJG..3 9 ;
amino acid -.leu-glu'.
sequence

C-UCG.AGt ;

-ser-sor-arc

XCti.CGAG.
-ser-arg-pro
-thr
-ala

wo such sequences occur: one at residea 48 - 49 (leu-glu) and the
other at 178

180 (cer-arg-ala)* ilote that the positions refer to

the corrected sequence, with an extra ilo-residue at position 37
(cited in Li & Yanofaky, 1972). It has been shown that

i88, a

mutation to an amber codon (AG) at position 49 in the 1MA protein
sequence, does not affect the XhoI target (1nilionis & i3raxnmar,
unpublished experiments)o tAlso, the m-XIA sequence at positions
173 - 10 has been deduced (l3rammar at ale s 1967) as CL1.'CGA-C-CX :
a sequence not recognised by XhoI, I conclude that the XhoI
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target observed in the

phages tested does not reside in the

IUA eerie.
The nnalysia of

digests of the UrD51 series shows two

targets in the bacterial DIIA downstream of the

1.r.BA

gene,

Ca.

450

base pairs apart and one of these has been shown to be cleaved by
XhoI. The other site suet be shared by the enzyme

I, since

'AtrP 51 contains a single XmaI target in this region (Pouwel,
unpublished results) and, like ThoI,' the XmaI recognition sequence
is a subset of that of Aval.

The lambda : 080 hybrid phage 407.59 from which the )71
series were originally derived, has been shown to retain the EcoRI

site 3 in the Ared cone at

on the standard lambda map,

whilst the Aval site 5 at 65.2 is no longer present and is
replaced by 080 DiA.

This places the exchange between lambda

and 030 .rzzatorial in. the hybrid very accurately within a block of
'\artial sequence homology including the red genes (see ?igure 1-2)
indicates that the recombination event producing the hybrid
Ph go was homology dependent.

The present results of the use of deletions of Atrp 51,
both well-characterised and newly selected by the pyrophosphate
technique, in the elucidation of the physical map of the operon
illustrates that a great deal of detailed structural information

can be gained by restriction analysis. The knowledge of the
precise locations of restriction targets is a necessary prerequisite
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to the Uodom cctbob of DA Oequoacimc (So C."C01co, 1975;
i1bort z12nzam s 197?), wich can only be twoc1 to detoie
oouoceo within 100

150 bacec o2 the tarrot itcol. hu,c,

iueloic acid eoeacec o2 vartioular roioaa o9 iitoeot can only
be doteroinod by thoco tocbnicoa a2tor a detailed roctriction ca
Liac been obtained. In the preoezt caco og the IM ojoron, the
C3

LOd XZirdll and LindIII taotc fall within the etructwal Gonoo

and the DJ1 coquonc cc of reionc which flan the oay be ucofnl
for the analycia of Dutationol chaneo oauci defecte in the
tryptophan biocynthotic onzyioc.
Liuro
voctor540 a4

ahowe the dictribation of the XhoI tarots in

2.

540à(r). S imce the forcer hac only one site it

could be uced ac an inortion vector for oloninr Xhol dioation
producte of 0 12.5 Kb in lonth, and the latter, thicb hac two
taretc, ic an ideal relac000nt vector for fraontc in the
ranro. 2olacocent of the central fraent of

19 Kb

50I(r) by

foreign DIM would recove the rod and rpo Goneo g nllowia ouch
recocbiaantc to be colectod directly on CGOO(P2) by their

pc

enote (Linhl et al., 1970). It oainc to be chown whether tho
£voroion of the central fracont in thia p har e (putting the red
and Zan Genoa under lacibda late control) would cilco Generate 3PC
oo cinco their expreccion would be late in the lytic cycle,
the ,rooenco of the rod and pan canoe cay not interfere with owth
OM

the P2i1yo0coa, and they cay forc plaquea alozo with the

r000ct)icant phaeo. Iacororation of PJf into the Xhol cite in

250 uoild dee Oenerato Bpi" recocbinato when the ineortion ic
polar on the oreccion of the rod and Lam goneo. Uae iccoioration
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of a 2 mutation into the right arm of these proposed vectors
would enhance the growth of these Bpi recombinants on the
selective host, allowing better yields to be obtained. These XhoI
vectors would provide another cloning system with a direct selection
for in vitro recombinants*

Det ection of chi-like sites in the genomea of a phage and its host
Two methods were used to test substituted or in vitro

recombinant lambda DNA for

-like sites.

Both rely on the loss

of the phage N-gene function, either by Growth of phages carrying
two nonsense mutations in the U-gene and the &i 03 deletion on a
suppressor-free host, in which case only the amino-terminal
fragments of the N protein are made and there is no detectable
expression of U function, or by growth of nin5 derivative phagea

on

N785, a host which is insensitive to the lambda N protein

and blocks its anti-termination function. In both cases the phage
late genes are expressed independently of N gene control due to
the leakiness of tRI and the deletion of t, but leftward
transcription of the N-operon itself is blocked by t and hence
the red and gam genes (necessary for efficient phage DNA replication
and maturation) are not expressed.
The NNnin phages were propagated on C600(E) or occasionally
on Ymel(F) as the permissive host. Reichardt (1975)

has shown

that the EuEF suppressed Uam773 product is leas effective than
the wild-type in stimulation of ci (lambda repressor) expression,
and hence it may he that the red and gam products are also
undersupplied. This could confer a slight advantage on phagea
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carrying a chi-site and thus constitute a residual selection for
new spontaneous chi mutations during the growth of the phage
stock on a

F host at any time during its history.

ThQ

test is free from this worry as the test phages carry a wild-type
Gene, but, since results obtained with the -transducing phagec
by the two methods agree, any remaining selection for new chi sites
in the NNnin derivatives must be very weak.

An important limitation of the tests described is the effect
of the genorne size of the test phagec on both their burst size and
their plaque morphology, as illustrated by the case of )biol6A.
This phage carries the naturally-occurring chi site in the E.coli
bio operon, but due to its D1A excess (103.85L lambda length) its
Spi derivatives give a poor burst and small plaques (alone C
Chattoraj, 1975). The phages

Abio161Wnin and Abio72NNnin tested

here both have genorne sizes of 97.5% wild type (lradecna & 3zybalski,

1969) and both carry the bioi.chi cite and yet chow a two-fold
difference in their burst sizes on the SUP hoot 1,13350 (Figure 4-1).

They differ in the extent of their substitutions, bio16A removes
only 1.55,f lambda length, including the mt gene, whereas
)

72

removes 5.0% 9 including all the genes between aft and red
(Szybalski & Szybalcki, 1974).

The data of Nalone & Chattoraj

also shows a small (1.0 - 1.5 fold) enhancement due to the presence
of the 522 deletion (of 6.9% - slihtly longer than that of the
bio72 substitutior.

The results of the

N-tests presented here

also show an enhancement of the growth of the \722 derivatives
over those of 2540, at least when each lacks a chi-like site. The
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vector A722 differs from A540 in only two particulars:

it carries

a deletion (of about 5% lambda-length) running from att towards
red, and also an amber mutation in the Lan gene. The latter is
unlikely to affect growth on the

N-host in which it is not

expressed, and the former resembles the 1522 deletion. It seems
therefore that there say after all be a gene or site between int
and red, the deletion of which provides a small (1 - 2 fold)
increase in the burst sizes ef SpI7 phages as postulated by Ziesler
et a]., 1971 but that this is obscured by the more marked (3 fold)
chi effect.
The size of the genome and the constitution of the N-operon
of the phages tested are thus both important in the assignment of
chi-like sites, but only in the case of

XB, where the 7 - 8%

lambda length substitution of bacterial DNA brings the genome to
the lower limits of viability, do these considerations prevent the
confident assignment of the presence or absence of

-like sites.

The detected sites are referred to as chi-like to show that
the several possible origins of the observed phenotype have not been
distinguished, e.g. the expression of a new
cro mutation. The acquisition of a

-like activity or a

like protein would block

the recBC specified exonuclease V activity and allow leakage
(in the absence of red function) into the rolling circle mode of
phage DNA replication, giving a larger burst and a healthier plaque.
In contrast, an additional cre mutation, which has been shown to
alleviate the effects of an NN defect on N-operon expression

(Court & Campbell, 1972)9 would allow normal phage replication
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and caturation with consequent wild'-type burst sizes and piaque
corpholoy* he frequency of independently isolated cu-like
cites arcues aainot the first alternative; and the mapping of
several of the sites to within subotituent DUiX shows that the latter
does not apply in these casese he cites observed are thus probably
true chi cites, but it remains to be shown that they exert their
effect by a loóaliced onhancemozit.of rec-mediated rocombination.

The ZrOI1 785. 0train was selected as a survivor after mutaCenesic
and challexaje by hich multiplicities of 2c and Ainm434c
(Georcopouloc, 1971) and these phaces show a very low eop on this
hoot (1011 and 5,10 respectively).
poorly on r6ro U785 : eop's of iO
described in Chapter

1,

Phaces 434 and 21 also crow

and 10 respectively, but as

?imm2l crows well (cop approaching 1.0).

Lambda and its imti34 derivative have the same U..cene, but
differ in the interpenetratinc operator and promoter sequences
of their major leftward and rilztward control complexes (Blattner &
Dahibere, 1972; fllattner et al., 1972) where the I! protein acts

(Franklin, 1975); so the small differences observed between them
must mean that the lambda U protein retains sl1htly more activity
at the imm43+ promoters than those of lambda itself when it
ini7ectc a aroll hoot.
The imm2l derivative of lambda has both the N ceno and the
major control complexes

°LL and P.O.) of phace 21 9 and yet, whereas
these are together ineffective in ovorridixic the termination of
transcription at its own (phase 21) terminators in a ZroP hoot, the
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came protein actin o_ LroU ho3t tran2critiozA naclliLlel7 aiQo at
the promoters of iiao 21 is able to efficiently overcom3 the lambda,
toinat

in the hybrid. huQ, acaowiat cu rioily, uilst both

lambda and phacjo 21 are cut back by ZroU 735 the hybrid 1\ii ic
and 25401MC

'not • iXlc, cince the original inra2l ihacz,

show no difference in plaque Iiorpboloy, the effect of chi-like
21 phaces uust Ti e criiall and the red

site3 on

the growth of

and

roduotc cannot be liattir.rj for the replicatiou and

maturation of thece hybrids&
ho analycic of ')¼

it5 johat3ea containincsubstitutions from

9010 in the loft arm chow the presence of at least two

-liLe

sites in the 080 conoIe. ¶'his !noilede should be useful in the
ranipulation of AzeCaampliaCee, which are difficult to propaate
an they oxiibit the partial 13pi phonotye $ ivinr very email
'plaques and low bursts oven on porDiccivo hosts; but uith an dRO
or

000 eubatitution, each brinr,-ino uith it a chi-like site s

these redf derivatives chcu).d now show the much more viorouc
Growth of the full pi

phenotype (Uoudercon

Q

Jeil, 1974; E2alone

& Chattoraj, 1975)6

Roculto of tests for chi-liko sites in the Lcoli

-oporon

DI1 reveal the presence of at least two such sites, and deletion
Coyt!-ed

mapping places them both within the roion

by

one

on either site of the rAndIII taret in the j=D acne. he
orientation of the cubstituent DIIA earryin the
Coos not apcar to affect the pheotype conferred,

liosite(s)
revious
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work has shown that in the case of mutationally acquired chi sites
in the lambda genome the stimulation of recombination is strongly

polarised (Stahl & Stahl, 1975). Further deletion mapping of the
chi-like sites in the =Z

and trP in vitro recombinant

transducing phagea will be necessary to localise then more
accurately before nucleic acid sequencing studies become attractive.
Similar scans of the E.coli D1A carried by in vitro recombinant
specific transducing phages have re2ealed seven ohi-like sites in a
survey of an estimated 2.5 of the E.coli chromosome, and the
extrapolation of these results lead to an expectation of about 250
chi sites in the whole bacterial genome. It is interesting to note
that of the two cases where any details are known, those of the
and bio regions of the E.coli chromosome, the sites lie within
the structural genes (of =E 9 =D and bioB respectively). One
could speculate that enhanced recombination in the region of
important structural genes may have some evolutionary significance
f or the organism, perhaps by directing recombination among
functional loci and thus allowing more rapid assimilation of
mutations among a population.
Cases of 'marker effects' where particular mutations modify
the normal frequency of recombination in their environs are well
documented (Yanofeky et al., 1964; Norkin, 1970) and it would be
interesting to know if any of these effects are due to the creation
or destruction of chi sites by the mutation. should such cases
come to light, as is already known for the lambda

mutants

in the LII gene (iZcLilin et al., 1974)9 nucleic acid sequencing
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studies of the wild type and the mutant would allow iemtifioation
of the elements of sequence which specify a chi site.
Cnsideratjon of data available at resant

oct tLa the

nucleic cold sequence opecfyin a j-site is short : 3ince there
are four sequences a the lambda eoe which can become

,'sites

by a oile base chanjc (I.cilin et a).., 1974; fleuderson C, teil,
1975)9 such potential chi altos occur cm averae about once per
12 Kb. The frequency of andoni occurrence of a particular
optanucleoticle sequence is once every 12.4 Kb

babe pairs),

so it seems plausible that a chi site could be specified by a
sequence o sit baos, thcuh these may be Interspersed with
random elements.

Invaticatjon of lambda KN ilasmid vectors
The deein and construction of 1&3bda plasmid vectors offers
the prospect of molecular conin

vehicles with many of the advantaec

of other plasmid vectors, in a Cenome whose roculation is well
understood and providinrj a simple direct method for selection of
plaque-formin tranoducing phage derivatives by transfer of the
plasmjd DNA to a suppressing Lost. ho propaation of these lambda
picisaido is ragulatod by the cro product (Zee Introduction).
&iperinfectin

2c is sensitive to repression by the hi6h levels

of cro product in a host bearing a lambda plasmid t and so
anti-immunity is displayed, but vir eaeaps this repression by
virtue of its mutant manor control sites (Jacob & Wolluan, 1954;

Ptaslrno c

lopins,

1968; aoriuciii. et ml,, 1969; Koa et si., 1970)
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which are less sensitive to g,-.repression as well as to the
lambda repressor product of the ci gene. Thus, as seen in strains
harbouring the proposed lambda plaaciid vectors, Ac cannot form a
plaque on a () ir) anti-immune host, whereas

is able to do

so. This, incidentally, provides evidence for the interpenetration
of the major operators and cites of cr0 action.

atablisbrnent of lambda plasmids after infection with the
vector phages is two to three-fold less efficient than plaque
formation, but this has also been observed with

plaamids

(Signer, 1969).
Suppressor-free strains with a high competence for DIA uptake,
and carrying small internal deletions in the

I=

and lac genes, were

constructed as hosts suitable for transformation by the proposed
lambda plasmid vectors. These strains, A125 and A129 and their
pHRF (IM+ ) derivative A126 9 chow very efficient DNA uptake by
present standards : yielding 24 x 106 pfu/pg intact lambda DNA.

added, and only slightly fewer transformants per zg of

DNA

in the respective selective systems. This efficiency correspohds
to one infectious centre, or transformed clone per 10 lambda DUA

molecules added : an overall efficiency of only 0.015. Thus, there
is a substantial margin for improveient, both by the .use of better

transformation/transfection techniques and by the use of more
highly competent host strains which would allow more efficient
recovery of in vitro recombinant DNA.

Two systems for the selective propagation of transformazit,
lambda plasmid carrying clones were investigated. The first
relies on the ability of the host, when bearinp, a AlcU:64
lasmid, to 43row on lactose as the sole carbon source, whereas

the uninfected cells alone cannot. This host defect is duo to the
laczM15 deletion, which can be complemented by the

plasmid

or by the laozc< in vitro recombinant lambda plasmids (the former

by allelic complementation and the latter byizitra-aflelic, or
alpha..osea complomentation).

Tliis'selection proved to be too weak

to be useful with the hot strains 11125 and 11129, but parallel
experiments with another laczfl15 strain : X1121 9 showed. a much
stronger growth response under the selective conditions, even by
the weaker intra-allelic complementation of the host lacz15
product by the lacz-alpha fragment specified by the 28061 plusuid.
Z1121,.however, is a poor transformation host, but this latter

result shows that the system may yet be useful should a lacz-onega
donor strain with a high competence for DNA uptake be found.
In vitro recombinant plaaids would then be identified among the

Lac+ clones as smaller colonies, due to the weaker 'alpha-omega
compleontat1on conferred by plasmids with foreign DflA inserted
into the lacz gene, as compared with the strong Lac k phenotype
characteristic of the intact

i1:64 plasaid vector.

he second selective system was ampicillin resistance conferred
by a plasmid carrying the trarispocon

11, which specifies the TEN

-lactamaze, and this was shown to provide a strong selection for
plasmid-bearing clones. Attempts to ligate 2orein DU11 -insertions
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into the single EcoRI site of the 2NN:63 plasmid, though
promising, have not yet been conclusively demonstratedo
clones have been selected after ligation in the presence of a
digest of a

traneducing phage, but thee* proved to be unstable.

However, these in vitro recombinant lambda plaamida were recovered
by transformation of a trPIr strain, and this combination of
transcription of the jaroperon from a high copy-number plasmid
in a genetically derepreseed background has previously been reported

to be unstable (Herachfi.ld et *1. 9 1974). Similarly, these
workers showed that stable incorporation of the try genes from
Ø80190 was only achieved when the phage repressor gene was also
cloned in the same plasmid (siren though they are carried by
discrete EcoRI fragments) allowing repression of transcription of
L Crabeel et al. (1977) have
shown a similar instability of tEgrtransforming plaemids inarA R
the operon from the phage promoter

hosts. Thus it seems not unreasonable to infer that high level
transcription of these multi-copy plasmids deprives the host of the
capacity to supply its own essential products and results in loss
of viability, or loss of the plasmide.

DNA insertions into the 2amNN:63 vector at erlA2 would not
be transcribed from a phage promoter in the plasmid, whereas
insertions into the EcoRI site in the lacz gene in 2lacNN:64
could be expressed from the lac operon promoter. This transcription
could be easily manipulated by well-tried techniques (See for example
Po].isky et a]., 1976 : 'A plasmid cloning vehicle allowing regulated
expression of eukaryotic DNA in bacteria.'). This would allow the
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ceeconeinants containing enes which are separated from
their own.prornoter, or the fusedlac pr omoter miht be used to
boost the synthesis of gene products which are normally only
weakly expressed.
A 2ir vector carryinG both TnA and plac.5 9 and with the sinGle
crilac tarot, would combine the advantaea of a stron3 selective
system for transformed clones and the expression of cloned Ocol2I
2ra!t1ents Zrom the lao promoter, and if tranaformants were
selected on a

(total z deletion) host on lactose-cConkey

acar containing ampicillin, recombinant clones would be
identifiable as white (Lac) colonies auonr,, the red (Lack

)

vector..containinG clones,
The recombinant plasmids could be transferred to other hosts
for complementation tests, either by recovery of CC D and
retranaformation of the appropriate

host (selecting

clones), o by P1 mediated transduction of the plasmid into the
SUP

o boat, as demonstrated by 1amakriohnan L. Adelber, (1965),

and Novick, (1969).
In summary, then, lambda NIr plasinid vectors offer several
novel advantages as molecular cloning vehicles, but an ideal vector
of this type is not yet available,

APPENDIX I

Changes in the linear structure of a DNA molecule, their assignment
and their effects on restriction patterns of these molecules
The following types of changes in the linear structure of a
double-stranded DNA molecule will be considered:
Deletion or accretion
Substitution
Duplication
Inversion
The character of a particular change is most easily diagnosed
by examination of an heteroduplex formed between complementary
strands of the related molecules. The formamide spreading
technique is designed to show both double and single stranded
regions in an extended, meaaurable form by providing sufficiently
denaturing conditions to overcome random interactions in single
stranded regions without interfering with the pairing of fully
complementary double stranded regions. The form of the change
relating the two molecules can then be deduced by inspection.
Figure A-I is a schematic representation of the different
types of heteroduplex which may be obtained from a pair of DNA
molecules related by a single structural change. A simple
deletion removes a continuous stretch of the linear molecule so
that when an heteroduplex is formed from one strand of the original.
molecule and the complementary strand of its deletion derivative
• single stranded loop is seen where the parental molecule possesses
• stretch of sequence to which no corresponding complement is
present in the derivative, as shown in Figure A-I(a).

It is clear

Effects of structural changes

FIGURE A-i

on reanneaUng patterns of
DNA molecules
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1y the 5' 3' polarity of the DIA strands, the duplicated scicnt
-

cay be oriented in either of

senses with respect to the

two

pre-existin copy, thus givinC the four pooiblo arranomentc
U-iv)a

shown

Conventional hoteroduplex molecules incorporating one

strand of

the

original molecule

its duplication derivative

and

aluays

the complementary strand from.

chow a cinle stranded loop du

to one of the two copies on the latter strand.

The

feature of molecules containing, duplications.

is the intramolecular

diagnostic

roannoalinG of their i solated sinolast rands to form 'fold-baclz'

structures, the form of which in itself identifies the dupl±cation.;
as being tandem or separated 9 direct or inverted:

1'iure

A..1(c).

Confirmatory evidence .for each assignment comes from their
heteroduplex forms; a direct tandem repetition yioldinG a loop
whose base on the double stranded roion is continuously variable
(for different heteroduplex molecules) between the boundaries of
the repeated semont (i), whereas an inverted tandem repetition,
and either

form of repetition at a location distant from the originsl

copy shows a unique accretion loop (ii-iv).
An inversion occurs whoro a

cement

aT77~of

the molecule is

eldcioed and rejoined in the orientation b

ntain the
a
5' 3' integrity of each of the strands of the intact molecule.
-

Isolated ainle strands of

these molecules show no

intramolecular

roannoalin, but conventional 6 1 1 or 'r' strands of the parental

molecule and its inversion derivative show cosplomontarity alonG the
length of the inversion:

Figure A-1(d),

The limits of detection of these changes in the linear
structure of

a

DNA molecule by

the hoteroduplex method

depend

on
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the ability

to resolve small regions of noa-ho"ology within an

otherwise fully complementary double stranded molecule, and also

on the efficiency of reannealing of short stretches of
complementary sequence within otherwise non-homologous regions.
A deletion loop of between 100 and 140 nuclootides in length
(containing one of the tyrosine-tiUi 'coiec) was easily detected
and clearly resolved in the 080suiIIsuIII7Ø8oau1ii heteroduplex
(riuer et al. 1971).

The 2/ØCo heteroduplox shows a limited

homology at the extreme right tip in which the short double
stranded region is not resolved; comparison of the frequency of
formation of this short double stranded segment with that of
circularisation of 2 DIIA molecules by reannoaling of the 12 basepair cohesive end sequences suggests that the right tip homology

say be as little, as 12 nuclootidcs in length, (?iandt et a].. 1971)o
Thus deletions, accretions, substitutions, duplications or inversions
of sequences longer than 100 nucleotide pairs are readily detected
by this method, and interstitial regions of homology of much

shorter sequences (probably less than 50 base pairs) may be
discerned.

The effects of the structural changes discussed above on
restriction fragment patterns obtained with the 'Type II' (Arber

Liun, 1969) sequence-specific restriction endonucleases will now be
considered. 2estriction digests of DNA molecules related by a
simple deletion (or an accretion) are
eew compared in Figure A2(a), (i)
and(Ii) representina two extreme cases. The following discussion

Effects of structural changes

FIGURE A-2

on restriction patterns
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will be of a deletion event;. in the case of an accretion the
parental and derivative molecules are interchanged. A deletion
removes one or more fragments and a single fusion-fragment is
formed from the two sections of the terminal fragment, only part
of which are removed by the deletion. Jhen sites for the restriction
enzyme ].io under the deletion, as in case (ii), all fragments
between these sites are lost from the digeot of the derivative.
It will be clear from Figure4& that a substitution (dotted) may
lead to the appearance of more than one new fragment in the digest
of the substituted molecule, and two fusion fragments may be
formed, (b).
A duplication W e will resemble an accretion when examined
by restriction analysis, although several fragments present in

the original digest may be represented twice in that of the
duplication derivative.
Finally, an inversion (d), may not be detected at all in the

restriction digest (I) but will be most clearly seen where there
in
are asymmetrically distributed SitOSA the inverted segment (II),
producing two new fusion fragments.
In summary, then, the nature of a structural difference
between two DA molecules can most easily be assessed by
hetoroduplex analysis, giving its size and position. In the
light of this information, restriction fragment patterns are much
more easily interpreted. This approach is restrained only by the
lower liaits of resolution of heteroduplex homologies and

non-homologies, and by the difficulty of detection of small, or
resolution of identically sized, restriction fragments.

Appendix II

Determination of molecular weights of DNA framente

Two gel electrophoresis systems were used during the course of
the work described: Firstly, and more routinely, 1% agarose gels
rut in the continuous E buffer system of Hayward & Smith (1972) 9
for the determination of molecular weights from a lower limit of
approximately 0.3 Md, or about 450 base pairs, uo the full lambda
size of 33 Md : 49 Kb. This system is very insensitive to small

molecular weight differences between fragments of more than about
5 Md, but is quite sensitive in the lower molecular weight range,
where the mobility of each fragment is a linear function of the
logarithm of its molecular weight, as will be demonstrated.
Secondly, for fragments of less than about, one thousand base
pairs in length (0.66 Nd), to an estimated lower limit of 150 base
pairs or 0.1 Nd, a linear gradient polyacrjelamide gel, again in E
buffer, was used (Jeppensen, 1974). This system is reported to
give an overall linear response of mobility vs molecular weight,
at least down to 300 base pairs (0.2 Nd), but unfortunately is
markedly affected by the base composition of the migrating
fragments (Zeiger et a).., 1972 and Allot et a).., 1973)

and is less

reliable than the agarose gel system for this reason.
Figure A-3 is a 3emilogarithmic mobility (distance migrated)
vs molecular weight from data shown in Plate 6. Gnly tracks 1 8
were measured, as edge-effects are apparent in the last two tracks
causing slight bowing of the bands. The known sizes of lambda
fragments generated by coRI digestion (Thomas & Davis, 1975 as
modified by Philippsen & Davis, 1977) were used to generate the

FIGURE 4-3
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calibration curve, and the molecular .ieihts of the EcoRI : trn
DL1 fraoents of the

series of phaos determined as shown.

Figure ti-k is a similar plot from the data of Plate 7. The
molecular ueiçhts of the framentc in a Hindill digest of lambda
(Philippeen & Davis, 1977) and those of several. RpaIl frauenta of
lambda (Aulet, 1973) were used to plot the curve. The molecules of
the characteriséd IBMII fragments (shown in Plate 20) were
determined by comparison with co-miSrating . RindII & III fragments
of lambda present as markers in both Gelso
Figure ti-5 shows a linear plot of the mobility of the known
PpaII framents.of lambda DNA on the polyacrlaide Gel of Plate 8.
Because the markers used are much larger than the smallest

trn

fragment seen, its molecular weight remains undetermined but is
probably less than 250 base pairs.
Nobility curves were drawn from the data of Plates 11 and 12 9
using HindilI framenta of lambda DW for calibration points in

each, just as in Figure t-k, the curves (not shown) being-of the
same form and accuracy, yielded the following data:
Hindill : trp DNA framento (from Plate ii)

toleoular weight (lid)

Size (Kb)

±
±

1

6.5

0.5

9.6

2

4.8 1 0.4

7.2

3

1.9 1 0.1

2.9 1 0.15

0.75
0.6

FIGURE-A-4
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Appendix 11-3

Plate 12

digest:

51VLD102
)51vBE9

I : trp DNA fragments:

migration (cm)

Molecular weight (Nd)

Size (Kb)

• 15.5

3-95± 0.3

5.92 t 0.45

± 0.1

3.22 ± 0.15

20.0

2.15

22.6

1.65

31.1

0.68 t 0.03

0.07

2. 1e8

0.1

1.02 ± 0.05

Figure A-6 shows the densitometry traces of the doublet band at

31.5 cm on the negative of Plate 1. Despite different DNA loadings
it is clear that the band at 31.5cm is present in two copies in the
Aval digests ofall the )1 derivatives except

and its hybrid parent phage 407.5.

AIWI itself

Densitometry traces of
Aval doublets

FIGURE A-6

315cm 32.1cm

.1

I
407.5

trn 51
.trp'51

p51VBE 9
)4p51V LD1O2

?trp51VOE1'
migration

REFERENCES

ALLET, B.

(1973) Biochemistry

ALLET, B. & BUKHARI, A.I.

: 3972-3977

5

: 529-5110

K.J. & DELIUS, H.

ALLET, Be-, JEPPENSEN, P.G.N., KATAGIRI,

Nature (London) 2 111

.2

(1975) J.Mol.Biol,

(1973)

120-123

ALLET, B., ROBERTS, R.J., GESTELAND, RJ. & SOLEM, R.

(1974)

: 217-221

Nature

ALLET, Be & SOLEM, B.

APPLE!ARD, R.K.

J.Mol.Biol. 85 : 475-4811

(1974)

12

(1954) Genetics

: 440-452

(1956)

APPLEYARD, R.K., McGREGOR, J.F. & BAIRD, K.M.
Virology 2 : 565-574
ARBER, V. & LINN, S.

BACHMANN, B.J.

: 525-557

(1972) Bact.Rev.

(1976)

BACHMANN, B.J., BROOKS LOW, K. & TAYLOR, A.L.
Baot.Rev. leO

5

: 467-500

(1969) Ann.Rev.'Biocbem.

116-167

BARBOUR, S.D. & CLARK, A.J.

(1970)

Proc.nat,Acad.Sci. (Wash.)

65 : 955-961
(1971)

BELLET, A.J.D., BUSSE, H.G. & BALDWIN, R.L.

In 'The

301-513

Bacteriophage Lambda' (ed.) A.D. HERSHEY

BENNET, G.M., SCHWEINGRUBER, M.E., SQUIRES, C. & YANOFSKY, CO
(1976)

(Wash.)

ProcnatAcad.Sc1

S

BENZER, S.

(1955) Proo.nat.Acad.Sci. (Wash.)

BERG, D.E.

(1974)

Virology

BERTANI, L.E. & BERTANI, G.

2351'2355

111 : 344

62 : 221-233
(1970)

J.Gen.Viroi.

6 : 201-212

B1RTRAND, K., KORN, L., LEE, F., PLATT, T., SQUIRES, C.L.,
SQUIRES, C. & YANOFSKY, C.

(1975)

BERTRAND, K., SQUIRES, C. & YANOFSKY, C.
: 319-338

Science

(1976a)

: 22-26
J.Mol..Biol..

- 2

DUR'LULIUD I K. C: Aoi?KY, C. (1976b) J.Io1.i3io1. 1 03 : 339-350
C: DLL33 9 J..
-

(1972) liature 1114ew Iio1.

: 227-232

C: 2ZD'XLZiI,

(1972) £ature Oew Diolo

.

DZil, F., FLUD, 1. 9
(1974) Viro1o'

: 232-236

.P.. C:

J.

: 458.471

LA?E1 0 1?. 9 UILLXA1, U.G., 312CUL t A.B. 9
L., 2URLOOO t L.A., G11Th1LD 9 D.J.,I)L?LI, 1.O.,
J.u., SM10011 9 1I.L. 9 C: 512ITUL13 9 0.

cou,

s cieuce 196 : 161-169

(1977)

302iCI, K., mGGS,J.D.,
(1976)

1.E.

t2.J.,

Uo1oc.en.Genet.

tJ.J., 2U11R,
-90

146 : 199-207

(1971) Aa.lev.iicrobioi.

BOY, LU.

llopialqB t

32

: 153-176

. ( 1974)

C:

J.Lol.J3iol.

: 633-647

01-300 9 U.L., GQUIRZS 9 C. C: YOF!, C.
(Ucisli.)

ci.

79

3ucrnJLD 9 £1. C: 3I2Ii0VI
L

(1973) Lroc.nat.Acad.

: 2335-2339

i, L.

(1969) ViroloGy 33 : 1-7

(1957) Viro1oy 4 : 366

CEP13L, D.

(1959) Adv. in Genetics 11 : 101

CL)DLL, A.

(1961) Viro1o7 14 : 22-32

LIEIL1E, I.R. C: DAV13 9 L.U. (1975)

CLERO, J.a.,
Proc.nat.Lcad.$ci.

(Jw3h.) 72 : 3416-.3420

CARL, D.1. C: MDD100 9 C.. 0971 a,b) J.ho1.Che.246
2502-2512 and 2313-2518

-3

D.. & SNIT, 2.G. (1970) J.2ol.Bioa. 50 : 713-718
aaajUT0 9 I. & AADDIUMS C.. (1971) Nature Uew ioloy

M

: 13

T. (1974) Australian J,iol.Sci.

CATCE0SIDE D.G. & illIGULis

:219-229
VID$O, U.

01101; 1 L.

j.Uol.iol.

(1974)

13MG, D.32.

86 : 69-89
CLMU, A.J.

(196?) J.Cell.Phyao ouppio to vol. 70 110.2

(Part II) : 165-180
CLLU, L. & CMBOI, J.

(Uaah.)

Proc.nat.Acad.Sci.

(1975)

4361..4365
COLLINS, C.J., JACK0fl, D.A. & de VIS, F.A.J. (1976)
: 838-38k2

Proc.nat.Acad.$ei. (Uaah,)
COUKELL, U.G. & YIUIOFZK!, C.
COURT S D. & CA DELL, A.

(1971)

(1972) J.Virol. 2 : 938-945
: 8-352

COURT, D. & SAO, K. (1969) Virólog
C1DEE], U., CflhIRLIEl, . & GLfflDO2?F 9 U.
Genet.

: 864-872

J.Bact.

(1977)

Uolec.Gon.

121 : i6i-168

CRAFC1D, I.P. & JOUNSOII, L.U.

(1964)

DAEBLY, C., COUUIIEP, U. & THOUAE, R.

Genetics

(1968)

A2

: 267-278

J.Uol.Biol.

32 t•67-81

DAVIDSOU, U. & SZYDALSKI, .

(1971) In The Dacteriopbae

Lambdas (ed.) A.D. E1SIIEY : 45-82
DICKSOU, i.C., ADELSOU, J.,

Science

aawllo f U.L. & 1EUIKO7, U.S. (1975)

17 : 27-35

DOVE, U.F. & tEIGLE, J.J.

(1965)

J.Uol.Diol. 12 : 620

DOVE, U.F., ilOUCI, H. & ST EVE-US , .F. (1971) In 'he
Dacteriophae Lambda* (ed.) A.D. UE1SHLY

- 4

D1E[U, G.L., 3aLiAa, U.J. C LU0$KY,
: 357-367
. OLA200 9 K.. c HALL, J..

DE,
10LZ,J.

Ana.ev.Geiet.. 6 :.157..190

(1972)

L.U. C

(1967) Vfroloj

ALA, A.

-

(1973) J401.Jio1..

: 185-212

S . C.00Ui, D. (1972) Ocnetica
FI1XDT, LI., IDLA, Z., L0ZiQLI,

189-206

: 621.68

p.c. (1975)

J.Uol.Biol. 89 : 3-48

RJXLLIU, LJ.C., & D0V, U.
-

(1969)

Genet6,aes 9

FR1IELDER, D., CifiID, L. & LEVIkE, - l.l3.

j

: 151-157

(1974) J.-Io1.Biol.

503-509

.Q

GJ0IG0PQUL08 C .P. (1971)
Ed, A.D. UMMMI

In fUie 3acteriophae Lambda'

ILIfli, U. & flLSLE11 9 D.

Diol.

639-645

Cold ring Harbor Lab,

GE0I1G0P0UL0, C4. & XK0UIZ 9

I. (1971) ibid. 533-364

(1968)

Cold Sprine Harbor SyspeQuante

: 473-484

GILBE, U. & .WXAI A.

mo

; 329-354

(1971) In 'The Bacteriophaoe Lambda' (ed.)

A .D.
1AIKLILI,

(1971)

ZBALKI g U.

In f The L)acteriopIiat,e Lambda" (ed.) A.D. MRS=
ALIKLIII, J.0 •

: 289

(1973) Proc.nat.Jcad.Sei.

(Uab.)

: 3581-3584

GILLETh,U. & UAXALI, A. (1977) Proc,nat.Acad.8ci 0 (Uaeh,)
Go6k
G0LD33G 9 A.1. & I0U, El.

(1969) Virology

: 200-202

GOLD2CH2ID, E.P., CAT, El.., W.THEY, .8. 9 BUTL, .A. &
A. (1970) Genetice 66 : 219-229

- S
. e GLLi2, 12.

QC&1U,

(1974)

: 565-574

J.hol.Biol.

GaIi, I.I. L. S FALYA j, 11.

(1975)

& CULLF,fl. - (1976)
LUMI;A11

3iGL 9
-

2Z : 543-559

J$1o1.B.o1.
Vir010y j

; 659-663

cOir, . ( 1975) J.io1,Che2.

I.&

;463k

J.D.

(1976) D.Lc. lions. dissertation, univ. kLtnburh

WYtJAUD, G.J. Q Sill -09 2.0. (1972)

J.Iol.Biol. Q : 383396

u.ii. & uor, n.e.
Sci. (Jas1i.)
HEFFi0i, F.,

Proc.nat.LIcad,

(1972)

.2 : 3448i..3502

DIL, D., CflM0UX, J.J. & 2ALKOU 9 S.

(1977)

(t7azh,) 74 ; 702-706

ax41txi, 11 .3. 1 GOOD

,17Z$1. & B0Y1, Lt.U.

(1974) J.V3.ro1.

14 : 1235-1244

HDOI, 1., IIAGAI0, H., Z.(iLKII, 11. & flUA\. L.
J.iol.Cieci.

(1970)

14i61423

ilFDrI30iJ, D.U. & UIX, J.

(1975)

Genetics

: 143-174

llGiFIELD, V., E0Y1ii, II.., Y1fl02$Y, C., L0V122, . &
ULIi$ktI, L.

fl

(1974) Proc.nat.ead.Cc. (Ja8h,)

3453.3Lf39

1S1t, A.D. (ed,) 'he I3acterioh-a3e Lambda' (1971)9
Cold Sprinc flarboz' Lab,, LI.!.

SKOJZ, I. & 2IG1N, l.a.
liOlihi, Z.

(1970) J.01.Dio1.

(1975 a,b) J.iiol.Biol.

HOUN, D. & I0lilI, T.

71 : 2372-2376

(1974)

: 545-556

: 93-106 and 107-120

?roc.nat.Aca4.Lci. (Ua.)

.. 6

H0IGM(4, . (1976)

Uatux'e 262 : 112-116.

H0IGfiI, 2., .KOQA, II., IL0KUCHI,. fl. & 2011IZA1I 9 J.

(1969)

iloioc.gen.Genet. j: 51
310iOUIT,

J,P11 9

CfiU1,. J., CVL1Y, LJ., T001 9 i.J., DA COGE, N.A.

?Ifi13Z, i3.L., uLWaIcIO, J. C IU4TJflDT, 1. (1964) J,!kd.Chem.
z 57.583
IMADECITA l . & SZL3.XLI, tJ.. (969)

Virolocy

H!mACK, 2. & GL0VEI.U., (1970) J.Iio1.I3i01
flUfl, .G,. (1977) Biocem.J. j

: 503-509

I=-WIlA t 2. &

J0io1.Che.

:J..

(1973)

I1ACT0, F ov 14, 01-IMUa l 1!. .& &T0 9

.

(

1965)

: 473.'.477
:111-127

24P, 3024-5032

J.o1,Bio1,

13 :.139182 ,.

WP, K., MH4PL0, J.A.

?t

13ECKVIrM,,

J-R. . (1971)

J13act.

* 5-9..
120, J. & YAQL'SKY, co

(1969) J.actcrio1. 22 : 734-742

JACKS0I, D.., £XUON, fl.H. &.BiG, P.

(1972) Proc.nat.Acad.Sc3..

Wash.) 69 : 2904-2909
JACKc oil

,

zal. &. YAUOFZKY, C. (1972a) J.IZol. 3iol. L2 : 307-313

JI1CKS01 9 ZeN. & A0FSKY,

Co

(1972) J.io1.3io1.

fl : 1 119_161

JACKSON, YANOFSKY, 0. (1973) J.111.3io1. : 89-101
JACOB, F. & U0LU-211-1, E.L.

(1954) Anu.Inst Pacteur (Paris)

633
JPPEU2EN, P..N. (1974) Anal.Biochem.,

KAI3E,A.D.

(1957) Vi.rolocy

: 195-207

: 4261

KAIZ,A.D. & Ii0ISS, D.S. (1960)

J.L!ol.Biol.. 2 :392-415

REYRCE$ 7

KAISER, A.D. & JACOB,

F.

Virology

(1957)

i : 509-521

(19711) Nature (London) 249 :523-527

KASAI, T.

ZIMM, B.H.

KLOTZ, L.C. &

(1972) J.Mol.Biol.

KOGA, H., MIYAUGHI, T. & HOHIUCHI, T.

22

.:

519-529

(1970) Molec.gen.Genet.

106 a ilk

KORN, Le J* & YANOFSK!, C. (1976a)
KORN, L.J. & YarOFSKY, C.

J.Nol.Biol*

395_1110

103

(1976b) J,Mol.Biol. iq6 231242

LAM, 3.T., STAHL, N.M., NcMILIN, K.D. & STAHL, F.i. (1974)

Genetics

22 a 425-433

LARGII , N. & I3ELBER, W.

Genetics

(1973)

LIBOWXTZ, ., WEISSHAN, S.H. & RADDING, G.M.

: 19-22

(1971) J.Biol.Chem.

246 a 5120-5139
LEE, F., &UIRES, C.L., SQUIRES, C.

& YALOFSKY, C. (1976)

JJ4o1.Biol. 106 a 383-394,

(1974) J.Bact.

LEDERBERG, E.M. & CoHEI, S.M.
LENNOX, E.S.

(1955) Virology 1 a 190-206

LI, S. & YANOFSKY,. C.
LIES, N.

a 1072-1074

j

1031-1037

(1972) J.Biol.Chem.

(1970) J.Virol.

6

2

LIEDKE-KULKE, N. & KaI212 9 A.D.

218

(1967) Virology 32 * 457-481

LINDAHL, G., SIRON, Golt BALLT, 1. & CAI'DA, . (1970)

Proo.Nat.Acad.Sci. (Wash.) 66 a 587
IIAIZELS, N.M.

(1973)

Proc.nat,Acad.Sci. (Wash.) .70 : 3585-3589

MANIATIS, P., i-TASiINE, 14. 9 )AiELL, B.G. & Dol

Nature

iaSON

J. (1974)

a 394-397

I44NIATIS, P., JEFFAEY, A. & KLEID, D.G.

(Wash.) 22 a 1181-1188

(1975a)

Proc.nat..Acad.Sei.

•8

CiW, K., KLLID, D.G., Li1L-2A, h,

2.,

I112L, ¶.,

(1975b) Cell •2 : 109-113

.

Ji'FALY, A.
£1AL0E, 1. & CXA01M, D.K.

J,ol.Biol.

& UGA, A. (1970)
2AL, Ks :Foi

muLm, s .iz .

& RfiDDIlm o C•J•

: 177-188
Wt2GOLI, P.
•

2ATUSHIR0, A.

(1976)

(1969) ViroloGy

Izi etabolic aeculation' (ed.) G31Q,
V

: 208-218

J. (1961) J.Uol.Iiol.
ASUAA, K.

: 159-162

V

(1974)

12:389-446

: 35.41

flolec.en.Genet.

(1975)

J.2o1,Biol. 102 : 427-439

: 475-482

(1963) Virology

IIXUaJ2 9 1., £14IATIS, T. & PTA INS, U.

(1974)

Nature 249 : 221-223

UAE, .P.,. UIT, O.., FiED1UCKS, U.. & UcKIUU2,. U.A.
• £-2olec.en.Geet.

7

:

(1975)

131-142

UcUILIU, K.D.9 STAIL, U.U. & STAKIi, F.U.,

(1974)

Genetics.

Z:kO9.i423
1LSOU, U.
UILLEl, d.C.,

(1964) J.Uol.iol.

2

734..745

31-L, P., KI101L1IA, li.G., FIAUDT, U. C 3Z 3ALKI, U.

(1971) J.201.3iol.

:. 363

UITCLL, I., liUIKOFF, U.G. & ECitUITK, J..

(1970) J.Uol,Biol.

101: 441-457
605608

uoaeE, D. • (1972) J.12'03.3iol,
110STLL

9 R.D. & YA110KY, C.

(1970) .J.Uol.Biol. 48 : 525-531

UKAI, T., UAT2UiLUL, K. & TAKAGI, Y.

146 : 269-274
UUIALD0, K. & SIUI11j0VITC, L.

:

(1976)

olec.8en.Genet.
V

(1972) Virology 48 : 735-823

— 9

Ely, fl.E. C:

IAXI, tl.J.

1Ay,

J.01.io1.

(1973)

j.J. C: =MlAys g o

fl,

(1977)

22

: 615-624

0olec, .en.Genet.

j:53-6i
£1AY 9

£., t2A11DUCA de LIIS, P. C: FOSTM, L.A.

(1973)

o1ec.ei.Uenet. 120 : 261231
U1AY, UX. & £URAY, K o

mazill o L.C. (1970)

(1974) £ature (London) 251 : 476-481

J.iol.ThioI.

M

OvIci, LJ. (1969) Dact.Lev.
OGAt-IA, T o C: TGUIZAM 9 J. (1968)
OLD, 1k. 0

: 633
: 210

J.2o1.Bio1. 38: 217-225

. & R0170 9 G. (1973) J.01.io1.

: 331-339

.

PPKIUOU, J.S. & DAVIS, Ll.U. (1971) J.2o1.1io1.

: 425

PAIiO, 3.5. C: WSEY, 2 .

: 369-384

PAULIX, C. C: EAE2 9 L,

(1971) J.-i01.io1.

(1968)

Pzoo.nat.Aoad.Scj. (Sai3b.)

; 1493-1302
PHILIPP, P. & DAVIS, R.t. (1976) Unpubliohed. date
PIECZI, 0. 9 DAR2ELL 9 B.O. & GET, N.L. (1972) Arch.
Biochec. Diophyo.
PIOA, V.

j

: 152165

LL4

(1975) bature

: 114-117

PXRO2A, V. (1976) Cur.Topics in VAcrobiol. & .iun. 24 ; 21-54
PLi, T., WUI15, C. Cz YAi0FSKY 9 C. (1975) Proc.net.Acad.Sci.
(tich.)

: 2399-2403

LAT, To & YAUOFY, Co (1976) J.01.Bio1.

j

: 411-420

POLLt, D., BISHOP, R4J, C: GL1?AUD, D.H. (19.76). Proc,nct.
Acd.Sci. (iash.)

: 3900-3904

P0UL, .11. C: PAMMKOK, U.
253-263

(1976)

NolecoeenoGomet, j.49

:

- 10

Pi11"JO1J 9 D.

(1975)

Proc.nat.cad,ci.

2L1Z11N 9 U.

(1974)

Harvey Lecture3

?A$W, 2.
Go

S

(1968)

0PKIU, U.

Wash.)

22 : 784-738

92 a 143

Proc.nat.Acad.Soj,

(Wash.)

1282

PTASIW, U., A1CKMAI1, K., UUYUI2, ki.Z., J 1'flEY, A., 24ui, .,
U12 9 II.T,

U1YIi1, £2. &

(1976) S cience

194a 156-161

ABaIT, T. (1976) Nature 260 a 221-225
RAMMUSHNAN t T. & LUEL3EG 9 E.A.
1UE1, D.

(1976)

Nature

AZKIU, a. & cuoi, J.

.Zt

(1965) Jdlact. 89 a 661

a 151-133

(1977) Proc.nat.Acad.Soi.

(Wash.)

7-91

ICKA1D 9 LJ.

(1973) J.Hol.Biol.

R0i3ERTS,J.w. (1969) Nature
£03i2S 9 J.t. (1975)

a 267.288

224 a 1168-1174

Proc.nat.Acad,3cj. (Wash.)

£0BTS, J.W. & ROBERTS, C.

a 3300

(1973) Proc.uat.Acad.Sci. (Wash.)

a 147

aos, R.J.

(1976)

Crit.Rev.Biocheza.

R0&, J.K. & YAUOFSKY C.
a

(1974)

4

: 123-164

Proc.nat.Acad.Soi.

(Wash.)

3134-3138

RUGEOU, ., K0ULtILKY, P. & 11ACIi, .

(1975) Uuc1.Acio,

2 : 23632378
SAKAKI, L, KARU, A.B., LII2U. 9 S. & £20110L13, 11.
Acad.Sci. (Wash.)
SAUG, F.& C0rLSOU 9 A.R.
SCI025 9 12. & INIAN, R.B.

(1973) Proc,nat.

a 2215-2219

(1975)

J.Uol.Diol.

.:

441-448

(1970) J.1oi.Dio1. 21a 61-73

S1ELLA, V. (1972) Proc.nat.Acad.Scj,. (Wash,)

2.2 a 3310-3314

P.11. 9

3OO J. (1973) )iociot

oucW30 0 . C

12: 3055-3063
LIU D. C LAL30 9 R. (1973) Uathro
smuADA q : xi j

U.E. (1972) J.Uo1.Lio1.

Q

G,

483-5O3

sloliza s

: 158-160

(1969) Nctre (Loo)

SXCI, B.D.

E.Z. (1971) in 1 2bo Bactorioptage Lambda' (ad.)

Emu; M
, :,Z s A.D.

139-174

u.

VIThSOL,

3IUO, U.$3. 9 DfAvzs t 2.u.

(1971)

ho

I

HL! : 313-328

ctoriohao Lcbda (o.) A.D.

8 1 : 419-423

SUTU, N.C.

D. (1973) J.o1.i3io1.

So o 11. 9 GXLI

. C ALOJ, S. (1975) E.1o1oo.o.Goet

142 : 239-2k9
SOGO, J.PJQ RE ST1II No & S1AL1U1 A
.3

537-5 62
I. C., YUOFSY

ZçUInS, C.L.

,92

3

C.

JU1Bio1

(1975)

93-111

S.

STAHL, ZitJ. CUP3, J.U. C S!L

2t

J.Uol,Thiol.

(1976 )

UoU.

(1975)

JUo113oi.

203.212

STAliL Ii.U., Uc-iiLI

OZ

K.D. STA L U.U.

(1972) J.11-o1.i].. 68

& YSOO,

UCUILX a E.D., STfJ!L, LAZle 9

5767

L1ftU

J'No & LU a

:

(1974) Goiotio
&s2sm, 9 U.U.

(1975) Uo1oc400n.Ooz. iLo :

L a Mo t C U2CdJ.fl. C )LVIS,
sci. (iJai.)

:

!.

2ä * 1k71-175

0tJ.

(1976)

-7

- 12

SUNSHINE, H., FEL32 9 H., STUART, J. & YOCHE, J.
jj : 2734

gen.Genet.

SUSSI401 9 R. & JACOB,. F.

(1962) C.R.Acad.Sci. (Paris)

SZYBALSKI, E.H. & SZYBALSKI, W.
TAKARASHI, S.

(1977) Molece

(1974)

Biochimie 56 : 1 497.-15O3

(1975) Molec.gen.Genet. j

: 137-153

THOMAS, 14. & DI4VIS 9 H.W. (1975) JJ4o1.Biol. 91 :

ULLMAN, A., JACOB, F. & MONO]), J.

: 1517

31 5-3 28

(1967) J.Mol.Biol

$

339..311.3
UNGER, li.C. & CLARK, A.J.

(1972 a,b) J.Mol.l3iol. 70 ; 531-537

a nd 539-548

VALENZUELA, E.

(1976) J .Mol.Biol. 102 : 569-589
Nature New Biol. 241: 16

(1973)

WANG, J.C. &KASER, A.D.

WASMUTH, J.J. & Um3ARGER, H.. (1973)

116

J.Bacteriol.

51f8-%1
JEIL, J., CUNNINGHAM, R., MARTIN III, R., MITCHELL, Be &

3OLLING,

B. (1972) Virology 50 : 373-380

W1IL, J..& SIGNER, E.R.

(1968)

J.Mol.Biol.

: 273-279

WOOD, W.B. (1966) J,Mol.Biol. 16: 118-133
YANOFSKY, C., ,CARLTON, B.C., GUEST, J.R., HLIflSKI, D.R. &

HENNING, U (1964) Proc.nat.Acad.Sci. (Wash.)
YANOFSKY, C., DRAPEAU, G.R., GUi3T 9
Proc.nat,Acad,Zci. (Wash.)

Zi : 266
J.R. & C1RLTON, B.C. (1967)
: 296-298

YANOFSKY, C., HORN, V, BONNER, X., STASIOWSKI, S.
Genetics

(1971)

6 9 : 409-4-33

YANOFSKY, C. & ITO, J
YOSHIMOI, R. (1971)

(1966)

J.Moi.Biol. 21 : 313-334

Ph.D. Thesis, Univ. California, San Francisco

13

0JUG, L.,

e

J.L. (19G4) J.:o1,3io1. 10 : 552-564

L.T., C 31135MMITITI t R oLe

aaLoI;o,

aElGEa,

A.9

Jctre, New flio1oy

ZIS3LL,

J.,iicua,

& rcc, a.11.

i.

: 49-59

(1972)

238 ; 65..9

&

acteriophae Lambda' (ed,)

469a.475

(1968) J.o1.3io1.

if. (1971 ,b) in 'The

11.D.

: 455-468 and

