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SUMMARY

Restriction endonucleases that cleave double stranded DNA 

molecules to produce discrete DNA fragments with mutually cohesive 

ends, provide a simple method for the production "in vitro" of 

genetic rearrangements fusing genes normally unlinked.

This thesis describes the construction of two such genetic 

fusions and their use in the study of the two processes that govern 

lysogeny, namely, repression and integration.

In one case the trp genes of a \ trp transducing phage have 

been fused into the immunity region of the hybrid phage \ imm h3k, 

by deleting "in vitro" the DNA. between two targets for the restriction 

enzyme R. Scoftl. one of which lies within the cl gene of phage Ii3l<. 

This imm-trp fusion was used to study the control of represser 

synthesis during the establishment and maintenance of lysogeny in 

the hybrid phage \ imm Ii3lu

The constitutive rate of expression of the £l gene is between 

2 and 5$ of the maximally stimulated rate. The products of the 

ell and £111 genes enhance expression of c_I on Infection of a 

sensitive host. The requirement for the oil product is more 

stringent than that for the csIII protein. The phage 1;3U represser 

present in a lt3U-immune cell stimulates the rate of £l expression 

from a superinfecting homoimmune phage about fifteen-fold. This 

result strongly suggests that represser stimulates its own synthesis 

by a direct effect on transcription of the £l gene.

The second case Involved the insertion of a fragment of 

DNA into the plasmid RP1. The fragment inserted carries the phage 

attachment region and was used to study the requirements for the



II

SUMMA.HY (Contd)

integration of the phage ^ b2 into it. Integration of phage ^b 2 

into the P.P 1 site inserted in the plasmid RPI shows a strict 

requirement for int protein and a partial requirement for xis. This 

finding is discussed in terms of the hypotheses put forward to 

explain the mechanism of the integration-excision reaction of 

bacteriophage A .

J\irther applications of these plasraid insertions strains for 

the study of transfer of specific functions from E. coli into other 

bacterial genera are discussed.
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CHAPTER 1 

THE LIFE CYCLE OF THE TEMPERATE HIAGE LAMBDA.

"Qie infection process

As a temperate phage, when bacteriophage lambda (^\) infects 

Escherichia ooli, it can follow either of two developmental pathways: 

(a) the lytic pathway, which culminates in production of about one 

hundred phage particles and lysis of the cell 5 or (b) the lys ogenic 

pathway, in which the infected cell survives, the lytic capacity of 

the virus is turned off, and the viral DNA is integrated into the 

host chromosome replicating as part of it. These cells have now 

acquired immunity to super infection by 7±_ and, either spontaneously 

(about 10" cells/generation) or under appropriate conditions 

(releasing repression), they can produce a full burst of phage 

particles. Such bacteria are called lysogens, since they can give 

rise to cell lysis. The integrated phage is called a prophage.

In both the lytic and the lys ogenic pathways, expression of 

A genes takes place in an orderly sequence.

As defined above3 the lytic, and lysogenic responses are 

mutually exclusive, and yet the phage precedes initially along a 

common pathway before it is committed to one or the other. Later 

the two pathways diverge and a choice is made for lysis or lysogeny.

b) The lytic cycle

Immediately after entering the cell, A DMA forms a circular 

molecule (Young and Sinsheimer, 196h). Circularisation occurs by 

covalent joining of the single-stranded, complementary ends, 12
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nucleotides long, of the \ strands ("cohesive ends", m and m1 : 

(Tarmollnsfcy, 1971).

Host RNA.-polymera£<5 begins transcribing genes N and cro, to the 

left and ri$it of the £l gene (Fig.l) The N message is transcribed 

from the 1 strand and the cro message from the £ strand (Taylor et al., 

1967).

The promoters and operators controlling this transcription are 

defined pn and OQ for rightward and pT and o,. for leftward transcrip-*"a ""it ^ii Tb

tion. They map on opposite sides of £l, within the immunity region. 

The promoter regions jx and £o are defined by sex and x mutants 

(Roberts, 1969) and the operators o^ and o^ by v2_ and v^ v^ mutations 

respectively (Hopkins and Ptashne, 1971) Sly et al., 1971).

In the absence of N protein or in the presence of chloramphenicol, 

the leftward transcription termi, ates to the left of gene N and the 

ri^itward to the ri^it of the cro gene (Kumar et al., 1969), 

corresponding to the two discrete ra-HH&s 123 and 73 transcribed 

in vitro in the presence of rho factor (Roberts, 1969) (see Fig.l). 

This stage of m HNA synthesis, carried out solely by the host RMA 

polymerase, is called the "immediate early" stage in the sequential 

pattern of expression of JX genes that follows infection of a. cell 

or induction of a lysogen. Sites on the 'X DKA. responsible for this 

termination of transcription have been called tr (site near N) and 

(near cro) (Fig. 1).

In the presence of the N protein, transcription initiated at 

proceeds leftwards through oIII - Int (even into the b2 region) 

(Kumar et al., 1969) and from £^ rightwards through £ll, 0, P and 

gene Q (Heinemann and Spiegelman, 1970). These transcripts constitute
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3.

the "delayed early" stage of phage expression (Fig. 2).

Prom recent genetic and biochemical experiments (Portier et al., 

19725 Priedman et al.. 1973? Adhya et al.. 197li5 Franklin, 197h), 

the following scheme for N-action has emerged. N protein interacts 

with transcription initiated at £r or £~, at a site outside the 

inroinity region, very close to the respective promoter (recognition 

sites), allowing transcription to be extended through the termination

signals -U, tn. and t00 (sites of action) (see Fig. 2). The effect •"!» ""it! *"iu!

of the presence of N jLn vivo on early transcription appears identical 

to that of the absence of rho in vitro, giving support to the 

antitermlnation hypothesis postulated by Roberts (1970). It is still 

unknown, however, whether N protein interacts with rho, with HKA 

polymerase or with the DMA,

We see therefor*, that synthesis of H protein provides for the 

delayed early stage, characterised by maximal synthesis of proteins 

concerned with replication, recombination and regulation.

At this point, the lysogenic and lytic pathways diverge, and a 

choice is made to follow one or the other.

lytic development into the "late stage" is activatedby (J protein. 

%e Q gene-product provides for efficient synthesis of RM, 

complementary to the £ strand, from the S, to R and A to £ regions 

(Dambly et al., 1968) which are covalently linked by joining via the 

cohesive ends after infection (Yarmolinsky, 1971).

As opposed to the K-dependent early functions, the bulk of 

late gene expression is independent of transcription initiation at 

the early promoter ju (ihomas, 1970). An essential site located 

between genes ^ and £ (Herskowitz and Signer, 1970) is required for
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protein-dependent expression of late genes, P^ecent studies of 

in vitro transcription of \t DNA (Roberts, 197£) identify this 

essential site as the late A promoter, ^J , and strongly suggest 

that Q protein acts by preventing termination of a short 63 RNA 

initiated at this late promoter*

In the absence of £-protein, late functions are expressed to a 

level of 10-20$ of the normal quantities (Dambly and Couturier, 197l)» 

depending on active N product and £u being accesible "by the absence 

of represser (or the presence of a mutationally acquired, repress or- 

-insensitive promoter, i.e. £17 or ri ). This minor pathway of 

late expression is thus regulated in exactly the same way as 

expression of gene Q* It consists of an extension, beyond the 63 

RNA terminator site (i.e. t^l)* of the transcriptional wave normally 

initiated in the immunity region (Fig, 2).

The ^ late genes ($j R, and A through £) are probably transcribed 

into a single messenger RNA (Gariglio and Green, 1973) and, in order 

to explain the dramatic differences in the amounts of translation of 

adjacent transcripts, some post- transcriptional control must be 

invoked (Murialdo and Siminovitch, 1972).

We can summarize the positive controls of the N and 2. products 

of A in the following manner.

Immediately after infection, the circular A DM mofecule is 

transcribed ty the host HNA polymerase from promoters £ and

terminating to the left and rigjit of genes N and cro respectively 

(i.e sites £, and t™)* £he if-protein will interact with the 

transcripts initiated at both £L and £-^, at a site near the transcription 

initiation site, allowing them to pass through the termination sites



tT and t0. (rfao dependent) and t00 . This early transcription permits
—ii ~ivl " Tru:

expression of genes required for recombination (red. int)» repression 

(c_III, <jll, cro), DNA. replication (0 and P) and the positive control 

element Q. Gene Q protein will permit late trancripts initiated at 

£» to pass through the termination site ^ and synthesise late 

gene m-3NA.

Successful lytic growth requires not only activators N and £. 

A gene pro, involved in negative control and its implications in the 

life cycle of A , will be considered in the next section.

In summary, we can see that the sequential pattern of expression 

exhibited by ^ during its lytio cycle leads to a maximal release of 

viral particles. N protein stimulates transcription of genes 0 and 

P (DNA. replication) and Q (activator of late genes). Q protein 

stimulates late gene expression (genes for cell lysis Sj R and 

particle morphogenesis, A through J).

Active DNA replication will amplify late gene expression by 

increasing the number of gene copies. Cro product ultimately shuts 

off further synthesis of proteins no longer needed for lytic growth 

(genes cIII - int and ell - 0 - P - Q).

The lytic cycle takes approximately 60 minutes and results in 

the liberation of about 100 new phage particles and lysis of the 

host.
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b-l) The role of pro in lytic growth.

Exonuplease, the product of the early gene °< , is one of the few 

genes for which there is available a biochemical assay (Radding, 

I°6l4 ) . After induction of a lysogen or following infection, 

exonuclease synthesis proceeds for several minutes and then stops.

Mutants unable to turn-off exonuclease formation define a gene, 

pro, (tof, fed and Aj are probably only alternative denominations ) 

responsible for lowering early transcription initiated at £,. 

(Da vis on et al., 197h). Complementation studies performed by Pero 

(1971) had located the gene and its left site of action inside the 

immunity region (Fig. l). This site of action seems to be defined 

by the mutation v2 described above as defining the operator OT, 

based upon the observation that v2 mutants are deficient in pro - 

mediated repression of exonuclease synthesis (Sly et al., 1971)•

A new site of action for cro gene product (there is not yet

evidence that cro codes for a protein) at o,-. has been postulated." ""it

Evidence for this postulate was gained from rather indirect assays 

on JX. g®ne expression (Hampacherova et al., 19735 Echols et al., 

1973} • '}*he apparent paradox about this site of action for pro - 

product, is that pro apting at CK and deoreasing expression of the 

oil - £ - P - 2. r®gi°n would have this same effeot on pro - produot 

itself, as the pro gene belongs to this transoriptional unit initiated 

at £R .

In the light of the despribed effept of pro, turning off early 

transoription, how does the effept of pro - produot relate to the 

requirement for this produot for suopessful growth of ^ phage?. 

The answer to this question has not gone beyond the level of
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hypothesis, the form of which varies according to the presence or 

absence of an active <jl - protein. We will describe in section c - 

the interactions between represser and cro - product.

In summary, the postulated hypothesis to explain the growth 

defect of A cro* phage can be stated as follows: 

cro - product is needed to decrease expression of early transcripts 

from & (Kumar et al. t 1970, Court and Campbell, 1972) and perhaps 

as well from £~ (Hampecharova et al.« 1973) • Full level of expression 

of some of the functions contained in the early £L transcript, namely 

ctlll, a hypothetical gene Kil (apparently located between Y. and clll) 

(Herskowitz , 1973) and by analogy the ell protein from the ^ 

promoter (Fig. 2) are responsible for the inability of a A cro" 

phage to grow.

The dichotomy originates according to whether the phage carries 

a functional cl gene or not. We will see in section c - 3» that 

synthesis of represser (the protein product of the £l gene), itself 

controlled by the ell, £lll and cro products, allows the phage to 

establish repression midway in the infective cycle, and potentiates 

lyso^eny.

In the presence of a functional cl gene, overproduction by the 

cro" phage of the £l - activators, clll and £11, leads to excessive 

and/or premature repression of every infective particles, which in 

turn will cause the lack of any lytic growth among the phage 

population and therefore failure to make a plaque on a bacterial 

lawn.

Mien an active cl protein is not synthesized, the lack of 

growth of the cro" phage is explained by the deleterious effect on
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the phage and/or the host, of the hyper-production of some A protein 

in the N - int operon, perhaps the so called KjJL function or some 

other still unknown gene product in this region which is lethal for 

the virus or the host.

In summary, pro is needed to decrease early transcription from 

2^ and £,, to achieve: (a) turn-off of represser synthesis (b) prevent 

overproduction of / proteins which inhibit /-growth.

We will describe next the basic phenomena involved in the 

lysogenic response.

c) The lysogenic cycle

We defined in section a the lysogenic pathway as the one 

leading to cell survival, immunity to superinfection and stable 

association between phage and bacterial DN/U Survival of the host 

would necessarily imply repressing late lytic functions; stable 

association of phage and bacterial genomes requires a covalent 

insertion of the phage DNA. into the bacterial DNA (Gottesman and 

Wedsberg, 1971). Successful repression and integration would 

therefore allow a phage to establish lysogeny.

We will consider as well how lysogeny is maintained, once 

being achieved.

c-1) General description of the represser, operators and promoters

The protein product of the gene £l define the represser 

(Jacob and Monod, 1961). Represser bound to operator Or blocks 

leftward transcription of N and represser bound to o~ blocks rightward 

transcription of cro (Ptashne , 1971)} thus represser blocks formation
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of the only two messages synthesized in the absence of N protein.

The sites of action of represser, the operators, are defined 

ty virulent mutants able to grow on _A_ lysogens. Classical virulent 

Mutants of A carry three imitations (v2, vl v^) flanking the cl 

gene, which allow expression of genes N (y_2 on the left of cl) and 

cro, 0 and P (vl, v3 on the right of c_l) (Fig. 2). The hybrid 

phage A inim Ii3U, which has the DN/L corresponding to the cl gene 

and the wild type allelic sites of y2, vl and v3 replaced by 

analogous material from phage h3l. (Kaiser and Jacob, 1957) > is also 

able to grow in the presence of the cl product present in a A 

lysogen.

Purification of the cl product, studies of its interaction 

in vitro with DM (Chadwick et al., 1970) and recent nucleotide 

sequence studies of the operator regions (HaniatLs et al., 19?lij Waltz 

and Pirrotta, 1975$ Maniatis et al., 197£) allowed the following 

picture for the represser interaction with the operator sites (Fig.

3).

The A represser monomer (27,500 daltons M.W) associates into 

dimers or tetramers as a function of its concentration. The 

oligoraars bind at two separate operators (o,. and o,,), each one of 

them consisting of Biultiple, non-identical represser-binding sites, 

spanning about 100 base pairs. The sites are arranged in order of 

decreasing affinity, with the site of tightest binding located 

adjacent to the controlled operon. Operator '^mitations have been 

located in the terminal sites in OT and o 0 (v2, vlOl and v3. vs_x)—jj —it — — — * — 3^5

or in -the weaker sites (vl, vn both in p™), implying that in vivo, 

both terminal and subterminal sites are important for operator function.
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When increasing amounts of represser are added to operator 

DNA in vitro, represser (dimer or tetramer) firstly fills the 

terminal sites (about 35 base pairs, S and S ') and subsequently 

the secondary ones ( I5b.p, 3- - S, and S ' - 3. •) are occupied 

(probably by addition of a monomer) in the opposite direction to 

that of transcription of the controlled operon. Three blocks of 

17 nucleotides, with an axis of two-fold rotational symmetry drawn 

through the 9th base, are present in OT and e,.. These sequences 

are strikingly similar in both operators and certain pairs of bases 

on them are always preserved at the same position. These conserved 

base-pairs are altered in nearly all of the mutant operators that 

decrease in vitro the affinity of the represser for the operator 

sites.

Separating each of these sequences postulated as the represser- 

binding sites are variable intervals of high AT-content.

Imitations impairing the function of the leftward promoter gr 

(sex 1 and sex 3) and some of those that affect the rightward promote 

EP (x^ but not xJL3) are located in the Hind II sites in OT and o~ 

(Allet and Solem, 197k), confirming early genetic evidence that in 

JX^operators and promoters interpenetrate (Ordal and Kaiser, 1973). 

Recent sequence information on the polymerase.protected fragment on 

ED shows that it shares 25 nucleotide pairs with the 35 nucleotide 

primary represser-binding site of the CL operator (Waltz and 

Pirrotta, 1975). Only the transcription initiation sequence (17 

base pairs) is unique to the polymerase site. As the fragment 

protected by polymerase, in accordance with the molecular size of 

the enzyme, is not longer than 1±0 base pairs, it follows that the
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sites defined by the mutations sex 1, 3 and x3 define the sites of 

recognition and entry into the DNA., rather than the initiation site 

(Fig. 3).

From this information obtained from sequence studies, one can 

conclude that a mechanism of repression in _/_ is that represser 

covers the promoter and prevents binding of RNA. polymerase. The 

existence of multiple represser-binding sites, and the finding that 

polymerase (Saucier and Wang, 1972) as opposed to represser (Maniatis 

and Ptashne, 1973), unwinds DNA., allows for a graded control of 

expression from both ]3u a»d jv. Finally the existence of different 

interdigitating symmetries in the controlling regions on the side 

of the £l gene, could be correlated with the fact that several 

regulatory proteins, represser, HHA. polymerase and pro-product, 

interact with these regions of the DNA. molecule.

We will refer to the above described nucleotide sequences, 

flanking the (si gene, in the following sections when describing the 

mechanisms of action of cl and cro products in controlling repression 

in an immune lysogen.

c-2 ) Establishment of repression

Bacteriophage A forms turbid plagues when infecting 12. coli. 

The turbidity seen in the centre of the areas of lysis is due to 

the growth of surviving lysogenic cells (Jacob and Wollman, 1951i). 

Hitants that form clear plagues (Kaiser, 1957) and therefore 

defective in lysogenization, can be ascribed to four complementation 

groups on the basis of mapping (see Fig. 1), complementation tests 

and their effect on the frequency of lysogenization. These four
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groups are called cl", £ll~, clll", which define genes coding for 

proteins, and a minor group, cj~, which defines an essential region 

in the DMA. between genes cro and oil. Mixed infection of a sensitive 

cell with wild-type A and any clear mutant in cl, £11 or cJEH yields 

cells lysogenic for both phagesj thus the wild-type alleles are 

dominant over the mutant alleles, furthermore, from cells infected 

with pairs of these mutants one may isolate double or single lysogens 

carrying the cll"or clll" mutants only, but not cl~mutants only. 

These results suggest that the products of all three genes are needed 

to establish lysogeny, but that only cl product is required for its 

maintenance ,\£ll" and clll"" mutants lysogenize rarely (frequency 

approximately 10 and 10~ ), but the lysogens, once formed, are 

indistinguishable from wild type lysogens. Further support for 

their role in establishing lysogeny came from the finding that genes 

outside the immunity region do not function in immune lysogens 

(Taylor et al,, 196?)« £? clear mutants complement £ll~ and £IH~ 

mutants for lysogenization, but do not complement phage bearing 

amber mutations in the cl gene. On single infection they lysogenize 

rarely, at a frequency comparable with cH~ (10 ), and the lysogens 

formed are perfectly stable (Kaiser, 19£?)« The mapping and 

properties of the £T" mutants just described, together with the fact 

that the £ll and £lll products are not immunity-specific, led 

Elisen et al.,(l968) to propose that upon infection, represser 

synthesis is initiated in the Y region (Fig. l)

Direct measurements of the kinetics of £l protein production in 

infected cells has made use of the property of the represser to bind 

homologous DMA (Bchols and Green, 1971* Heichardt and Kaiser, 1971)
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or used a radio-immunological assy (Heichardt and Kaiser, 1971 $ 

Reichardt, 197&0.

In this thesis I describe a novel method of following cl 

expression, consisting in fusing the trp genes of a A trp transducing 

phage into the cl gene of the A iram i*3U hybrid phage.

The basic kinetic result is shown in Fig. % Substantial 

production of cjt protein does not begin until about 5 minutes after 

infection $ there follows a period of rapid synthesis, followed by a 

shut-off. Ihis kinetic pattern, and the levels of synthesis, are 

dependent upon the presence of the ell and £lll proteins (Bchols and 

Green 1971) Heichardt and Kaiser 1971) and a functional cY site 

(lieichardt and Kaiser, 1971) • The turn-off observed after 15-20 

minutes is due to accumulation of cro gene product (lieichardt and 

Kaiser, 1971).

The stimulatory effect of the jell and £IH proteins on cl 

represser synthesis is probably mediated by increasing transcription 

of the £l gene (Spiegelman et al., 1972). In addition to their 

effect in stimulating transcription of the c;I gene, the oil and cJEII 

might provide for an ancillary repression of lytic genes by retarding 

the synthesis of late proteins (McMacken et al., 1970). This 

repression activity is also eliminated ty a mutation in cY~, 

suggesting that the complete role of the ell and cIII proteins in 

the establishment of repression may involve bifunctional regulation 

at a single site o5T: positive regulation of the cl gene and negative 

regulation of lytic genes, exerted at the level of RMA. transcription 

(McMacken et al., 1970; Spiegelman et al., 1972).

The fact that cY~ mutants do not complement on coinfection with
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£l~, might be interpreted by assuming that cY defines the promoter 

for cl transcription. This promoter has tentatively been called pre 

(promoter for establishment of repression) by 3eichardt and Kaiser

(1971) • Location of pre ki the I region would imply that on 

infection of a sensitive host and under the stimuli of ell and £lll, 

transcription of cl would be accompanied by transcribing the anti- 

sense strand (the 1-strand) of the cro gene. Spiegelman et al.,

(1972) have described the isolation of this anti-cro message and 

shown that its kinetics of synthesis parallels represser protein 

synthesis or that of cl message. There was no proof, however, that 

the cl message was covalently linked with the 1-strand cro HNA..

This observation that the x region is transcribed in both 

directions (Fig. 2), has prompted much speculation concerning whether 

transcription in one direction interferes with expression of genes 

transcribed from the other DNA. strand. It has been invoked as a 

possible molecular mechanism by which the csll and cIII proteins could 

repress the expression of late lytic functions and therefore favour 

lysogeny (Echols 1972).

Another suggestion for the mechanism of action of £11 and cIII 

products advocates a role in avoiding termination of a short transcript 

(Its) from the 1-strand initiated in the genome region named ori 

(Roberts, 1975).

Clearly a number of possible molecular mechanisms exist, and 

in vitro biochemical analysis will be required to decide how oil/ 

oIII regulation works.



c-3) Shut-off of represser synthesis after infection

It was shown that represser synthesis after

infection of a sensitive host levels off approximately 15> minutes 

after infection (Fig. 5). %tants in the cro gene fail to show 

turn off and continue to synthesize represser for 10-15 minutes 

longer than cro + phage.

In section (b-l) we explained the role of the cro gene-product 

as an essential regulatory gene for lytic growth. We saw that cro 

product was responsible for lowering early transcription initiated 

at JDL, and probably rightward transcription as well. This postulated 

action of cro at £~, besides that at £,., has been deduced from 

studies of the growth pattern (Hampacherova et al., 1973) and ability 

to establish repression (Echols et al., 1973) of \ , on infection of 

a host constitutively expressing cro product. Those are defective 

lysogens of the type (N~, c_I~, 0") or (N~, vl v3, 0"). The prophage 

is unable to replicate (0~) or to express any of its N-dependent 

genes and it has lost the cl function. It is capable however, of 

expressing the x. region where cro is contained.

'When / infects one of these host constitutively expressing 

cro, it makes small, clear places. The phage has an increased 

latent period, reduced burst size (Hampacherova et al., 1973) and 

represser synthesis does not start (lijhols et al., 1973) • As 

yyimm k3k grows normally in this host, the effect seems to be iinmunity- 

specifio.

To release A phage from this retarding effect ("channelling 

effect"), the phage has to have both operators, o^ and o^ mutated 

(virulent phage v2,vl v3). This result suggests that cro exerts its
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negative control not only over the genes to the left of the £l gene 

but also over the genes to the right of it. The same conclusion was 

derived by Bchols et al., (1973), studying the kinetics of represser 

synthesis after infection by ^ of the cro - constitutive host.

The effect of cro on jv, and possibly p^, would explain how 

cro causes the turn-off of represser synthesis seen at late times 

after infection of a sensitive host. Reducing expression from ̂  

would diminish synthesis of N - cIII, and from £^ of oil. The 

instability of N as well as ell and <sIII proteins (Greenblatt, 1973j 

Heichardt 197^a) would give rise to the observed turn-off of £l 

synthesis .

We have seen, however, that on infection of the cro - constitutive 

host, represser synthesis does not start. This discrepancy in the 

time of appearance of the cro effect may simply be due to the 

different levels of oro present in a defective lysogen compared with 

the one reached by a phage on infection.

One problem that still remains unsolved is, why cro delays its 

action on infection until the onset of late expression? Synthesis 

of cro should start immediately after infection as a result of 

translation of the N - independent JS. message (Section b) . The 

action of oro at ^ will not help in building up a sufficient level 

of cro product before exerting its action.

Clearly there is not yet sufficient information to explain 

consistently the mechanism of action of cro product.

Is there any advantage for the phage in having evolved this 

complex and carefully timed regulatory circuit leading to establishment 

of repression? In Section c of this Introduction we defined the two
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requirements for lysogeny as: repressing the lytic functions and 

stable integration of the phage DNA into the host chromosome.

We have just seen how represser establishment depends upon the 

expression of the phage early functions, cIII and ell. One other 

early function, the int protein, would be coordinately expressed 

with cIII (Fig. 2), Int-protein catalyzes the integration of the 

phage DM into the host chromosome (Zissler, 196?3 Gingery and 

Echols, 1967) ensuring that stable lysogeny is achieved.

In comparing the two mutually exclusive cycles in A , lytic and 

lysogenic, we realize that the phage proceeds into common stages of 

development (immediate and delayed early) before it is committed to 

one or the other. Both responses require transcription of coordinately 

regulated groups of genes, cro - £ll - 0 - £ - £ and N - cIII - int. 

in such a way that the cell at a particular moment has functions 

which catalyze either response (cjl, ell, cIII v.s N, £, cro). One 

additional feature of the cl protein, the ability to prevent the 

action of K and the replication proteins £ and P (Thomas, 1966; 

Hiomas and Bertani, 196U) on a repressed A genome, explains how 

repression can take precedence over the lytic response. Likewise 

cro must take precedence over lysogenic processes (establishment of 

repression and perhaps integration). So, in a simplistic view, 

perhaps the balance between the cro and cl products may be the prime 

factor determining the choice in phage A between the lytic or the 

lysogenic cycle.

c-h) Maintenance of repression

Once lysogeny has been established, its maintenance requires only
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In trying to answer whether represser was maintaining its own 

synthesis, several groups (Heinemann and Spiegelman, 1970$ Kourilsky 

et al., 1970$ Heichardt and Kaiser 1971$ Hayes and Szybalski 1973) 

have resolved to compare rates of synthesis of ol m - HNA. or protein 

in a lysogen before and after thermal inactivation of the represser• 

This can be studied in cells lysogenic for a temperature-sensitive 

prophage, £l 857, containing further mutations in gene _N and in the 

£ region to prevent killing of the host after thermal inactivation 

of the jcl 85>7 protein (Eisen et al., 1968). X" mutations are located 

in the cu - ju region and severely reduce early r-strand transcription 

(Fig. 2).

The results of the experiments measuring the rate of £l - RNA. 

have been contradictory. Two groups have reported a reduction in cl - 

HNA. synthesis following the heat-pulse (Kourislsky et al., 1970$ 

Heine^man and Spiegelman 1970), suggesting that active represser was 

necessary for efficient cl transcription. IMs explanation was 

supported by direct measurements of the level of inactive represser, 

using a radio-iiomunological assay (Reichardt and Kaiser 1971$ 

Reichardt 1975b). In contrast, however, the DNA/RNA. hybridisation 

measurements of Hayes and Szybalski (1973) showed no difference in 

transcription of cl at the two temperatures.

When these strains were returned to the permissive temperature 

(32°C) after prolonged growth at 1*2°C, they immediately began to 

regain immunity (Oppenheim and Slonim, 197l)> suggesting that even 

after prolonged growth at a temperature (i£ C) that inactivates the 

cl 857 represser, these cells still contain a considerable level of 

represser molecules.
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In Hesults section f-2 of this thesis I will present data which 

suggests that A represser has two separate activities; negative 

control of early HNA. synthesis (repression) and positive control of 

cl expression (self-activation) . In tempera tore-sensitive cl mutants 

only the repression activity is totally inactivated after the temperature- 

shift 5 the inactivated repEressor retains its ability to stimulate its 

own synthesis.

Another line of evidence supporting the role of the repress or 

in stimulating its own synthesis derives from comparing the rate of 

represser synthesis found after infection of a lysogen and a nonlysogen 

with a phage defective in synthesizing represser fcy the establishment 

mode (i.e. cll~, £Y~, or <3lII~ cJEl""). Production of cl protein under 

conditions of prior repression (on the lysogen) is much higfrer than 

on infection of the sensitive host (Bchols and Green, 1971 5 see 

results section f-l). This finding is readily interpre table in terms 

of a malntenanoe mode of cjl gene-activation mediated by the cl protein 

itself. This interpretation is supported by the fact that synthesis 

of cl protein on a lysogen is markedly decreased by mutations that 

reduce the ability of cl protein to bind to its right binding site 

£a (Reichardt l°75b) . This result is particularly consistent with 

the idea that the cl protein activates the maintenance mode of cl 

gene expression by interaction with a site in the ri^it hand operator

c-5>) Cro gene product prevents the regaining of immunity

Derepression of a c_I 8£7 lysogen carrying a prophage mutated in 

an essential gene (N-deficient or ^-deficient) results in killing of
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the host even though no phage are produced (Eisen et al., 1966; 

Brachet et al., 1970). The phage genes responsible for killing have 

been identified by isolating mutants that survive prophage induction. 

In brief, the survivors obtained are defective in early 1-strand 

transcription (N , sex"), causing reduced expression of an early 

1-strand function (kjj. and possibly others. See Fig. 2) and are 

deficient in replication functions, i.e. are 0~, P", or x~. Although 

N product is required for full level of £ and P expression, NT mutants 

produce a low level of £ and P proteins (Brachet et al., 1970) . 

Basically two type of survivors are obtained, the one described in the 

previous section, N" cl 857 x~ an^ |T cl 857 £~ or P~. Both types are 

sensitive to A infection at high -temperature due to inactivation of 

the represser, but differ in their response when returned to the 

permissive temperature.

Lysogens of the type N" £l 857 x" begin immediately to regain 

immunity after transfer to 32 °C (Oppenheim and Slonim, 1971) • The 

other type of defective lyaogens, N"" £l 857 £~ (or P~), do not 

regain immunity even after many generations at 32 C (Eisen et al., 

19705 Neubauer and Calef 1970) . lysogenic carrying both types of 

defective prophages together, N~ cl 857 0." and N* cl 857 x", fail to 

recover immunity at 32°C. Since x~ mutations block transcription of 

the regions x, Y and genes c_II through £ a simple explanation is that 

the x prophage produces something that blocks represser synthesis. 

This explanation is supported by the isolation of derivatives of 

N" cl 857 £~ which do recover immunity at 32 C after prolonged growth 

at U2°C (Calef et al., 1971) • These prophages have acquired mutations 

in cro, which are recessive to cro for recovery of immunity and are
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located in the x region of the / map (Fig. 2). 'Hie site of action 

of cro product to prevent the regaining of immunity has been located 

between the right end of cl and the cro gene itself (Castellazzi 

et al., 1972).

More recently it has been shown that cro can reduce represser 

synthesis even in the presence of functional represser (Sly et al., 

1971 j .ceichardt 197^b). Therefore, cro product seems to block 

directly the promoter prm at a site which can not be protected by 

represser binding to the right operator sites o on and Ov,.. One likely
"-j.uL "Tw:

hypothesis is that both represser and cro compete for the leftmost 

binding site, o,,- (Fig. 3), which is the location that is being

assigned to the promoter prm (Meyer «t al., 1975) •

In summary, cro and <jl are involved in a bistable switch. In 

the immune state, A represser is produced and cro product is not 5 

represser is blocking cro gene transcription (The mechanism of this 

action has been verified by in vitro experiments. See section c-l) . 

In the anti- immune state (cro constitutive), cro product is synthesized 

and represser is not. The mechanism for this action is not yet clear, 

but it might have evolved to ensure that repression in a prophage is 

not reestablished once lost, thereby facilitating prophage induction 

when adverse conditions emerge.

d) Prophage integration and excision

The second step of the lysogenic pathway, following repression, 

is the attachment of the repressed phage genome to the chromosome of 

the bacterial host (Lederberg and Lederberg, 19^3) •

These two steps, repression and attachment, were clearly shown
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et al., 1968; Gottesman and Yarmolinsky, 1968a). The product of the

A JPt gene promotes the exchange between the E. coli and A att 

sites, at the core sequence symbolized by the dot, to yield a 

prophage whose atts are reciprocal hybrids of bacterial and phage 

elements:

P.P 1 + B.B* ^ 3jlt » B.P 1 + P.B 1 
int, xis

The reciprocal event, excision, requires xis protein as well as int 

(Echols 1970). The need for both int and xis proteins to catalyze

the excision reaction is the best demonstration that the four
itf t

attachment sites P.P , B.B ? B.P and P.B are not identical, and

that unique elements of att lie on both sides of the cross-over 

locus, as was suggested by Signer (1968).

Although the nucleotide sequence of the attachment sites Is not 

known, they are thought to have the following structure on the basis

of recent genetic data (Shirsada et al., 1972, 1973, and 1975). The
t

bacterial att consists of two sequences, B and B , that flank a core

sequence represented by the dot. The phage att contains two different
t

sequences, P and P that flank the same core.

The size of these elements is not known, although upper limits 

for the size of B and the common core have been estimated at E>0 

rrucleotide pairs from electron microscopy studies (Parkinson, 1971). 

The cross-over point within the atts is not confined to a unique 

internucleotide point, but rather it occurs over a region along the 

common core sequence (Shulman and Gottesman, 1973)•

A great deal of information towards the understanding of the 

integration-pathway derives from the study of the integration
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characteristics of transducing phage lines derived from A, inserted 

at secondary sites. In bacteria lacking B.B as a result of deletion,

A int can still form lysogens at a reduced frequency (O.l£ to 

0.£# that of an att &ost), but still several orders of magnitude 

higher than that obtained with \ int" (Shimada et al., 1972). £he 

secondary sites at which the prophage integrates are not random, but

seem to occur at loci where the nucleotide sequence resembles that of
t

a normal attachment site, B.B .

The sequences of these secondary sites are indicated as /^. ^ f > 

where ,Aand A1 represent unknown sequences to tte left and right of 

the core sequence, which is believed to be normal (Shimada et al.,

1975).
A i

The secondary prophage afbs, £\ . P and P. ZV, carried by

transducing phage derived from these sites, are similar in structure 

to the atts of certain A deletion mutants with specific parts of 

P.P deleted ( \ b2 and \ b£L7 are of the ^ . P type and \ b£22, 

\ b 508 are P. A 1 ).

As the formation of these deletion mutants requires int (Da vis 

and Parkins on, 1971), it is suggested that they arise by a mechanism 

similar to A insertion at secondary sites; Iht-promoted recombination
I A A fbetween P.P and secondary £\ . £\ sites scattered along the phage 

chromosome, excises the DNA between the two att's:

i p.p
A

—————— ( .

—————— i .

vj

| ——————

> —— .,.,. .,.., „7 /
* •" _______,__________• . •^••••^•^•^•^•••^•••^^••^B.* ' • •' T\

These two classes of deletion mutants recomblne very poorly with the
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bacterial site B.B . The A A. P class (i.e. ^ b2) recombines
t

very efficiently with P.P . ¥e have made use of this efficient

recombination to detect the clones carrying the att A fragment

/ ' \(P.P ) inserted into the R-factor RP1. We have pointed out above

that both integration and excision are extremely efficient processes. 

Since both genes int and xis are coordinately expressed from J>T» how 

is the decision to integrate or excise taken after infection?

One possible explanation rests on the finding that xis protein 

is relatively unstable compared with int (Weisberg and Gottesman,

1971)• Following establishment of repression the decay in xis protein
f i it

activity would shift the equilibrium P.P + B.B ^ > B.P + P.B

to the right, that is, toward the integrated state of the phage. 

Excision would be the favoured reaction immediately after the induction 

of a prophage because of rapid synthesis of the int and xis_ proteins.

Constitutive transcription of int from a promoter tentatively 

located in xis (Shimada and Campbell, 197k) will have the effect of 

directing the insertion-excision reaction towards insertion as well.
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GENETIC FUSIONS CQNSTiiSJCTED "PT VITRO"

The discovery of sequence-specific endonucleases that cleave 

double-stranded DNA molecules to produce discrete DNA fragments with 

mutually cohesive single-stranded projections, has made the in vitro 

rearrangement of segments of DNA a facile procedure (Chang and 

Cohen, 197U; Morrow et al., 197U$ Hershfield et al., 197k 5 Hirray 

and Jforray, 197U).

The RI plasmid of E. coli specifies one such restriction enzyme, 

H. Eco RI (Hedgpeth et al., 1972), which cleaves both strands of 

unmodified DNA at the specific DNA sequence possessing a 2-fold axis 

or rotational symmetry, written below:

£« ——— N GTA A T T G N —— 

3t —— N C T T A AfG N ——

The fragments generated by purified endonuclease action on DNA 

in vitro can anneal together by the complementarity of the single- 

stranded ends and the breaks remaining in the reassociated molecules 

can be covalently closed by the action of polynucleotide ligase.

The DNA of bacteriophage _ has five targets for the endonuclease 

R. Eco RI (Allet et al., 1973) and their position in the chromosome 

has been described (%rray and Murray, 197U).

By using deletions and isolation of restriction-resistant 

mutants, Murray and Murray (197U) have obtained phages carrying any 

combination of target sites.

Prom a trp transducing phage containing only two of these 

targets, I have (by deleting the DNA in between them) constructed a 

fusion of the trp genes into the ol gene of the imm h3h hybrid 

phage. Under conditions of tryptophan-mediated repression, the fused
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trp genes can be expressed from the phage promoters that normally 

govern phage represser synthesis. Th« activities of the readily 

assayed products of the trp genes can then be used to study the 

control of expression of the c_I gene during the establishment and 

maintenance of lysogeny.

I have also isolated the DNA fragment between sites srl ^ 2 

and srl \ 3 and inserted it into the HI-target of the H^factor 

HPl. The recombinant plasmid carrying the phage attachment region
I (V

P.P has been used to study various aspects of the A integration 

process.
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CHAPTER 2

MATS.IIAIS AND METHODS

a) Bacterial strains

Bacterial strains used in this thesis are listed below

Strain

C600

¥3350

¥11|85

CR63

W3101

59U

(MB

¥3110

WA20

JG138

¥B197

JIXL97

Bw

Bh

Dx

Description 

sup II, ton A,thr,leu,thi

sup , gal'

sup II

sup I, ^-resistant

osup

sup ,P2-lysogenic

sup H,rec A

osup

¥3110 sup III trp A on— " *~ OC^U

thy"",rha"",lac x\str ,sup

ton B - trp AB 
deletion of JG138

trp(AE)-deletion 
TX Ptrp BG2 N 7,53 cl 857)

Partial prophage deletion 
derivative of JD197

rt

ii

Reference

Appleyard (195U)

Campbell (l96l)

Franklin & Dove 
(1969)

Appleyard et al., 
(195-)

Campbell (1961)

Renders on & Well 
(1975)

¥eil & Signer 
(1968)

Yanofsky & Ito 
(1966)

Davison et al, 
(197U)

"

it

ti

Davison et al., 
(197U)

ti

Source

N.M

J.R.D

J.R.D

N.M

¥.J.B

J.R.D

N.M

¥.J.B

¥.J.B

J.D. Gross

¥.J.B

J.R.D

J.R.D

J.R.D

J.R.D
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a) Bacterial strains (Contd)

Strain Description Reference Source

C600groP gro P.sup II, ton A Georgopolous and N.M 
Herskowitz (l971a)

KB8

GroN 

9-3

p
pol A l,end A.sup

,gro N

Jforray et al., 
(I973a)

N.M

Georgopoulos (l971b) N.M

sup Illegal ,his .strR Frame and Bishop 
(1971)

R9-3 (P2) sup m.gal~.his".str • 
P2-lysogenic

J.R.D

J.R.D

BB197

W33SO/80 s2£E°*galT>t2a B

W3350/X 

803

J.R.D

080 resistant, 08Oh sensitive 
derivative of W33£0

-resistant derivative 
of ¥3350

sup II.hsrrT.hspi (strain 0) Wood (1966) N.M

hsrf ,;>hs» derivativ of C600 Habacek and Glover N.M
(1970)

803 trpOKl

ED8739

ED8ii21

hsr ,hsm AI str

sup II.hsr".hsmr.trp(OE) 
deletion

Brairanar et al., 
tt97li)

sup II,sup IH >hss""«net B Bramraar et al.,
(197U)

sup
deletion, met B

ED8l!i9

ED8721

W31lO,trp

W3110,tr£ (BCDEf 9,su£0th£ A 

W3110,tr£ (OE)vl,su£ II 

W3110,tr£ (BCDE) 9>9.sup° 

) t trp (OE) 1 deletion

I'iirrav and Branznar 
(1973)

n

N.M

W.J.B

W.J.B

W.J.B

W.J.B

W.J.B 

W.J.B 

V7.J.B 

W.J.B
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a) Bacterial strains (Contd) 

•ain Description

trp ££972 W3110,tr£ point mutant 
trp D9778

KanR AmpR TetR

Cl-a

Reference

Yanosfky et al,, 
(1971)

0 I!

Source

C Yanofsky

Z AlDoori

Bertani and Bertani W.J.B 
(1970)

E. coli C sup str 

The abbreviations used in the source of strains correspond to: 

Dr. W.J. Braramar (W.J.B), Dr. Noreen Hirray (N.M) and 

Dr. J.R. Davison

W.J.B
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b) Bacteriophage strains

Bacteriophage strains used in this study are listed below. 

Recombinants prepared using these strains are described in chapters 

3 and U, and not included in the list.

Phage Reference Source

	Hershey (1971) W.J.B

90 Kaiser (195?) J.R.D

\cl 26 Meselson (l96ii) W.J.B

lli McMacken et al., (197) J.R.D

28 Kaiser (1957) J.R.D

68 Kaiser (1957) J.R.D

\oIII 67 Kaiser (1957) J.R.D

\cIII 611 McMacken et al., (1970) J.R.D

\cl ts 857 Sussman and Jacob (1962) W.J.B

ts At2 Lieb (1966) J.R.D

	Kaiser (1957) J.R.D

\cT 814; Sussimn and Jacob (1962) J.R.D

Xcl 2001 Brachet and Thomas (1969) J.R.D

\cl At2 cro 1 Court and Campbell (1972) J.R.D

U3U Kaiser and Jacob (1957) W.J.B

\imrn 21 Liedke-Kulke and Kaiser W.J.B 
—— (1967)

7 am 53 Can^beU (1961) W.J.B

\Narn 7 am 53 nin 5 Court and Sato (1969) J.R.D

26 P&m 80 CampbeU (1961) W.J.B

£l 857 Oam 8 Bam 80 Davison et al., (197U) J.R.D

\imrn U3U ^am 5U Ham 60 Campbell (1961) J.R.D
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b) Bacteriophage strains (Contd)

liram h3k Qam 11? 

h3h Earn 80

bio 10 

\p bio 232

256

\bio N 2-1 nin 

\bio N 30-7 nin 

trp U6

\trp BG2

BG2 cl At2 cro""l

XRPO
XRP12 

\irit 29 cl 

\b2 red 3

Reference

Carapbell (1961) 

Can^bell (1961) 

Manly et al., (1969) 

Manly et al., (1969) 

Signer et al., (1969) 

Signer et al., (1969) 

Court and Sato (1969) 

Court and Sato (1969) 

Franklin (l971b) 

BraiHraar et al., (197k) 

Hirray and Bpammar (1973) 

Davison et al., (I97h)

-ram ci

Zissler et al., (1971) 

^irray et al., (l973a) 

Davis and Parkinson (1971)

Source

W.J.B 

W.J.B 

N.M

N.M

N.M

N.M

J.R.D

J.2.D

W.J.B

W.J.B

W.J.B

J.R.D

This thesis

This thesis

N.M

N.M

N.M



c) Growth media

All media and solutions were sterilised by autoclaving at 

lb/sq.in. for 15 minutes before use 

L-broth (Lennox, 1955)

Difco Bacto Tryptone lOg

Difco Bacto Yeast extract 5g The solution was 

Na Cl 5g adjusted to 

SLucose lg pH 7.2 before 

Distilled water 1 litre autoclaving.

L-agar Difco Bacto Agar to a concentration of 1% was added 

for bottom layer agar

Difco Tryptone Agar

Difco Bacto Tryptone lOg

Na Cl £g

Difco Bacto Agar lOg

Distilled water 1 litre 

The pH was adjusted to 7.5 withNaCH

BBL Agar (Parkins on, 1968)

Tryptlcase (Baltimore Biological Labs.)

Cl 5g 

Distilled water 1 litre

Difco Bacto Agar was added to concentration of 1* for plates 

and 0.65/S for top layers.
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c) Growth media (Contd)

Spizizen minimal agar - (Spi^zizen,

Difco Bacto Agar I5g 

Distilled water 800ml

After autoclaving, the following additions were made 

5 x Spizizen salts 20Qml 

20$ Glucose 10ml

ACH agar

Spizizen minimal agar was supplemented with Difco Bacto acid-

hydrolised casein (Vitamin free) to 0,05$ w/v after autoclaving,

Top layer for minimal and ACH agar plates

Difco Bacto agar 7g 

Distilled water 1 litre

EMBO agar (Gottesman and Yarmolinsky, 1968)

Difco Bacto Tryptone lOg

Difco Bacto Yeast Extract Ig

Na Cl 5g

Difco Bacto Agar I5g

Distilled water 1 litre

The pH was adjusted to pH 6.5 and before autoclaving we added

K2H PO^ 2g

Eosin O.Ug

Ifethylene Blue 0.065g
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Growth media (Contd)

Pbage buffer

3g 

7g
«• 14

Na Cl

1% sa, O.BC
Ca C^, O.OOLM 10ml

Gelatin, 1% w/v 1ml

Distilled water 1 litre

5> I Spiziaen salts

lOg

Tri-^odiam citrate -21^0

% SO, 7 11,0 lg
t| £•

Distilled water 1 litre

£0 I Voe^l Bonner Salts (Vogel and Bonner, 

1% 30h . 7 ^0 lOg

Citric acid .1

K2 H PO^

Ife (NH^) H H^.

Distilled ¥ater 670ml

2 ml of chloroform was added as preservative, and the solution 

was autoclaved before use,
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i) Growth media (Contd)

Vogel bonner nutrient medium (Franklin, 1971b) 

£QX Vogel Bonner Salts 2ml 

20% Glucose 1ml 

20% Difco Bacto Casaminoacids 0,25ml 

2 rag/ml Uridine 1ml 

2 rag/nl £-Fluorouracil Iral 

Distilled Water 100ml

L-Tryptophan was added to a concentration of 2 AAg/ml or

200fiig/ral as required.

Medium A (Gibson, 1968)

£OX Vogel Bonner Salts 2Qml 

Dlfco Bacto Yeast Extract 2g 

Difeo Bacto Casaminoacids 2g 

L-Tryptophan hlmg 

Distilled water i litre

8 ml of sterile 20% glucose was added after autoclaving.

Medium B (Gibson, 1968)

H KX 12.

K H2 PO^ 1.36g

Glucose I8g

NH^ Cl 2.7g

Mg C12 O.O^M 2ml

L-Tryptophan 2rag

Distilled water 1 litre
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MATERIALS AND MS1HODS

Methods

d) Plating bacteria

For assaying of phage, making phage stocks and estimation of 

restriction ratios, bacteria were grown in tryptone broth to raid- 

logarithmic phase. When the concentration of the culture was ca.
o

5 x 10 cells/ml., cells were harvested, washed and resuspended 

•twice, at the same concentration, in 10 M MgSO, .

e) Phagg titr&tion

Dilutions of phage stocks were carried out in phage buffer. 

Riage in a O.lml aliquot of suspension were absorbed to O.lml of 

plating cells for fifteen minutes at room temperature. 2.5ml 

molten BEL top layer agar were added, and the suspensions were 

Immediately poured onto a BEL agar plate. After 12 hours or 

overnight incubation at the required temperature (usually 37°C), 

the plaques were analysed and counted.

If the plating strain was trp", tryptophan was added to a final 

concentration of 20*|g/ml throughout the plate.U M

e lysates

A well isolated single plaque was picked and transferred to 

Lml of phage buffer containing a drop of chloroform, and agitated 

bo release the phages into the buffer. O.lml of this suspension 

>r of a 10-fold dilution of it was absorbed to 0.2ml fresh plating 

sells, mixed with 2.5ml BEL top agar and overlaid onto a fresh 

J-agar or tryptone agar plate.
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f) Fhage lysates (Contd)

Once confluent lysis was observed (usually after 6-8 hours at 

37 C), the top layer was harvested, combined with 3ral phage buffer 

and several drops of chloroform, and the mixture was vigourously 

shaken for 1 min. Cell debris, agar and chloroform were removed ty 

centrifugation, the supernatant decanted, one drop of chloroform 

added and stored at h C.

In the case of phages having a very low burst size, which gave 

rise to very small plaques, phage stocks were made from dilutions 

of a previous one derived from a single plaque. An appropriate 

dilution of the stock (ca. £x!Cr P* <u ) was added to 0.2 ml of plating 

cells as described above.

To avoid recombination with the bacterial trp genes, stocks of 

X foP phages were prepared on hosts of the same trp genotype or 

with those genes removed by deletion.

g) Phage crosses

Plating cells or mid-logarithmic cultures grown in L-broth 

harvested and resuspended in phage buffer, were infected with a 

mixture of two phages at a multiplicity of infection of 5 phages 

of each parental type per cell. After 15 min. adsorption at room
t

temperature, unads orbed phages were removed ty centrifugation and 

the infected cells resuspended at a 100-fold dilution in L-broth.

The infected cultures were grown at 37 C with vigourous 

aeration for 2 hrs, and the cultures treated with chloroform. The 

supernatant containing the progeny phages was stored at h C. 

Hecombinant phages were selected on appropriate strains, as described 

in individual crosses.
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g) Phage crosses (Contd)

To increase the recombination frequency between two very closely 

linked markers, crosses were done on a Thy" host. Cells grown in

minimal medium supplemented with thymine (50*4/ml), to an OD of 1.0
/ U

(equivalent to 5.10 —— r—)> were washed and resuspended at the 

same concentration in phage buffer and left standing at 32 °C for 

30 min.

Infection and removal of unads orbed phages were carried out as 

described above. The infected cells were suspended in minimal 

medium lacking thymine and agitated at 37 C for Ihr, then thymine 

was added (£0 Mg/aCL) and incubation at 37 C continued for an 

additional hour.

h) Lysogen construction

Cells were picked from the turbid area of lysis produced after 

o/n incubation, at the appropriate temperature, by a spot of a phage 

on top layer seeded with the required host, and streaked for single 

colonies in L-agar.

Individual colonies were tested for lysogeny by streaking a 

suspension of the colony against streaks of dilutions of the 

indicator phages, and the plates scored after o/n incubation.

Standard indicator phages were ̂ cl" and ^ vir to test for 

lysogens carrying imm \ , and \ immIt3U cl~ and \ vir for the ones 

carrying imm h3k»
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i) Measurement of the frequency of lygogenization (Echols et al., 1973)
Q

Fresh logarithmic cultures, at a density of 5 x 10 cells/ml., 

were harvested by centrifugation and resuspended in an equal volume 

of phage buffer. Cells were starved in this medium for Ihr. at 37 C 

and infected with phage at m.o.i £-10, After l£ f at R.T to allow 

adsorption to occur, the infected cells were collected lay centrifugation 

and the supernatant containing the unadsorbed phage removed. Pelleted 

cells were diluted into fresh, warm, L-broth and grown for Ihr at 

37 C. An aliquot of this suspension was plated on L-agar plates

and incubated at 37 C o/n to determine the frequency of survivors,
9 the rest was plated on EMBO plates seeded with approximately 10

clear phages of two different host ranges (i.e. h^ and h^ ), to
•»*v

eliminate resistant colonies ( ) growing on the plates.

Frequencies of lysogeny are normally referred as percentages 

of infected or surviving cells.

j) Induction of a lysogen by ultraviolet light

Ijjrsogenic bacteria were grown to early exponential phase in

L-broth (QD,w « 0,5), harvested in a benchtop centrifuge and
-2 resuspended in half the original volume of 10 M MgSO. .

Aliquots of 2 ml were pipetted into an empty petri-dish and

exposed to ultraviolet radiation for a dose of UOO erffs , dilutedmni£
5 fold into fresh warm L-broth and grown, protected from light, for 

2 hours at 37°C. Surviving cells were lysed by the addition of 

ca.2 drops of chloroform, shaken and cell debris removed by centri- 

-fugation.



k) Large-scale liquid lysate of phage

A fresh overnight culture was diluted li£0 into 11.of L-broth

supplemented with *fe SO, (final concentration of 10*"% J% 30. for
9 • 

J2f80, 10" M for A )* using large flasks and vigourous shaking to

provide good aeration (i.e. 100 ml of L-broth in a 1 litre flask). 

Vhen the W&tQ reached 0.liS> - 0*6, phages from a plate lysate were 

added to give a m.o.l of 1. IJie OD of the culture normally increased 

tlH 1,5-2 and then fell sharply when the cells lysed which usually 

took 2 to 3 hours. Mien the OD had reached a minimum 2ml, CH Cl 

were added, the suspension was shaken for 10 minutes and cell debris

removed ty centrifugation. Titers between 2-6.10 phage were
ml. 

usually obtained.

l) Complementation of clear pla.que mutants

Hitants of A in each one of the clear plaque complementation 

groups, cl (and oS^ Sp*- an(^ £^-"- were used to test the presence of 

these genes in unknown phages.

A well dried BEL agar plate was seeded with 0.1 plating cells

or 1 drop of a fresh o/n in top layer. Dilution of the phage to be
78 9 tested, containing 10 , 10 and 10 phages/ml were applied as three

drops near the side of the plate and allowed to run vertically down 

the surface of the tilted plate and to dry. At right angles were 

cross-streaked a suspension of lambda clear mutant containing the 

same concentrations of phages. The plates were allowed to dry and 

were Incubated overnight. 15ie response was scored as either turbid 

(tu) or clear (cl) according to whether bacteria were growing in the 

area of cross-streak. Turbidity signified that complementation between
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l) Complementation of clear plague mutants (Contd) 

the tc&> clear phages had occurred.

Incubation was normally at 37°C except when dealing with cits 

mutants, when either 32 °C or h2°C was used.

a) Conjugation

Donor and recipient strains were grown to early exponential
o

phase (ca.2.10 cells/Ml) in L-brotfa and equal volumes of them

mixed in a large test tube. The mating mixture ?as incubated 

without shaking at either 32° or 37°C, as appropriate for each case, 

for 1 hour. After vigourous agitation to disrupt the mating pairs, 

appropriate dilutions were plated to select the required transcon- 

- Jugants .

n) Specialised transact Ion

A suitable dilution of the phage suspension was adsorbed to

0.2 ml of the recipient strain In 10"" Mg SO. (plating cells), 

for IS? 1 at room temperature. The mixture was overlayed onto 

selective plates.

Trp - transducing phages can be selected as "trg - plaques", 

as described by Franklin (I971b), 0.1 ml of a trp" plating strain 

concentrated to 2 x. 10 cells /ml was plated with 0.1 ml aliquots or, 

dilutions of an L F T (Xnaw frequency of Transduction) l^sate in top 

layer agar on ACH agar plates.

Non-defective ta*p - transducing phages were identified after 

36-72 hours incubation at 37°C as "try - plaques". A circle of 

lysis could be seen surrounded by a ring of bacterial growth, due to 

feedl H °f tryptophan from infected cells. If the trp phage is a



A) Specialised transduotion (Contd)

turbid plaque-former it will produce heavy growth of trp lysogens 

within the trp plaque. Clear plaque formers are more difficult to 

score, and they are often made more easily visible by adding one 

drop of L-broth to the mixture before plating, to permit improved 

growth of the background lawn.

o) Measurement of restriction ratios

The titre of phages on the propagating, non-restricting host, 

divided by the titre on the restricting strain, is defined as the

restriction ratio.
RI The RI restriction ratio (R ) was estimated as the titre of

the phages on the propagating 0 or K host, divided fcy the titre on 

the 0/RI or K/RI host.

Restriction ratios were determined from plate counts of lysates 

at appropriate dilutions, except when large numbers of phages were 

handled when approximate values were estimated by spot tests. I 

will follow throughout this thesis the convention suggested by 

Arber and Linn (1969), to denote recognition sites for different 

restriction enzymes.

p) Determination of phage sensitivity to Tyrophosphate (Parkinson 
and Huskey, 1971)

-2 Phage lysates were diluted £0- to 100-fold into 10 M P? 0

Na, , pH 7.0, at U£ C. The reaction was stopped at various times by- 

diluting samples into phage buffer at room temperature. The samples 

were plated on BBL-agar containing pyrophosphate added to the bottom 

layer of the plate, at the concentration previously determined as
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P) Determination of phage sensitivity to pyrophosphate (Contd) 

the one required to select for deletions in each particular phage, 

Concentrations of pyrophosphate, up to 20-30 m M did not interfere 

with the growth of the bacterial lawn.

q) Riage buoyant density determinations (W. Szybalski in "Methods 
in Ehzymology" vol. XII, part B, p.p. 330)

Centrifuge tubes containing a hi. %% w/w Cs Cl solution in
s

phage buffer, were loaded with approximately 5 x 10 phage, (in a 

volume ca. 20 jil), of the phage to be analysed, along with a similar 

number of the chosen density marker, i.e ( * 1.505).

Centrifugation was for l£h at 25K rpm and 25°C in a 3 x 5 MBE 

rotor. Three-drop fractions were collected from a hole pierced in 

the bottom of the tuba. The refractive index of alternate fractions 

was determined using an Abbe-3l< refractometer and the critical 

angle values obtained converted into densities of CsCl solutions. 

The remaining fractions were used for titration of p.f .u by spot 

tests into selective hosts where one of the two phages contained in 

each tube was unable to plate (i.e ^ x , Gro N),

The titres and densities obtained were plotted against fraction 

number.

r) Infection experiment (Franklin, 197lb; Moir 1975)

Host bacteria ED 81li9 or ED 8721 were grown with aeration in 

100 ml L-broth from a 5 ral overnight inoculum grown in L-broth 

(thymine (100 M g/ml) was added for strain ED 81U9) .

When an O.D.^ of 1.0 was reached, the culture was chilled on 

ice and the cells harvested by centrifugation for 10 minutes at 

K rpm at h C. Hie cells were washed and resuspended in ice-cold
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r) Infection experiment (Contd)

10* Tl Mjg SO. , (plus 20 irfg/nl £-fluorouracil if thymine had been 

added previously), to a final volume of 10 mis. The cells were 

infected with phage at the chosen multiplicity of infection. After 

1£ minutes of adsorption at 32°C, the infected cells were cooled 

on ice, eentrlfuged at 12 krpra for 10 minutes at U°C and resuspended 

in 100 ml. Vogel and Bonner nutrient medium, prewarmed to 37°C. 

Unadsorbed phages in the supernatant were titred, to determine actual 

multiplicity of infection,

The infected cells were grown at 37 C. The time of resuspension 

of infected cells was taken as the zero time for measurement of enzyme 

synthesis after infection. At time intervals from 0-30 minutes, 20 ml

aliquots were removed onto chilled tubas containing Chloraraphenicol
f) 

(200 yMg/ral) and sodium azide (lO* M), and used as samples for enzyme

determination. The aliaxuots were centrifuged at ii°C, as before, 

washed in 0.1 M Tris-HCl, pH 7.8, and resuspended in 1 ml sonication 

buffer (0.05 M Tris-HCl, pH 7.8, 10-3M EDTA, 10~% 2-mereaptoethanol) . 

Samples were sonicated for 3x6 second bursts on a M3E 100-watt 

ultrasonicator, then centrifuged for 10 minutes at 30.000 x g to 

remove cell debris . The supernatants were assayed for anthranilate 

synthetase activity and protein content.

a) Determination of anthranilate synthetase activity (1^3 et al., 1969)

Anthranilate synthetase (ASase) catalyzes the conversion of 

chorismic acid to anthranilic acid, both intermediates in the 

pathway of tryptophan biosynthesis. A mixture of substrates, 

prepared immediately before use, contained 2 x 10 itf chorismic acid
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s) Determination of anthranilate gynthetase activity (Contd)

(a 10-fold dilution of 1 rag dissolved in U.ii ml. water), 1; x
-•? P 

Mjg SO, j 10" M L-glutamine, 10"" M potassium phosphate buffer, pH

and lO 2-mercaptoethanol. An aliquot of sample, normally 0.1 ml, 

was added to 1.5 ml of substrate mix prewarmed to 37°C in a quartz 

cuvette, mixed, and the reaction was allowed to proceed after transfer 

of the cuvette to a recording Locarte fluorimeter MkH. The fluorimeter 

was fitted with a water-heated cuvette holder to maintain the 

tempera -bore of the contents of the cuvette at 37 C. Synthesis of 

anth. anilate was followed as the increase in fluorescence of emission 

wavelength of 386 nm, using an excitation wavelength of 313 nm. The 

machine was calibrated with standard concentrations of anthanilic 

acid. The specific activity of anthranilate synthetase is expressed 

as units of activity per mg of protein. One unit of activity catalyzes 

the synthesis of 100 nraoles of anthranilate in 20 minutes at 37 C. 

The protein concentration in the sample was determined by the 

method of Lowry et al., (1951), using bovine serum albumin as the 

standard.

t) Purification of chorismic acid (Gibson, 1968, 1970$ Mbir 1975)

A culture of Aerobacter aerogenesj strain 62-1 was grown overnight 

in L-broth and diluted h 0-fold into 10 x 200 volumes of medium A. The 

cells were incubated in this medium at 30 C for 6 hrs, when they

reached an 0JW 1.3 •

The culture was then centrifuged at h C and the cells washed 

in half the original volume of 0.9$ NaCl, centrifuged again and 

resuspended in the original volume of Medium B. The cells were
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O Pui*iilca_tion_of chorl3Mic acid (Contd)

incubated in. thin accumulation medium for 12 hours at 30 C.

The cells vere harvested at li°C and th& supernatant, containing 

the chorisndc acid (a 10-fold dilution of it into 0.1 M NsOH had 

OD2 ,1.1) was retained. £ ml. of 1QM NaOH were added per litre of 

supernatant, and the alkaline solution was passed through a column 

(2,7 x ?cm) of Permutit Deacidite FF (Cl-form), 200-kOO mesh.

The resin was washed with 100ml dcionised water, and the

chorismate eluted in 1 M NH, Cl at a flow rate of 1.6 ml/nin.
k

8 ml fractions were collected, and after diluting them 200-fold 

in 0.1 K NaCH, their spectra around 27U nm was measured. The 

fractions containing the peaks of absorption were pooled and after 

acidification to pH 1.0 with cone. HG1, were extracted with an equal 

volume of anhydrous ether. l!his extraction was repeated tvice, the 

three ether extracts combined and extracted once more with acidified 

distilled water.

"Hie ether extracts were dried with anhydrous sodium suj/phate, 

then bubbled with air to reduce the volume to^s/20 ml.* Petroleum 

ether (60-80 b,p) was added till the solution became just turbid 

and the walls of the flask scratched to facilitate crystallisation. 

The solution was left overnight at -20 C. The crystals were recovered, 

washed with cold 5>0*50 ether jpetroleum ether mixture, redissolved in 

ether and recyrstallised by the same procedure. Crystals were dried 

over cone. H« SO. and paraffin wax and stored dessicated at -20°C. 

Fire dry crystals of chorismic acid, dissolved in i-jater at 0.1 mg/ml 

have an OD ot 1.0



Preparation of phage DNA.

The phage in the supernatant of a large scale liquid lysate 

were pelleted at U0,000 x g for 3 hrs at ii°C. The pelleted phage 

were resuspended by gentle rotary shaking (60 rpm) overnight in 

1/20 of the original volume of phage buffer. The resuspended pellets 

were spun at 20,000 x g for 10 min, the supernatant collected and the 

pellet reextracted with 5 ml of phage buffer, spun as before, and the 

supernatant added to the one from the first extraction. RNase and 

DNase were added to a final concentration of 10 yw^g/nl and the sample 

digested for 1 hr at room temperature. The phage were pelleted again 

at 1*0,000 x g for 3 hrs at U°C, and the pellets handled in the same 

way as before,

Caesium chloride was added to iil.5>$ w/w and the suspension

clarified by centrifugation at 20,000 x g for one hour at 1|°C, The 

suspension was decanted into clean tubes to remove pellicle and 

sediment and spun to equilibrium for 2li-kO hours at 100.000 x g, 

h C. The phage band was collected by puncturing the bottom of the 

tube, re-banded in pre-clarified Ul.3$ CsCl as before.

The phage were d^alysed against 10~2M Tris-HCl, 10~% EDTA., 

pH 8,0 for at least an hour to remove the CsCl, The phage DMA. was 

extracted four times, with equal volumes of phenol, freshly distilled

and pre-equilibrated with 0.5 M Tris, pH 8.0. The phenol was removed
-2 

by exhaustive dyalisis against four changes eJ* 10 M Tris, 10

EDTA., during at least 2l4irs. Riage DM prepared in this way should
* 

OD -
give a ratio of *260nm between 1.8-2.

280nm
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v) Isolation of plasmid DHA (Thompson et al., 197U)
o

Cells were g*own in 1 or 21 of L-broth to 5 x 10 cells Ail,

harvested by centrifugation and resuspended in U8 ml. of cold 

sucrose, 0,05 M tris-HCl, pH S.O.Iysozyme (6.9 ml of freshly prepared 

solution at 10 rag/ml in 0.25 M tris-HCl, pH 8.0) was added $ the 

mixture was shaken for 30 sees, at 37 C and then placed on ice. 

After 5 min, 26 ml of 0.25 M EDTA, pH 8.0 were added and after a 

farther 5 f the cells were lysed by adding %k ml of a solution 

containing 2% Triton x-100, 0.05 M tris-HCl, pH 8.0, and 0.0625 

M EDTA. A period of 20 min was allowed for lysis, and then the 

crude lysate was cleared at 1? Krpm in M3E 8 x 50 rotor for 15 min 

at h C. (Large plasmids may need shorter spins to avoid pelleting). 

The supernatant (non viscous upper layer only), usually ca. 130 ml, 

was divided into equal volumes and gently layered over 3 ml.

saturated CsCl cushions (61.7$ ~ ) in three Spinco SW 25.2 tubes.w
Tubes were completely filled by layering distilled water over the 

cleared lysates .

The DNA was pelleted into the CsCl cushion by centrifugation 

at 23Krpm at 10°C in a Spinco SW 25.2 rotor for 16-20 hrs. The 

lowest 8 ml of each tube were collected and these fractions pooled.

Ethldium bromide was added to a final concentration of 0.5 mg/nl 

from a stock solution at 10 mg/ml. The density was increased to 1.55 

g/c.c (li8.U$ ~ CsCl) by adding CsCl. The DM was banded at U3 Krpm,
W

15°C in a Spinco SW 50.1 rotor for 2l4irs (Hadlof et al., 196?). 

The lower, red band, comprising closed circular plasmid DNA, was 

collected by aspiration (19 gauge needle, 1 ml disposable syringe) . 

The plasmid bands were pooled and recentrifuged in a 5 ml tube for 

21; hrs. Wie plasmid band was collected and the ethidium bromide
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Isolation of plasmid DNA (Contd) 

removed by dialysis against 15-20 g. Dowex Na (50 W-X 8, 2O-50 US 

mesh), in 150 ml buffer 0.8 M NaCl, 0.05 M tris-HCl, 0.01 M EDTA, 

pH 8.0 (Sharp et al., 1972). Resin was prewashed with 2 M HC1, 

distilled water, 1 M NaOH to convert it to the Na form.

The DNA solution was finally dialyaed against 0.01 M tris-HCl, 

0.001 M EDTA, pH 7.2, for 2h hrs with four changes of the buffer.

ir) Restriction of DNA with Eeo RI and Hin jlII endonueleases
(Hxrray and Ilurray, 1971*5 Allet and Sollem, 1971;$ Allet et al., 1973)

DNA was restricted in a mixture of trjjs-HCl pH 7.5, MgCl and
-2 B-mercaptoethanol, all to a final concentration of 10 M. For Eco HI»

NaCl to a concentration of 0.1 M was added to inhibit Eco RI 1 

activity. In the case of endo R. Hindlll, the final concentration 

of NaCl was 0.05 M.

The mixture was incubated for 1 hr at 37 C and the reaction was
_ ^o

stopped by adding excess EDTA (e.g. to 10"" M) or heating for 10 min 

at 70 C depending upon whether the restricted DNA was going to be 

used for fragment separation on gels or for subsequent ligation.

x) Agarose gel electrophorealg (Erammar et al., 197U)

Samples of restricted DNA were diluted with an equal volume 

of gel buffer containing 50$ glycerol and 0,005$ bromophenol blue 

and added to the wells of a 1$ Agarose slab gel (20 cm x 1|0 cms x 

0.3 cm) containing O.h Mg of ethldium bromide /ml (Sharp et al., 

1973)• Electrophoresis was continued for approximately 18 hrs at 

1|0 raA, using a continuous buffer system of 1|0 mM Tris-acetate, 

20 mNUsodium acetate and Imli-EDTA, pH 8.2 (Hayward and Smith, 1972).
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x) Agaroae gel electrophoresis (Contd)

The gel was photographed under U.V light (Chromato-Vue viewing box, 

U.V products Inc., San Gabriel, Calif.) on ILford FP1; film with an 

red filter (exposure about 5 min.at f8), and the film was

developed for 9 min at 20 C in Microphen developer

y) In vitro recombination of DNA fragments usin^ Th-ligase 
and Jfcirray, 197k)

After stopping the restriction of DNA \y a heat pulse, the DNA 

was cooled, water was added to bring the final DMA concentration to 

10-30 Mg/ml (Additional Na Cl should be added to maintain it 0.1 M in 

the mixture), and the mixture was incubated at 0 C for 2k hrs, then 

at 37 C for 10 min. To this mixture, ligase cocktail was added in 

TWth. the final volume, from the following stock solution, 0.66 M

Tris, pH ?•£$ 0.01 M EDT/L, pH 9.0; 0.1 M 1% Cl^ 1 mg/ml BSA; 

0.1 M dithiothreitol; 0.01 M ATP, then ligase was added and the 

mixture was incubated at 10 C for 5> hrs, then 2-10 days at 0 C. 

Samples were assayed for activity by transfection at periodical 

intervals .

Ifransfections (Modified from Mandel and Higa (1970) 

Cells from a fresh culture in L-broth were diluted 100-fold into 

P-medium and grown overnight at 37 C. This culture was diluted 20-

fold into fresh P-medium and grown to an OD,^ 0.6.

The culture was chilled on ice for 10 minutes, then the cells 

were harvested by oentrifugation in the cold and resuspended in half 

the original volume of cold 0.1 M Ca C12 and maintained on ice for 

20 min. They were then harvested as before and resuspended in one
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*) Transfeetions (Contd)

tenth of the original volume of Q.I M Ca C12 . The cells were kept

now on ice for at least 15 min. before being used for transfection.

0.1 ml of DHA diluted at a concentration of 3 Jtg/ml in 1 x SBC 

(0.15? M Na Cl; 0,015 M tri-s odium citrate, pH 7.0), were added to 

0.2 ml of competent cells. The mixture was heat shocked for 30 sees. 

at 37 C, then left on ice for about 90 rain., with occasional shaking 

Samples of the mixture were plated on BBL plates, using BEL top 

layer with *fe 30, added to a final concentration of 10~%. If 

dilutions of the mixture were plated, additional competent cells 

were added to obtain more vigourous growth of the bacterial lawn.

Separation of DHA. fragments tor sucrose gradients 

The BHA. which had been restricted and heat-pulsed was cooled in 

ice and diluted into 10~2M Tris-HCl, pH 8.0, 1 m M EDTA, 0.2 M Ib Cl 

to a concentration of 0.1 rag/nil. The sample in a volume of 0.5 mis. 

was carefully loaded onto a 5-20$ continuous sucrose gradient dissolved 

in 10~2M Tris-HCl, pH 8.0, 1 m M M324, 0.2 M Ha d, in a tube of an 

ffiE SW 6 x Ht rotor. Centrifugatiofc was at 35 K rpsi for 15 hrs at 

20 C. The fractions were extracted bjr pumping a more concentrated 

sucrose solution (usually 30$) into the bottom of the tube and the 

OD of the fractions (usually 0.3-0.5 ml fractions) measured in a 

Isco 222 Ultraviolet Analyser, at 25Un»m connected to a recorder.

Fractions corresponding to the peaks of a absorption were 

pooled and the DHA. precipitated by adding 2 volumes of absolute 

ethanol, and stored at -20°C for 2l4hrs. The DMA. was pelleted by 

oentrifugation at 12 K rpn, h°C for 30 ' and the pellet resuspended
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o<) Separation of DI& fragments fry sucrose gradients (Contc) 

in 10"2M Tris-HCl, pH 8.0, 1m M EDTfc, 0.2 M Na Cl and precipitated 

again with ethanol as before. The final pellet was resuspended in 

an appropriate volxure of buffer, KT~M !Eris, 1 m M SDTA., pH 8.0 

and d^alused against several changes (3) of the same buffer.
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CHA.PTEU 3

HESULT3 

COM3T5DCTION AMD CHARACTEaiSATION OF THE InaHfrp HJ3ION

a) Isolation of the appropriate starting strain

The parent strain EFQ. was conceived as a phage having only 

two targets for the restriction endonuclease H, Boo HI, srl A 3 

and srl i h3k (see Fig.£) .

The fusion that we were Intending to isolate, phage HEL2, would 

involve the deletion of the intervening DNA between those two 

targets. Ihis region of the A genome carries only non-essential 

functions except for the N gene, which is essential for the full 

expression of almost all other \ genes (Thomas , 1966} . It was

therefore necessary to introduce the deletion nin 1C (Court and 3ato,j
1969) » that bypasses the N requirement.

As we were intending to study the role of the different gene 

products involved in represser control, it wag desirable to start 

with a phage deficient in some of the genes that participate in 

represser regulation (Heichardt and Kaiser, 19*715 Echols and Green, 

1971), namely £ll and csIII. The cIII gene maps in the region 

between srl A 3 and srl :i U3h (Fig.!?) and it was going to be deleted, 

therefore it was only needed to cross a aH Mutant allele into the 

starting strain HFO. Ho attempt was made to introduce a mutant cro 

gene, another known regulatory gene affecting represser synthesis 

(Eisen, et al., 1970). The reason wag that cro product is needed 

for phage growth in the absence of active represser (Herskowitz, 

1971) via a still unknown mechanism of action.
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a) Isolation of the appropriate starting strain HPO (Contd)

The parental phage RPQ was constructed in the following steps. 

A \ trp phage, retaining srl A 3 (Brammar et al., 197U) was

crossed with \ pbiolO as illustrated in the diagram below:

h~ att80 UM. M , - .imm

,X o4-4- \h A attX pblo 10

Recombinants selected on WLl|.85> ()/X as clear plaques arose at 

a frequency of 0.013$.

The left arm of this recombinant was substituted by that of a 

phage devoid of targets for R. Eco RI. This phage had a small 

deletion removing a.rl \ 1 (N.E. Murray, personal communication) 

and srl \ 2 was eliminated by replacement with #80 DKA

imm h3U ____ ell Bam

The sslection was carried on OS US tonA. and the frequency of 

recombination was 0.0£$. The recombinants were checked for their 

trp-content and the presence of the ell 68 and Bam 80 alleles.

The above recombinant was back-crossed to the Eco RI restriction 

resistant parent, as follows:

ell Bam

trp BG-2
•(nin
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a) Isolation of the appropriate starting strain HPQ (Contd)
_ f\
The selection was carried on W3101 sup rec A for clear phage at 

32 C. The recombinants (freq. 0.3$) tested after purification had 

acquired imm k3h* the nin £ deletion, were P and contained only

trp D and E genes from their trp 13 parent. The HI restriction 

coefficient of this recombinant was 5>0, indicative of the presence 

of two targets , srl \ 3 and srl i ii3h • This was further confirmed 

by gel electrophoresis anaylisis of the phage DHA. with endonuclease 

R Eco HI, as will be described in section d of this chapter. The 

fact that the RI restriction coefficient was only about f?0 might be 

explained ty assuming that the HI target contained in srl i. h3h is 

not as effectively cut as some others in the \ genome (see Hirray and 

Mirray, 197k> for comparison of He with other targets).

b) Deletion "in vitro" of the DM between srl|3 and srl i h3h

The DNA. of the parental phage, HPO, was digested with endonuclease 

as described in Materials and Methods . The generated fragments were 

incubated at 10°C for 2lihr in the reaction mixture for T, polynucleotide 

ligase, but in the absence of that enzyme, in order to facilitate 

preferentially the joining of the fragments via the phage cohesive 

ends and therefore delete the fragment between srl \ 3 and srl i U3U.

This mixture was used to transfect the host 803 PEL, obtaining 

a yield of Iii2 plagues perxig of DMA.. Under the same conditions, 

untreated RPO DNA yielded £.lCr plagues per ug of DNA. As 803 OKI 

is deficient in K-type restriction and modification (hsdlT, hsdMj!), 

the plagues obtained from Hi-res tricted HFO DM, were replica tooth- 

picked into strain *X» to K-modify their DMAs.
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b) Deletion "in vitro" of the DNA between srl\3 and srl ± U37

Phage from each of the li|2 plagues obtained, were tested for the 

phenotype expected of a phage that had lost the DNA between srl ^ 3 

and srl i U2U.

Table 1 summarizes the phenotypic differences between the 

starting strain RFQ and a chosen isolate from the transfection, 

HP 12. Sixteen out of li|2 isolates appeared to behave identically 

to isolate RP 12.

c) Comparative physical analysis of the genome of phases RPQ and 
HP 12

The rates of inactivation of lambda phage particles by heat 

shock or chelating agents (i.e. EDTA, P 0 Na. ) is a function of the 

length of their genomes (Parkinson and Huskey, 1971). The inactivation 

rate constant (K, min~ ) decreases linearly as the DNA complement 

of the phage becomes shorter. This property has been used by the 

above authors to select for \ phage deletions.

The kinetics of inactivation of wild type \ (genome length 

100$), phage RPO and HP 12 by 10 m M sodium pyrophosphate, pH 7.0, 

at k$ C are presented in Fig.6.

The results obtained allowed the conclusion that the DNA 

content of HP 12 is considerably less than that of its parent .RPO 

which itself has a shorter genome length than ^ wild type. By 

comparison of the rates of inactivation with those of well 

characterised deletions (i.e. \ b 111 91$, b 221 78$, in 

Parkinson and Huskey, 1971), estiw&bea of 93-5* for RPO and 83/£ 

for RP 12 were obtained.



Table 1 

Comparative phenotypes of phages RFO and RP 12

Characteristic RPO RP 12 Functions missing in RP 12

Fee phenotype + - red, gam

Spi phenotype + - red, gam

R^ £0 10 Target for R. ECO 31

cIII - complementation + -

£l - complementation + cl

Legend to Table 1

Tests for the presence of the structural genes responsible for 

the Fee and Spi phenotypes were carried out by spotting appropriate 

dilutions of phage RPO and RP 12 onto lawns of rec A" and (P2) 

lysogenic bacteria, respectively.

The presence of genes £lll and cl was assessed by complementation 

tests against A.m^^cland \ cIII am 611. Phage suspensions were 

cross -streaked on a lawn of W33£0 on BBL plates and incubated overnight 

at 37 C. The area of cross-streak was examined for the turbid response 

characteristic of successful complementation. The loss of a recognition 

site for R. Eco RI was monitored by the decrease in the restriction 

coefficient (R. RI) on titration of the phages or appropriately 

restricting and non-restricting hosts (Murray and Brammar, 1973).
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Legend to Fig.

Pyrophosphate treatment of phage RP_O(A),RP12(*) and \ (O). 

The phage were diluted 1OO fold into lOmM P ONa^pH?. 0,at 

45°C.The reaction was stopped at various times by diluting 

the sample into phage buffer at room temperature.Survival is 

calculated as (final phage titer)/(phage titer before treatment),
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c) Comparative physical analysis of the genome of phages RPO and 
RP 12 (Contd) ~~"

This result was confirmed by measuring the buoyant densities of 

both phages in hi.5$ wAf CsCl. The results are presented in Fig. 7«

From the values of the buoyant densities the lengths of the 

genomes were determined by applying the equation of Bellet et al., 

(1971),

f = 8.6h A0 (1-2.14 Ae)
where f is the length of the deletion in \ units If * (L ^ - L)/ 

L^J and A® is the difference in hioyant density of the phage

from X* |2^e = ** - 65 ^ kJ-S* C?< C1 at 2^°C -

We obtained values of 93.6$ and 83. h for RPO and RP 12,

respectively.

d) Qel electrophoresis of restriction fragments

In Plate I and in the d&agram annexed Fig.8, are represented 

the products of treating with restriction enzymes R. Eco HI and 

R. Hind III, the DHA.3 of the following phages s X + .K, \ b 538 

iuim h3k, ^p and RP 12.

The R. Eco RI digestion of HPO DNA. produces three fragments 

of sizes 66.6^, 17$ and 10.h% of the \ genome. Digestion of RP 12 

DNA with the same enzyme reveals the absence of the 10. \\% fragment 

as the only discernable difference between the two phage DMAs. This 

fragment must represent the DNA between srl 3> located at 6%.6% 

from the left end of the A genome (Hirray and £farray, 197U$ Thomas 

and Davis, 1975) and srl ± h3h, which locates the latter site at 

76$ from the left end of the physical map of
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d) Gel electrophoresis of restriction fragments (Contd)

This result was confirmed by analysis of the digestion products 

obtained with endonuclease R. Hind III and from double digests with 

both R. ECO RI and R. Hind III. The positions of the targets for 

R. Hind III on the \ genome were taken from Murray and Murray 

(1975) and within the trp operon of 3. ooli from Hopkins (1975) .

3PO DMA. digested with a. Hind III gives four fragments 55-3, 

21.5, 9 and 8.2 % of \ respectively.

HP 12 DNA. gives instead three fragments? 55. 3> 19.3 and 9 %. 

Hie DNA. loss in HP 12 compared with 3PQ amounts to 10.U^ the same 

value obtained from the analysis of the j£I products.

The lack on the 3P 12 digest with a. Hind III of the two 

fragments 21.5$ and 8.2$ from SK), and their replacement by a unique 

fragment 19-3$, can only be interpreted by assuming that shd III 

i h3h lies to the left of srl i h3h, and that the former target has 

been lost in the construction of RP 12.

Double digests of RPO and HP 12 DM by R. Eco HI and R. Hind lU 

agree consistently with these conclusions and allow the location of 

shd III jL li3U to the left of and very close (probably less than 

0.5$ of \ ) to srl i h3h.

e ) Kinetics of represser synthesis

Transcription initiated at an upstream promoter was known, in 

two previously studied operon .fusions (Reznikoff et al., 1969; 

Franklin, 1971), to continue unabated past an operator under 

conditions that would normally activate repression. It was therefore 

expected that phage ftP 12 would express its trp E and D genes, in the
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e) Kinetics of represser synthesis (Contd)

presence of repressing concentrations of L-tryptophan, by transcription 

initiated at the upstream immunity promoters, pre and prm (Fig.l), 

promoters for establishment and maintenance of repression (Reichardt 

and Kaiser, 19713 Echols and Oreen, 1971).

We sought to study expression from these two promoters by 

following the synthesis of anthanilate synthetase, the product of 

the trp 32 and D genes, during infection of a sensitive or immune 

host strain carrying deletions of the trp E and D genes.

e-1) Expression from pre

Depressor synthesis initiated at the promoter for establishment 

of lysogeny was studied by following the synthesis of anthranilate 

synthetase after infection of the sensitive host ED 8lli9 with phage 

HP 12, in the presence of 200 i/g/ml of Ij-tryptophan. Replication 

of the phage was stopped by the absence of Thymine on the medium. 

Infection of the above host with phage HP 12 results (Fig.9) in a 

very low and constant rate of AS ase (anthranilate synthetase) 

formation. Part of this residual level of expression comes from the 

repressed trp promoter and the weak, constitutive promoter in xis. 

(Shiirada and Campbell, 197k) and can be subtracted from parallel 

infections with the parental phage RFO (insert to Fig.9)

Transcription of the ^ cl - rex region after infection of a 

sensitive host requires the active products of genes cTT and oTII 

(Reichardt and Kaiser, 19711 Echols and Green, 1971; Spiegelman 

et al., 1972J Astrachan and Miller, 1972).

In order to study the specific effects of these controlling



Legend to Fig. 9 

Rate of synthesis of Anthranilate synthetase from promoter pre

Sensitive bacteria ED8149 was used as host for infection under conditions of repression of autonomous

trp functions.

(O).-The sensitive bacteria ED8149 were infected with RP12 and no helper. Replication was prevented

by thvmine-starvat ion. 

(A). -The same host infected with RP12 and c_I9O as helper. The ratio of helper to test phage was 2:1.

Replication was prevented by thymine-starvation. 

(D).-Open squares represent the same experiment as above, but allowing replication of the phage by

supplying thymine at 4Cyg/ml.

Data corrected for the efficiency of adsorption of the phage.

Insert. - The expression of the trp genes from p of parental phage RPO— • ~~-

The strain ED8149(«) and the 434-immune derivative ED8'7 21(x) were infected with phage RPO in the

presence of 2OOug/ml L-tryptophan to repress transcription from the trp promoter. Replicat ion of/ —— 
phage DNA was prevented by thymine-depr ivat ion and by immunity respectively.

The specific activities of anthranilate synthetase are normalised to l.O phage genome per cell.
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e-l) Expression from pre (Contd)

elements on pre activity, we co-infected ED 81U9 bacteria with RF 12 

and various helper phages.

Co-infection by HP 12 and A 2* 90 gives a pattern of enzyme 

synthesis that is characteristic of gene expression from pre 

(Reichardt and Kaiser, 1971? Echols and Green, 1971). Enzyme 

synthesis proceeds at a very low rate during the first five minutes 

after infection (Fig. 9), then becomes very rapid for the next 7-10 

minutes, and later declines sharply. This pattern is basically

maintained when varying the ratios of helper /test phage; however the
2 he liDer optimal levels of synthesis were achieved for a ratio of — \T
-L "test

phage, indicating that the activator provided by the helper phage 

are in limiting amounts.

A similar pattern of synthesis is seen when the phage DMAs 

are allowed to replicate, though the yields of enzyme are increased 

substantially (Fig. 9). The functions provided by the helper phage 

leading to the trans stimulation of pre are the products of genes 

c_II and clll, as can be concluded by examining the effect of 

different helper phages in Table _2..

Comparing the stimulatory effect that \ c_I 90 provides, 

(provision of c_II and clll), in column 2 with the one obtained on 

mixed infection with the double mutant A £ll 68 clll 67 (column £), 

we can conclude that only the products of genes c_II and clll have an 

effect in activating expression from promoter pre. This excludes 

any direct involvement of any other protein of A in expression from 

pre (i.e. N protein). The separate effect of cll and £lll proteins 

can be assessed by using helper phages lacking either of them.



Table 2

Effect of oil and cIII on expression from pre

Anthranilate synthetase (rel. spec, act)

Helper 

l11 6n imm 21 11 68None 
Fhage

HPL2 10 100 Ij6.5 2U 10

Legend to Table 2

Hesulta are expressed as the percent of the level of ASase 

accTiimilated in ED 81^9 cells l£ minutes after being infected with 

RP12 and £l 90 as helper.

The imltiplicitles of infection were 2 for RF12 and h for 

the helper. Replication of the phage was prevented by 

-starvation of the thy** host.
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e-l) Expression from pre (Contd)

For instance, column h shows that the provision of the cIH- 

product alone, by \ inrni 21, allows only 2\$ of the maximum activity.

The provision of the (sll-product from a \ £lll" helper allows 

U6$ of maximum helper activity (column 3), confirming the more 

stringent requirement of the ell protein to achieve normal levels 

of represser after infection of sensitive bacteria (fleichardt and 

Kaiser, 1971).

e-2) cr£-gen© product turns off expression from pre

We saw in Fig.9> that expression from pre does not continue 

indefinitely at a high rate, but levels off at about l£ minutes after 

infection. Phage with a mutant cro gene fail to stop represser 

synthesis at the normal time (Reichardt and Kaiser, 1971) • The cro- 

product is known to decrease cIII and <jll gene expression by acting 

at or near the promoters jv and_j>R (Pero, 19715 Hampacherova et al., 

1973$ Echols et al., 1973) that govern their expression.

It was therefore reasonable to hypothesize that the ell and 

(CHI proteins would be unstable, as otherwise the action of cro- 

product would only stabilize, not reduce the rate of represser 

synthesis. 1!his hypothesis has been proved to be correct by 

Heichardt (l97£a) for the cro product of \ 1mm U3U and in this 

thesis for the analogous one from \ .

The experiment shown in Fig. 10, test this hypothesis. The 

host ED 8lli9 was co-infected with phage RP 12 and with \ cl ts or 

A cl ts cro 1 as a helper, at multiplicities of 2 and h respectively, 

Replication was stopped by Thymine starvation of the host, and the 

cells were Incubated at 1*2 C so that the represser protein of the
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Comparison between a cro versus a cro helper phage in promoting 

expression from pre

Conditions for infection are the same as in Fig,9.

The ratio helper to test phage was 2:1.

(A) Sensitive bacteria ED8149 infected with RP12 and

Xc_Its as helper. 

(•) The same with helper Xclts cro.

(The values represent average of two experiments)



66.

e-3) Promoter pre Is insensitive to catabolite repression (Contd)

by their phages \ and P22, suggested that some host-controlled 

elements are important in bacteriophage development, affecting the 

choice between the lytic or lysogenic cycle.

We have Investigated directly whether the expression from pre 

was affected under conditions causing catabolite repression in the 

host. In this way we could dissociate from the complex lysogenic 

response, any effect of c-AMP on the rate of represser synthesis.

In Fig. 11, we see that the rate of synthesis of AS ase from 

ED 811*9 cells mixedly infected with HP 12 and helper \ cl 90 

(m.o.i 2 and k) does not differ in cells grown with glucose or with 

glycerol as carbon source. The samples taken were simultaneously 

assayed for anthranilate synthetase and B-galactosidase.

Cells grown in glycerol show the anticipated difference ia 

capacity to produce B-galactosidase, proving that conditions of 

catabolite repression were achieved (insert to Fig. 11) .

We conclude from this experiment that £-AMP is probably not 

a major physiological effector for regulation of the synthesis of 

cl protein from promoter pre in lambdoid phages. It seems reasonable 

that the effects on lysogeny atributed to the cyclic AMP concentration 

in the host are probably due to indirect effects of the deranged 

gene activation system in the mutant strain (Jordan et al., 1973) •

It should be remembered that the establishment of lysogeny 

requires both repression and integration. For instance, mutants in 

the cro gene showing increased expression of genes under the pr 

promoter, N through int (Court and Campbell, 1972), and lack of 

turn off of cJC expression initiated from pre (Reichardt and Kaiser,



Fig.11
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Effect of glucose on expression from pre

Bacteria ED8149 were starved in lOmM MgCl and 40 i/g/ml thymine for 6O

minutes at 37°C before being infected with phage RP12 and XcIQO at

multiplicities of 2 and 4 respectively.

The infected cells were dilated into high tryptophan minimal mediun

(Brammar et al.,1974) with glucose (O) or glyceroK*) as carbon source.

Samples were taken and assayed for anthranilate synthetase and^-galac-

tosidase (Insert).

Cells grown in glycerol show the anticipated difference in capacity to

produce ̂ -galactosidase,proving that conditions of catabolite repression

were achieved.

Key to insert:(o) cells grown in glucose.

(X) cells grown in glycerol.
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e-3) Promoter pre is insensitive to catabolite repression (Contd)

1971) were "a priori" supposed to lysogenize every infected cell. 

They are known now to do so only very rarely (Galland et al., 1975) • 

This example should be taken into account when measuring the effect 

of host imitations, impairing the levels of expression of early 

operons of \ (Buchanan and Markowitz, 1973$ Belfort and Wulff 

1971> 19735 ftolfe et al., 197W> on lysogenization frequencies, as 

this process seems to require a delicate balance in timing and levels 

of expression of the represser protein and other early functions 

coordinately expressed under N control.

f) Expression from prm

f-l) Kinetics of AS ase on infection of a lysogenic host

In a lysogenic cell, the only functions that the prophage 

expresses are the ones encoded inside the immunity region (Fig. l), 

namely the cl gene (and rex in the case of A ).

The represser acting at the two operators OT and cu flanking 

the immunity region, abolishes expression of any other phage 

function (Thomas, 1966; Ptashne, 1967 5 Chadwick et al., 1970). The 

same mechanism accounts for the immunity of the lysogen to superinfection 

by another phage with the same immunity.

Therefore, infection of a lyaogenic cell by another phage with 

the same immunity should provide a way of determining how represser 

synthesis is maintained in a lysogen.

We have seen in Results-section e-1 that infection of the 

sensitive host, trp* ED 8lh9, by phage RP 12 in the presence of 

200/ig/ml of L-tryptophan results in a very low rate of anthranilate 

synthetase synthesis.
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Kinetics of AS ase on infection of a lysogenic host (Contd)

The rate of enzyme production is markedly increased when HP 12 

infects an iramine host, ED 8721, under similar conditions; anthranilat 

synthetase starts immediately after infection and proceeds at a linear 

rate for at least 2£ minutes (Fig. 12).

Iliis pattern of expression contrasts with that shown on infection 

by the parental phage, RPO, when trp gene expression from the phage 

promoter, £,, is repressed in the Immune host (insert to Fig* 12). 

It is clear from these results that the fusion phage RP 12 can express 

its trp genes from a phage promoter that is activated in the immune 

host.

This promoter should be located inside the Immunity region, in 

the only operon that is expressed in a lysogen in the presence of 

active represser. This promoter has been named prm (Reiohardt and 

Kaiser, 1971).

Ve can see in these experiments that the presence of the iram ii3U 

represser stimulates the rate of expression from prm of the super- 

-infecting RP 12 about fifteen to twenty fold above the level 

obtained on infection of the sensitive host. We believe that the 

represser present in the lysogenic host is responsible for this 

increase in cl expression. The way in which represser enhances 

expression from prm could be a projection of a dual activity: a) 

Indirectly, by inhibiting cro-product from acting at prm (Elsen et al., 

1970) b) Directly by stimulating cl transcription (Reichardt, 197£b).

f-2) Complementation between \ c_I ts and phage deficient in 

repression establishment

The complementation pattern obtained on mixed-infection of a
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f-2) Complementation between A cl ts and phage deficient in 
repression establishment (Contd)

sensitive host with different pairs of clear mutants is presented in

3.

cT~ shows a pattern basically similar to that of A 2.1"* 

except for the fact that the former can be complemented to lysogeny 

by temperature-sensitive oE mutants at the non-permissive temperature 

(Column 2 of table 3) (Brachet and Thomas, 1969). Complementation 

was obtained as well when \ c% and other phages defective in 

represser establishment (crEE", £lll~, cTE*cIIl"") singly infected a 

host Bh, containing a pro-deleted defective prophage, carrying the 

£l 8£7 allele (Table li, column 2).

The prophage genetic map of the defective lysogen Bh is shown 

in Fig. 13* This strain was isolated by Dr J. Davison (Davison 

et al., 197h) as a survivor at Ut°C of a lysogen containing Ap tr£ 

BG-2 N" cl 85? as a prophage. Some of the bacteria surviving the 

heat treatment at Ii2°C carry extensive deletions from the prophage 

late region into the cro gene, as shown by marker res cue experiments 

and inability to show constitutive expression of cro (anti-iusnune 

state) when the culture is returned to 32° after being grown for 

several generations at l£ C.

The characteristic clear-plague morphology produced on infection 

of the standard host W 33^0 t$r \ oT contrasts with the turbid one 

obtained when the same phage infects the defective lysogen Bh at 

Ij2 °C (See plates in annexed paper in the Appendix)

In Table U we present evidence that the effect Is immunity 

specific, since there is no response with any ^Ji imm h3h clear.



Table 3 

Complementation pattern of A cY mutants

el cl ts ell cIII cl 112 cl S£7

cl

cT

cl cl tu tu cl

cl tu tu tu cl

Legend to Table 3

Phage suspensions were cross-streaked on a lawn of W 3-2>0 on 

BEL plates and incubated overnight at 37°C. The area of oross- 

-streak was scored as either turbid (tu) or clear (cl). Clear 

mutants used were those described in section b of Materials and 

Methods. Experiments involving cl ts mutants were performed at



Table h 

Plaque morphology of A clear mutants on cryptic lysogen Eh and its

cl derivatives

Genotype of 
infecting phage

V
\cl 90

\cl 1U

\ £l ts 857

\cll 68

^cIH 611

\ ell 68 cIII 67

^cYU2

J^cY 814i

^cY 2001

^IffiUA

A imm h3h £l

Tl imm li3U ell 61

^imm U3U cIII 67

A Inm k3li cY Ii2

Host 
W 3350 

or Eh cl

tu

cl

cl

cl

cl

cl

cl

cl

cl

cl

tu

cl

cl

cl

cl

Bh

tu

cl

cl

cl

tu

tu

tu

tu

tu

tu

tu

cl

cl

cl

cl

Legend to liable h

Phage suspensions were plated to give single plaques and 

scored as clears (cl) or turbid (tu), after overnight Incubation 

at 1|2°C. Recipient bacteria were grown overnight and subcultared 

at the same temperature.



Fig.13

int xis red cffl N \PL °L/ rex c cro

pre

Y cD O P Q S R

trp

tonB A B C D E
N= \PL°L) ^cW \PR °R/

deletion Bh

Legend to Fig.13

Genetic map of the right arm of bacteriophage X and of the defective 

lysogen Bh

Strain Bh derives from a Xtrp transducing phage in which the genes 

int-cIII of X are replaced by tonB and the trp operon of E.coli, 

XtrpBG-2.The transducing phage was made to lysogenize the tonB-trp 

deletion strain JD197 and a second deletion isolated which removes 

all the X genes except N,rex and £l(Davison et al.,1974).
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f-2) Complementation between \ £l ts and phage deficient in 
repression establishment (Contd)

This observation confirms at the same time the absence from the 

deleted-prophage strain Bh of both csll and £IH genes and therefore 

eliminates any interference in the described turbid-response observed 

with \ cti~ being mediated via pre. (The heteroimraune ^ imm h3U 

£ll", cIII" or cT" should induce prophage complementation for ell 

and cIII if they were present, and therefore become turbids),

To prove that the trans acting product from the prophage Eh 

is in fact the repression-inactive el 857 protein, we isolated 

mutants of Bh which have permanently lost immunity by acquiring an 

additional mutation in cl besides the ol 857 allele. The isolation 

of such mutants was possible since strain Bh. expresses the trp operon 

from the leftward promoter ^ which is subject to negative control 

by the ^ represser. Thus at 32°C, Eh is both immune (since it is 

pro defective) and a trp auxotroph. Selection of revertants of Bh 

able to grow at 32°C without exogenous tryptophan allows the isolation 

of mutants of Eh carrying a cl defect in addition to the cl 857 allele 

already present (Davlson et al., 197U). Twenty independent, spontaneously 

arising cl" defective mutants of Bh were isolated and tested for their 

ability to give turbid plaques when various clear-plaque mutants were 

plated on them (Tfcble li, column l). All twenty isolates behaved 

identically in that they were unable to give a turbid plaque with 

homo-Immune \ cl, \ oil and cIII mutants, showing that the inactive 

857 repress or was responsible for the complementation observed in

the parent strain Bh.

A similar result was obtained on mixed infection of the sensitive 

host W 3350 by \ c I and the double mutant ^ oT cl 857 at U2 C
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f-2) Complementation between \ cl ts and phage deficient in 
repression establishment (Contd)

(liable 3, column £) • This proves that on mixed infection, the 

positive complementation obtained between / c_Y and ^ c_I ts depends 

on a full level of synthesis of the inactive cl ts protein from pre 

and that if this synthesis is limited by a mutation In the pre 

promoter ( ^ cl ts cY) complementation is not obtained.

The above results can be explained in two ways.

a) Cells infected with a \ til~ or ^ 211 2111 produce a low but 

detectable level of active represser monomers (approximately 1-2$ 

of wild type levels. Heichardt and Kaiser, 1971). If the inactive 

cl 83>7 monomers, produced at normal rates, can form active hybrid 

dimers with wild type represser monomers, then the active dimer level 

on mixed infection ty \ cl ts and \ cjT, or on infection by \ cT 

or cll~clll"" of the defective cl 857 lysogen Bh, could be as high as 

four percent of the normal level, and might permit complementation to

occur.

This hypothesis would be strengthened if active represser, 

instead of being a dimer (Ptashne 1971), is a higher order oligomer.

However, this explanation is considered unlikely because this 

hypothetical twofold increase in the amount of active represser, 

would probably not be sufficient to account for the intense turbid 

response obtained. Furthermore, mutants in gene cIII exhibit a clear 

phenotype, despite the fact that they produce ii-7 fold more represser 

than cl mutants (Heichardt and Kaiser, 1971) •

In the light of the evidence supporting the hypothesis that wild- 

type represser stimulates cl transcription from pm (Reichardt 197#>5 

This Thesis, results section f-l), we will propose the following 

alternative hypothesis to explain the complementation observed between

£l tS V.8 CT.
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f-2) Complementation between A £l ts and phage deficient in 
repression establishment (Contd)

b) The repression-inactive cl 85>7 protein synthesized at 1|2 C 

remains active in the positive control of cl transcription from prm 

(Pastrana and Davison, 197U. See paper enclosed in the Appendix).

The temperature-sensitive represser activates transcription of 

the wild type cl gene, (present in both \ cl and / ell cIII) from 

the maintenance promoter, prm» resulting in synthesis of wild-type 

represser molecules.

This hypothesis attributes both the presence of £l 857 represser 

in strain Eh at U2°G and its ability to complement ^ £Y at U2 C, to 

the same mechanism. However as these results are strictly qualitative 

they do not demonstrate that the ability of the £l ts represser for 

self-activation of cl transcription is the same at 1±2 C as at 32 C.
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CHAPTER U

RESULTS 

IN VITRO INSERTION OF THE \ ATTACHMENT SITE INTO THE PLASMID RH.

a) Choice of the plasmid vector RF1 and of a suitable phage donor 
of the att \ fragment -

SUP 1 is the prototype of resistance factors belonging to the 

incompatibility group £ . £ group R factors were originally identified 

^ Psgudomonas aeruginosa (Datta et al., 1971)* and since then they 

have been found in other genera, such as Proteus t and Providencia .

Several properties of plasmid RP 1 made it a very attractive 

choice as a vector for the insertion of a DNA fragment via the 

Eco RI restriction endonuclease.

1st. The RP 1 DNA molecule (M W approx. 36 x 10 daltons) was known 

to contain only one target for this restriction enzyme (Jacob and 

Grinter, 1975).

2nd. Plasmids of the P group are notable for their extremely broad 

host-range, which includes Pseudomonas, the lihterobacteriaeeae, 

Proteus, Ifoizobium, Azotabacter, Agrobacter, Chromobacterium, 

Neisseria, and Vibrio (Sykes and Richmond, 1970) Datta and Hedges, 

197 25 Olsen and Shipley, 19735 Chandler and Krishnapillai, 197U).

"Oils property was specially advantageous for further studies 

of expression of genes from one determined source into another 

background following their insertion into the hybrid plasmid and 

subsequent transfer into another host.
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a) Choice of the plasmid vector HP 1 and of a suitable phage donor 

of the att ^ fragment (Contd)

3rd. The plasmid conferred to E. coli resistance to the antibiotics 

Ampicillin, Kanaroycin and Tetracycline , providing a convenient set 

of markers for its selection.

The fragment we chose to insert Into RP 1, was the \ BNA 

fragment between the ECO RI targets srl ^2 and srl \3> (Fig. 1U) . 

This fragment extends from positions 5U-3 to 65.6$ from the left end 

of the A DNA molecule (Hirray and &irray, 1.97k) and includes from 

left to right: Bart of the inessential b2 region, the attachment 

site (P.P 1 ), genes Int and xis and part of red o( (Thomas et al.,

This fragment has, besides its size that facilitates its 

isolation from other restriction fragments, the attraction of 

containing the att *Xsite (P«P f ) ^d therefore potentiates the study 

of new facets of the integration-excision reaction. (Gottessman and 

Weisberg, 1971) •

b) Extraction and analysis of plasmid RP 1 DMA

Bacteria ¥ 3350 containing RP 1 were grown In 2 1. of L-broth 

+ Kanamycin (25yl/ig/ml), and the plasiaid DKA was extracted as described 

in Materials and Methods. Yields of about 250y/£. DNA/21. culture 

were obtained. This DMA was assayed for its ability to confer 

resistance to Ampicillin (50 Jig/ml) Kanamycin (25 Jig/ml) and 

Tetracycline (10 ilg/ml) to sensitive E. coli strains, on trans- 

-formation.

Competent cells of E. coli C were transformed with intact and 

RI restricted RP 1 DNA. The average efficiency of transformation,
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b) Extraction and analysis of plasmid RP 1 DNA (Contd)

taken from several experiments was: 5,600 resistant colonies A*g. of 

DNA., well in agreement with results obtained by other authors using 

similar systems (i.e. see Jacob and Hobbs 197li) .

ECO. JRI-restricted RP 1 DNA. gave 20 resistant colonies /M& of 

DNA. This effective cut-back on restriction (~2£0 fold) was taken 

as a proof that our plasmid DNA. was a good substrate for restriction 

with endo R. Eco RI.

Gel electrophorosis analysis of both intact and Si-restricted 

DNA. confirmed the result, showing (Plate 2) '< how ftP 1 DM migrates 

faster after Eco RI endonuclease treatment*

c) Construction of a suitable phage donor of the att \ fragment

The following features:!, 2 and 3 were considered desirable for 

our starting strain.

1) From"a priori" considerations of the properties of a hybrid 

plasmid with the \ fragment between Eco HI sites srl \ 2 and srl \ 3 

inserted on it, it was decided to introduce an int" (int am 29) 

mutant gene into the donor phage. The reason for this was that 

synthesis of int protein from either the phage promoter tentatively 

located in xis (Shiraada and Campbell, 197k) °** ^ora s on» other 

upstream promoter on the plasmid RP 1 may catalyze the integration 

of the hybrid structure into the bacterial attachment site (Campbell 

19625 Zissler, 1967), when it was not desired.

2) The isolation of the fragment concerned would be made easier from 

a phage containing only the two flanking targets, making the two other 

fragments produced on digestion with endo R. Eco RI sufficiently 

different in size (Fig.



Plate No.2

Legend to Plate No. 2

Electrophoretic aralysis of the following DMAs:

Track(l) X DNA , endoR.EcoRI,

Track(2) Xb519 srlX2 s

Track(3) Plasmid RP1 DNA , endoR. EcoRT .

Track(4) Plasmid RP1 DNA , undigested.

Track(5) DNA from sucrose gradient , peak 1.

Track(6) DNA from sucrose gradient , peak 2.

£1857 ninR DNA, endoR.EcoRI.
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c) Construction of a suitable phage donor of the att \ fragment (Contd)

3) Making the phage temperature sensitive for repression, by 

introducing the cl 857 allele, would help in obtaining higher yields 

of phage from lysates. The starting phage strain was constructed 

from the two crosses illustrated below t

(b clam

Ut \' int 29 cl 357

The distribution of markers along lines representing phage genomes 

is not to scale. The broken line represents the recorabinant 

genotype obtained. Deletion ID 519 removes srl ^ 1 site (Murray and 

Hirray, 197W .
A

Recombinants of genotype h b. 519 cl 857 were identified as 

clear plagues when plating the progeny of the cross on C 600, a 

$30-resistant sup II strain, at 37 C. The frequency of recombination 

was 2%

rtecombinants were purified again on C 600 at 37 C and then 

screened for possession of the int am 29 marker by stabbing from 

the turbid plaques they produced on ¥ 3350, 32 C, into EMB-0 plates 

(Section i, Materials and Methods). Six out of 26 recombinants 

tested revealed themselves as integration-deficient, indicating that 

their genotype was: h * b 519 int am 29 cl 857.

In order to eliminate 31 targets srl *\ h and srl ^ 5, the above 

recombinant was crossed against the trp-immunity fusion strain ^P 12 

(see Fig.5), as depicted belows
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c) Construction of a suitable phage donor of the att ^ fragment (Con

\

attSO trp 13 iUU U

Recombinants were obtained on Gro K ( \ imm U3U) , that selects for 

phage with A immunity having acquired the N-independent deletion 

nln R^ (Georgopoulos and Herskowitz, 1971) . Recombinants were 

purified by plating again on Gro II and from several of them the RI 

restriction coefficient was measured. One isolate with a restriction 

coefficient of 30, indicative of the presence of two targets, was 

checked for its complete genotype being h * b. 519 srl A 2 int am 29 

srl \ 3* cl 857 srl \ U° nin 5 srl ^5° (abbreviated as h ̂  2* 

int" 3 ) and lysates nade from it.

d) Isolation of the DM fragment from / srl 2 to Jj srl 3

Liquid lysates of the above recombinant were prepared and its 

DNA. was extracted as described in section u of Methods. The DHA. 

was digested with endo R. Eco HI (Fig. lU and annexed Plate 3) 

and as expected three fragments were obtained, one of which, the 

fastest moving fragment, corresponds to the DNA. between srl \2 and 

3 as seen by comparison with the digestion products obtained with 

\* DNA digested with endo R. Eco RI (Track No U. Th« other two 

fragments correspond to the DNA. between the left-end of the A 

molecule and srl ^ 2 (Slowest moving fragment: U8$) and from srl \ 3 

to the right end of the molecule (Intermediate fragment! 29%). This 

pattern of digestion is entirely consistent with the one predicted



Legend to Plate No. 3 and Fig.14

Electrophoretic analysis of endo R.EcoRI digests of DMA 

of the following phage:

Tracks (1),(2) and(3):Increasing amounts (O.5,l and 2*g) of 

Vb519 srl\2 srlX3 £1857 ninR DNA,digested with endoR.EcoRI.

Track(4):l/ig of \+DNA,endoR.EcoRI.' ~~

In the upper part of Fig.14 are shown the genetic maps of phage A(a)

and Xb519 2 int" 3 (b),with the targets for endoR.EcoRI indicated 

by arrows., The lower part of the figure shows an idealized repren- 

tation of Plate.3,where tracks No.1,2 and 3 in the plate correspond 

to diagramm(b) and track No.4 to diagramm(a) 0
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d) Isolation of the DM fragment from ^ srl 2 to \ srl 3 (Contd)

from the known position of the RI targets in the \ genome (liirray 

and llirray, 197U) and the extent of the deletions b £L9 ( - 6.2fl 

and nin IL ( - 5.U/0.

Preparative sucrose gradients was the method chosen for the 

separation of the fragment srl 'X 2-3 from the other two. Fig. l£,

represents a typical OD profile of a sucrose gradient fractionation
1 + + 

of the Eco Rl-digested DM of the phage h 2 int " .

The DMA. from the fractions corresponding to the peaks of absorption 

(Peaks 1 and 2 in Fig. 15) was analysed on gels and the result is 

shown in Plate. 2,

It can be seen that the DNA. corresponding to peak 1 from the 

sucrose gradient (Track 5) co-migrates with the 11.3* fragment of ^ 

(Track l) and that the DM corresponding to peak 2 (Track 6) does 

the same with the 29% fragment that extends from srl ^3 till the 

right end of the molecule of phage h * 2* int" 3* (Track 2).

The conditions chosen for the separation of the fragments by 

sedimentation in neutral sucrose gradients (described in Methods, 

sectioned ) were such that the biggest fragment (U8$) and the 

complete, undigested molecules were going to be pelletted, in favour 

of a better resolution between the smallest and intermediate 

fragments . We obtained up to 7 Mg of purified srl / 2-3 fragment

from 100 Ug of Hi-restricted h * 2* int" 3* DNA, representing a 

yield of over 60$.



Fig.15
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Legend to Fig.15

5-2O%sucrose gradient showing the sedimentation of DNA fragments 

from phage X 5519 srlX2 srlXJ £1857 n i nR after digestion with 

endonuclease Eco.RI.

—) shows two prominent peaks (1 and 

corresponding to fragments srlA.2-3 and from srlX3 till the right 

end of the molecule.

Gradients were centrifuged for 15 hours at 35Krpm at 2O°C,in a 

6x14 swing rotor of an MSE65 ultracentrifuge. 

Sedimentation is from left to right.

The absorbance A profileC
<L D T1
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Construction and isolation of hybrids RP 1 - att>(See illustrative 
diagram in Fig. 16) ———————————

Four mierograms of RP 1 DMA were digested with ECO RI endorruclease 

and the success of the reaction was verified by following the decrease 

in its ability to confer antibiotic resistance (AmpR, KanR and TetR ) 

to competent E. coli C by transformation. The restriction reaction 

was stopped by heating at 70°C for 10 rain. (Section w, of Methods). 

Four micrograms (10 fold molecular excess) of fragment srl \ 2 to 

srl \ 3, previously heated at 37°C for 10 minutes to separate pre- 

annealed fragments, were added and the mixture was adapted to 

conditions for ligation.

V/hen samples from the Th-ligase mixture were taken after two 

days and intervals thereafter and assayed on transformation of 

calcium-treated, competent E. coli C, up to 700 transformants/ug of 

DNA. were obtained. This represents a recovery of about 35 fold over 

the transformation ability of jH-restricted 3£ 1, indicating that 

conditions for effective covalent closing of restricted circles 

were achieved.

The procedure followed to detect the plasmid RP 1 with the att 

(P.P f ) fragment inserted into it, was based upon the observation that 

phage \ b2, which has an altered att site (Davis and Parkins on, 1971), 

does not recombine efficiently with the bacterial site B.B ! j but it 

does undergo efficient int-promoted recombination with certain other 

attachment sites such as P.P 1 and P.B 1 (Fischer-Fantuzzi, 19673 

Weil and Signer, 1968; Echols et al., 1968). Therefore, a cell 

transformed with the hybrid insert: RP l-srl ^ 2 p « pt srl ^3 

would provide a site (P.P 1 ) for efficient integration of \te.*

* b2 does not entirely delete P.P 1 ; it retains a segment of att
corresponding to .P f . This Is usually represented by A .P f , where 
^stands for the nucleotide sequence moved close to the dot by 
the deletion
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e) Construction and isolation of hybrids HP 1 - att \ (Contd)

Competent E. coli C cells were transformed with samples from the 

ligase mixture and the transformants were either plated directly 

or after infection with \b2 red 3 (m.o.i - 3),** on L-plates 

containing the three antibiotics Amp., Kan. and Tet.

The b2 - infected resistant clones obtained (88 clones, 

representing a frequency of 21*0 clones^rg HP 1 DMA.), were subsequently 

stabbed into EMB-Q plates, to screen for stable lysogens. One clone, 

designated as C-2, was found in this way. The genotype of this 

lysogen could be written as» E. coli C/RP l( ^b2 red 3).

Ihe remaining uninfeeted resistant clones (101 clones, 

representing a frequency of 700 clone s/Hg of DNA, were grown 

individually in L-broth and screened, basically in the same way, 

for their ability to give an increased frequency of stable lysogens 

on infection by b2 red 3. A culture of E. coli containing wild 

type Rg 1 acted as a control. Three clones designated* C-31, C-39 

and C-l-0 were obtained. The genotype of these non-lysogenic strains 

could be written asi

£• ooli C/S[ 1-srI. \2-3 or E. coli C/gP 1-att ^for short. 

The four plasmid inserts obtained (C-2, C-31, C-39 and C-^0) 

represent a frequency of 3% inserts among the total number of 

plasmid molecules ligased. From this result, it was considered 

very likely that the insertion did not affect either the plasmid 

antibiotic resistance markers or its ability to replicate 

vegetatively.

** Th« presence of the red 3 allele in our phage stock, was 
entirely fortuitous and is irrelevant in our selection.
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f-1) lysogenization frequency by \W. red 3 infecting C-31, C-39 
and C-gQ (Contd^ ~" —— " ——————————————————

The finding that A b2 red 3 lysogenizes between $00-1000 fold more 

frequently the cultures C-31, C-39 and C-£0, believed to carry the 

P.P 1 site inserted into their plasmid, should reflect the more 

efficient integration of the partially deleted attachment site of 

A b2 at the P.P* site, rather than at the chromosomal site B.B1 . 

This result qualitatively agrees viith previous observations by other 

authors (Weil and Signer, 19685 Bchols et al., 1968) and made the 

basis of our screening method.

As expected, >_ wild type, with a P»P f attachment site, integrates 

equally well at the chromosomal B.B 1 site carried by the control 

strain E. coli C/rtP 1 as in each one of the other three cultures 8 

C-31, C-39 or C-£0 (Column 2, Table. 5).

f-2) Transfer experiments

Lysogenic derivatives of A ]£ red 3 integrated into each one

of the four plasmid inserts i C-2 C-31, C-39 and C-£0 should confer
H 

simultaneously upon transfer into recipient cells of E, coli C $m

( ^ £l 857) \ $ the antibiotic resistances contained in their 

plasmid plus the ability to survive at non-permissive temperatures

(U2°C), as a result of acquiring the wild type cl gene from A £2 red 3. 

The recipient strain dies upon induction at h2 C as a consequence 

of represser inactivation and subsequent expression of lethal and 

lytic functions from its ( \ cl 85?) prophage. Making the strain 

resistant to h* phage, eliminatos the possibility of being infected 

during the mating by spontaneously liberated A £2 £2! 3 phage from 

the donor.
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Transfer experiments (Contd)

Table 6, represents the results of this transfer experiment. 

The matings were done statically at 32°C for 1 hour, and the ratio 

of donor to recipient cells was approximately 1. The donor was 

counter-selected with Streptomycin (lOOMg/ml).

Survivors at l£ C were scored either by transferring the

transconjugants to a l£ C incubator after being allowed to grow 

at 32 C for 2-3 hours or by replica-plating the transconjugants 

obtained overnight at 32 °C into selective plates and incubation 

overnight at U2°C.

A strain carrying wild type RP 1 and having ( A b2 red 3) 

prophage inserted in the chromosome acted as a donor control in this 

experiment. This strain gives rise to U2 C survivors with a frequency 

at least ICT times smaller than each one of the four plasmid inserts 

(ikble. 6). Some of these rare survivors could probably arise from 

recipient cells spontaneously cured of their prophages (We have not 

investigated further these survivors for their lack of immunity, 

to prove this hypothesis).

In another experiment we measured zygotic induction upon 

transfer from one of the four plasmid inserts, strain C-2, into 

either E. coli C Sia or its lysogenic derivative E. coli C 3m

A sensitive E. coli C carrying wild type 3P 1 and a lysogenic 

derivative of it with 'Xk2 red 3 integrated in the chromosome, acted 

as controls. The actings were done statically at 37°C for 30 ! and 

Streptomycin was used for counterselection.

Th« results are given in Table 7,



8U.

Transfer experiments (Contd) 

The value obtained for the effect due to zygotic induction, 33, 

agrees well with the ones given by other authors (see Miller, 1972, 

PP 297), and is taken to represent the effect of killing the 

sensitive recipient cell, fonowing transfer of the plasmid with 

y b2 red 3 integrated in it.

Another point to emphasize from the above experiment is that

the efficiency of transfer from strain C-2 into the lysogenic
^•i 

recipient, 8 x 10 , agrees very well with the value obtained with
P 

the two control strains; sensitive (1.3 x 10" ) and chr omos oroal-

-lysogen (£ x 10"3).

During the 30 f mating experiment, the strain C-2 transferred 

its plasmid with \ b2 red 3 inserted in it, as efficiently as 

each one of the two controls did with their wild type RP 1.

This result and the one presented in Table 6, suggest very 

strongly that each one of the isolates : C-2, C-31, C-39 and C-50, 

transfers both the antibiotic-resistance markers and the prophage 

O^Jb2 red 3 as part of the same transfer system. This system is 

likely to be the entity resulting from the integration of \ b2 

red 3 at the P.P 1 site inserted "in vitro" into plasmid RP 1.

2) ELectrophoretic analysis of the plasmid DKA. from isolate C-31
O ' ^,_^,;.J^^>,BJCa»___B^•———••i^_•____•»

Final proof for the hypothesis, derived from the preceding 

experiments, that each of the isolates: C-2, C-31, C-39 and C-<0 

carried the \ DMA. fragment from srl 'X 2 to 3 inserted into RP 1, 

was sought by electroptooretic analysis of the plasmid DNA 

extracted from one of them; strain
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g) Sleotrophoretic analysis of the plasmid DM from isolate C-31
(Contd)

Digestion with endo R Ebo HI of the plasmid DM. obtained from 

this strain should give rise to a fragment of size equal to 11.3$ 

of ^ , representing the fragment from srl ^2 (5k -3$) to srl \3 

. 6%) inserted "in vitro". Comparison of tracks 2 and 3 in

Plate I; and Fig. 1? proves this assertion. The fastest moving

band obtained after Rl-digestion of phage h b £L9 2* jjnt" 3* 

seen to co-migrate with the smaller fragment produced from the 

plasraid DML.

The identity of this fragment was further confirmed Tby double 

digestion with endonucleases Epo HI and E. Hind III of C-31 

plasmid DM. The HI fragment, g rl \ 2 - 3, was known to contain 

a Hind III target, s hind HI \ 3 at %&% from the left end of 

molecule (flbrray and liirray, 19750.

Therefore on digestion of C-31 plasmid DM with HI and Hjjid IH, 

the 11.3^ fragment should give rise to two fragments 5 one 9.2$ 

of \ in size and the other 2.1%.

In track No. £ we can distinguish a band with a mobility 

corresponding to the 9.2$ fragment. Ihe other fragment, 2.1$, 

unfortunately, Is difficult to see, probably due to incompleteness 

of the digestion.

From this eleetrophoretic analysis carried out on one of the 

isolates, C-31> taken at random we conclude that in fact each one 

of the four strains t C-2, C-31, C-39 and C-50 carries a hybrid 

plaamid structure made from inserting the A fragment that extends 

between positions 5U.3 to 65.6$, from the left end of the \ 

molecule, Into the RI site characteristic of plasmid HP 1



\1 .0 
00 u>

1= Ul
<k

*. 
*>.
Ul

2 3 4 
I

b5!9 2 3

TO

\

tO 

CO

\

i /
CO X

(J\

QL

I 
in

\

\
CO



Plate No.4

12345

Legend to Plate 4 and Figure 17

Electrophoretic analysis of the following DMAs digested with 

restriction endonucleases.From left to right,the tracks correspond to: 

Track(l) "X DNA,endo R.EcoRI.

(2) Vb519 srlX2 srlX3 ninR DNA,endo R.EcoRI.

(3) Plasmid-attX insert DNA from strain C-31,endo R.EcoRI.

(4) Plasmid-attX insert DNA from strain C-31,endo R.Hindlll.

(5) Plasmid-attX insert DNA,digested with both RJ and Hindlll..

In Fig.17 the targets for RI and Hindlll are indicated by arrows 

above and below the genetic maps.The lower part of Fig.17 represents 

schematically Plate 4.
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g) SLectrophoretic analysis of the plasmid DHA from isolate C-31
(Contd)

(Jacob and Grinter, 197£)• This fragment contains, among other 

functions, the phage attachment site, P.P 1 , providing an efficient 

site for integration of the attachment-def icient phage ̂ b2 

(ZA.P1 ). The study of the phage functions that catalyse this 

particular integration event will be described in the following 

section.

h) Requirements for the integration of phage \ b2 red 3 at the 

P.P* site"

The nature of the recombination event used ty phage \ b2 red 3 

to integrate into the P.P f site contained in our plasmid insertion 

strains, has been analysed through measurements of lytic recombination 

between phage DNA molecules carrying the structural determinants 

characteristic of this type of recombination.

In order to define the requirements of this reaction,, we 

compared the frequencies of site-specific recombination in pairs 

of identical crosses done in the presence or absence of either int 

or xis products.
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h) Requirements for the integration of phage \ b2 red 3 at the

F.P' site CContd)
c

A ifeematic representation of the crosses is presented belowl

xis - effect

? ' - T+ X -red cl h /, ,.,, I xis cl
\\

_—— ————1.1
sus'J , xis" cI857 h* susj xis

int - effect

\

Crosses were carried out by growing lytically the two parent phage 

on strain ¥ 3101 sup rec A". Since both pairs of crosses were 

heterozygoios for the b2 marker, most of the recombinants h £l 857 

obtained should result from site specific recombination at the 

attachment site (¥eil and Signer, 1968) and therefore no attempt 

was made to eliminate the contribution of the phage red system. 

The complete genotype of the phage and the frequencies of recombination 

obtained in each pair of crosses are given in Table 8.



Table 8

Effect of int and xis imitations on recombination 

between phase with^.P 1 and P.P 1 attachment sites

Cross

3 x

h b2 int 29 2 80 att

29 cl 857 

29 cl 857

% Recombination 
t* cl 357200 Total

0.07^

sus J xia 1 cl

h b2 xis 1 X h sus J xis 1 cl 857 1.1*

legend to Table 8

Recorabinants h igl 057 iJti the first pair of crosses were 

scored on a strain ton A 3up°» and h^ sus cjt 857 recombinants 

from the second pair on W 3101 sup0 . Total progeny were scored 

by plating on W 3101 sup° or U|85 at 37°C. Details of cross 

procedures are given in Materials and Methods, section £.



acquirements for the integration of phage \ ̂  red 3 at the 
site CContd) ———————————————————————————

The results in Table 8 , prove quite conclusively that active 

iJit and xis. genes are essential for the efficient integration of 

"X b2 red 3 at the P.P» site.

33ae quantitative discrepancy between the values obtained for 

the effect due to int (approx. 300 fold) compared with xi3 (about 

15 fold), could either reflect a more stringent requirement for 

int-protein or it may be due to the fact that whereas the int- 

imitation used was an amber the xis" was a ndssense imitation. A 

more realistic eatiraate of the contribution of these two products 

to the integration of %b2 at P.P 1 could be obtained by ineasuring 

frequencies of stable lysogenisation after infection with each one 

of the mutants. Frequencies of integration derived from site 

specific recombination data, although qualitatively significant, 

are known to differ sometimes from measurements of stable lysogen- 

ization. However, a repeat of this experiment done by measuring 

lysogenization frequencies on infection of one of the plasmid 

insertion strains confirmed idle result obtained from site specific 

recombination crosses (Table. 9).

We could represent the recombination ̂ b2 2 HP 1 - att \ , 

according to the nomenclature suggested for the different sites 

by Gerrini (1969) as follows*

.p, + p.p, integration, ̂ <pt + p>pl
excision

Examining this reaction, we realize that no change is produced in 

the structure of the participating sites as a result of integration 

or excision. Therefore, both reactions should have the same



Table

lysogenization frequencies of b2 derivatives

Percentage lysogens/aurvlvora after infection
Sffect due 

to
W3101 gqpVrffl attX valiS^ supII/^H att> tot

HM» ^^•^^•v

^2 red 3 70^ 32^
>70
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h) Itequirements for the integration of phage ^ b2 red 3 at the 

P.P' site (Contd) "~

requirements for int and xis products* In fact, the same requirement 

for int and xis has been found, for the integration of b2 at the 

other site P.B» for which it was biown to have a high affinity 

(Shimada et al. f 197$).

Had int been the only requirement for the above integration 

reaction, we would have expected the phage to be very unstable in 

its assotiation with the plasmid site P.P1 . Ehren if transient

integration were achieved, the basal level of int, expression from
1970 

a repressed prophage genome (Kaiser and IfeaudaJj ohimada and Campbell

197U a,b) should cause higher spontaneous liberation of phage from 

such a site, than from a \ wild type chromosomal lysogen that 

requires both int and xis for prophage excision (Echols, 1970) • 

In fact the liberation rates found were even smaller (>v 1.7 x 10

4^ ) than for a wild type lysogen (A/ 2 x 106 &£& ), becoming 
ml
only comparable after UV induction (1.6 x 10 v.s 2 x 10 '*™ )-

IMs observation agrees with the earlier conclusion that excision 

of \ b2 red 3 prophage from the plasmid site (P.P 1 

requires both int and xis proteins .
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CHAPTER 5 

DISCUSSION

I will consider in turn the two processes governing the 

lysogenic response: repression and integration; concentrating the 

discussion mainly in those aspects of these processes which have 

been studied in this thesis in more detail. Finally I will discuss 

some further applications of the plasmid-att \ insertion strains.

i) Control of represser synthesis

The level of expression of the cl gene from the immunity 

promoters, pre and prm, was assayed by monitoring the synthesis 

of anthranilate synthetase during infection of sensitive or immune 

host strains, as described in chapter 3.

Infection of a sensitive host with phage HKL2, under conditions 

of trp-mediated repression, leads to a very low rate of expression 

of cl gene. After substracting the background levels of anthranilate 

synthetase formation from the repressed trp promoter and the weak, 

constitutive promoter in xis (Shimada and Campbell, 197h) estimated 

from parallel infections with the parental phage HFO, the rate of 

constitutive expression of cl appears to be between two and five 

percent of the fully stimulated rate from pre. It is not possible 

to determine what proportions of this synthesis are initiated at

pre and prm.

Co-infection of this host ty ££12 and the helper phage \ c!90 

greatly stimulates represser synthesis from pre. The products 

responsible for this stimulation provided by the helper, are the



91.

Control of represser synthesis (Contd) 

proteins coded by the genes £ll and £111. The requirement for the 

£ll product (U-5 fold stimulation) is more stringent than that for 

cIII product (2 fold), as previously found by other authors (Schols 

and Green, 1971$ Heichardt and Kaiser, 1971, Seichardt 1975a).

The N protein is not directly required for cl transcription 

from pre s instead it acts indirectly by allowing expression of the 

cJEI and cIII genes .

The rate of synthesis of represser from pre levels-off at 

about fifteen minutes after infection due to the action of the 

cro gene-product of the helper, since a \cro" helper does not 

produce this turn-off. The helper phage's oro-product reduces 

expression from pre of the trp phage, RP12, by reducing the 

intracellular levels of the ell and jcIII proteins provided by the 

helper. These proteins are unstable (Reichardt 1975a), so reduced 

synthesis eventually lowers their activities and when their rates 

of inactivetion exceed their rates of synthesis, then represser 

synthesis will be reduced.

Several host functions have been described as having an effect 

on the frequency of lysogenization. I have investigated the direct 

effect of c-AMP, reported to promote lysogeny (Qrodzicker et al., 

1972), in the rate of expression of represser synthesis from 

promoter pre. Conditions that produced marked catabolite 

repression of Q -galactosidase synthesis had no detectable effect 

on anthranilate synthetase formation from HP12. Since transcription 

from the establishment promoter, pre. does not seem to be sensitive 

to cyclic AMP concentrations, the way in which c-AMP promotes 

lysogeny might be via some indirect effect of the deranged catabolite
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gene activation system in the mutant strain. Other workers 

(Jordan et al., 1973) have reached the same conclusion by direct 

assay of lambda represser. In summary, the pattern and rate of 

synthesis of cl from promoter pre in the hybrid lambdoid phage

A immJ43U is basically similar to the one previously obtained for 

.A. by other authors. This result was logically anticipated since 

A and the hybrid A imrah3h have in common the two genes responsible 

for activation, ell and jcIII, as well as the site where they carry 

out their activation, cT (pre).

Another lambdoid phage, 1 inm21, provides an active cIII- 

product capable of promoting represser synthesis in phage 

or \ , in spite of having a different cY site and making a 

different ell protein (Kaiser and Jacob, 1957). As the requirement 

for £111 protein to activate pre is a minor one (2-fold stimulation), 

it might be argued that oIII promotes lysogeny by increasing the 

efficiency or stability of the ell protein, perhaps in a rather 

un^jpecific way. In contrast with cIII, cTT may well be directly 

required to activate cl transcription from pre by interacting at 

or near the £l region of the phage DNA, preventing termination of 

short RNA. molecules in a manner analogous to the N-protein (Roberts,

1975).

Infection of a hBk-immune host by RP12 results in a
•MMMBMB

considerably higher rate (15-20 fold) of anthranilate synthetase 

formation than similar infection of a sensitive host. Since 

represser, the only product from the lima It3k prophage, blocks 

expression of all genes of the superinfecting homo-immune phage, 

except cl itself, the represser must be responsible for this
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Increase in cjl expression. Since the cro gene-product can inhibit 

expression of the cl gene from prm (3isen et al,, 1970; Reichardt 

1975b), part of the stimulatory activity attributed to the represser 

may reflect an inderct effect by preventing the cro protein from 

acting at prm. However, the cro product is known to be an 

inefficient represser of the transcriptions that it controls 

(Davison et al., 197h) and in fact its effect at prm has been 

estimated as a decrease of about 6 fold, which will not be 

sufficient to explain the total stimulatory effect due to the 

cl-product that I have found on infection of a lysogen. fecently, 

Heichardt (l975>b) has shown that the lambda represser has a 

stimulatory effect (5 fold) on prm expression either in the 

presence or in the absence of the cro gene product* The comparison 

between the constitutive rate of expression of phage HKL2 in the 

sensitive host versus the cl-activated in the imcimne lysogen is 

rather elaborate, due to the lack of a direct estimate for the 

effect of ore acting at prm on infection of the sensitive host, 

Why did I not start with the parent phage HBQ rartated in the cro 

gene, so as to eliminate this interference? The reason stems 

from the lack of solid knowledge about the causes of the inability 

of cro" phage to grow in the absence of represser.

Two explanations have been proposed to account for the growth 

defect of cro~ mutants in the absence of represser (Herskowitz,

1971)-
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1) Growth interference. Crp" mutants overproduce some function(3) 

which inhibit phage and/or host growthj at least one lambda gene, 

kil. has been inplicated in this effect.

2) Transcriptional interference. In the absence of cro product, 

transcription of the £l gene from pre never stops causing inter- 

-ference uith transcription of genes 0, P and Q,

Bearing that in mind, I have attempted, earlier on in this 

thesis, to isolate in vivo a deletion fusing the trp genes of the 

transducing phage \ *££^$XteC££cTl~ into the immunity region. 

The method involved pyrophosphate-treatment of the phage lysate 

and growth of the surviving particles in a host that expressed 

the N-gene constitutively (Davison et al., 1971],)• None of the 

numerous and extensive It-deletions obtained entered the immunity 

region, in spite of the fact that the phage \ptrpBS-2 lacks the 

region of X where cIII maps and where Kil has been tentatively 

located5 in addition, this phage carried a mutant £ll gene. 

Therefore, neither growth interference nor transcriptional 

interference could be invoked in this case to explain the failure 

to obtain a deletion extending from the N-gene into £lts.

Consequently, and in the li^it of this negative evidence« no 

attempt was made to make the starting phage J2B3 mutant in the cro 

gene, as it was suspected that a deletion such as the one that 

originated the Ijroflunity-trp fusion phage .#12 would be a lethal 

event in the presence of a defective cro gene, as the phage became 

deleted for the immh3h-cl gene.
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It is attractive to imagine that represser binding at o,, 

activates transcription from the cl promoter, Pjra. Dottin et al., 

(197£) have shown that the addition of purified lambda represser 

to a DN/Udependent protein-synthesizing system stimulates the 

synthesis of the <sl gene-product about four fold. Their data, 

however, together with those of Reichardt (l97£b) are equally 

consistent with the stimulation by represser of a post-transcriptional 

step in repressor-polypeptide synthesis. The fact that I find a 

similar stimulatory effect of the immli3k repress or enhancing the 

synthesis of the unrelated enzyme anthranilate synthetase from the 

iiaramity/trp fusion operon of RP12 makes a specific post- 

transcriptional step much less likely.

Comparison of the rates of represser synthesis from promoters 

pre and prm in the case of X phage, revealed that pre was about 

7-8 times more efficient than prm (Reichardt and Kaiser, 1971) • 

The iinrainity-trp fusion phage, RHL2, expresses represser from prm 

at a rate not less than half the one from pre. Since, as dincussed 

before, pre is identical in A and the hybrid A iramU3h3 the' IPMMMIlMUK •iMMD m^ffmtftt

difference must reflect a more efficient prm promoter being carried 

by the A isask3h hybrid parent strain
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From the functional and structural requirements, the Integration 

and excision reaction of lambda DNA. into and out of the host MA, 

can be written as follows 8

P.P* + B.B« 3jlt » P.B« + B.P« 
int & xis

Several proposals have been put forward to explain this asymmetric

feature of the integration-excision reaction, namely, why the xis

protein is essential for excision but dispensable for integration?

One of them, is an energy-level hypothesis (Dove, 1970) which in

short, can be stated as follows:

a) The integrated state (the prophage) lies at a lower energy

than the excised state,

k) Th® Int product acts as a simple catalyst for the reaction

pathway.

c) The xis product acts to provide energy to make the excision 

process possible.

The energy by which the prophage is more stable is postulated 

to arise from nucleotide stacking interactions within the sequences 

which bound the prophage.

A prediction derived from this model is that exchanges between 

two attachment sites not causing any change in the structure of 

the participating sites (conservative changes), cannot involve an 

energy change and therefore should be xis Independent (i.e. P.P1 + 

B.Pf $ P.P» + P.B'j B.P1 + B.P«)

The integration of phage ^ b2 red3 into the P.P1 site inserted 

in the plasmid RP1, represented as :

P« + P.P» >

does not lead to the creation of new structures (conservative) and
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therefore it should be only dependent on int product. However, I 

found that the effect of int, measured in site-specific recombination 

crosses, was about 300 fold and that of xis about l£ fold. In all 

other site specific crosses where both products are required, such 

asi B.P» + P.B'j B.P» + P. A* 5 A.P1 + P.A» and ̂ .P1 + P.B1 , 

the absence of xis protein from these crosses causes as big a drop 

in the recombination frequencies as that of int; however all these 

recombinational events generate new structures (generative) and 

therefore agree with the energy-level hypothesis.

In addition, all other known crosses of the conservative 

type$ P.P» + P.P»$ P.pt * B.P'j P.P* + P.B« toad B.P1 + B.P« show 

no requirement for xis gene product.

So, I have studied the only ̂ combinational exchange between 

att sites not leading to the creation of new structures which shows 

a requirement, albeit small, for xis protein. Ihis finding would 

tend to suggest that the energy-level hypothesis postulated by 

Dove {1970) is not sufficient to explain the factors that govern 

the insertion and excision of A.

Some other predictions of the above hypothesis have been 

found by other authors not to be fulfilled (Shulman and Gottesman,

1973).

The stability of the prophage state when \ b2 is integrated 

at the P.P' site of the plasmid is consistent with the findings 

from phage crosses. Had the integration of \b2 into the plasmid 

been dependent only on lnt-protein» then excision of the prophage 

from that structure, and subsequent liberation of phage particles,
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would have been much more frequent, as a consequence of the expression 

of ***e kft gpns frm. a repressed prophage genome (Kaiser and Hasuda, 

1970} Shiraada and Carapbell, 197ha, 197hb),

Examination of the specific exchanges showing a requirenent 

for xjg protein, in the search for a model revealing the pattern

of recognition by xis. reveals that a DKA. substrate with the
B B» 

configuration? or .P» * P. or might be recognized lyy xis protein,A A1 — 

reacting with it and changing it to a form which could be recognised

by int ensyiae. Alternatively the xla protein might react with the 

int enzyme to change its catalytic specificity.

With either of these hypothetical jaschanisma, the "decision" 

by a phage as to whether to integrate or to excise would depend 

on the levels of both proteins after infection. Metabolic 

instability of one of the catalytic eoiaponents versus the other 

(Weisberg and Gottesman, 1971) or continuation of the synthesis 

of one of them when the other has already ceased (3himda and 

Campbell, 197U), could explain why integration and excision of 

Pbfrge A caft proceed go effectively under circumstances appropriate 

to each process, namely following infection after repression has 

been established, and after prophage induction. Clearly, however, 

the elucidation of this unique recombination event will require 

new methods and new insights.
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The A DNA. fragment inserted into the plasmid RHL extends from 

positions 51*. 3$ to 6$.6% from the left end of the 2i molecule. It 

contains, part of the inessential b2 region, the phage attachment 

site P.P1 , genes int and xis and part of red oC . The int allele 

contained in the inserted fragment was the amber mutant intam29» 

easily suppresible by a permissive supll host.

Transcription of the inserted DM fragment either from the 

phage constitutive promoter j>I located in xis (Shimada and Campbell, 

197U) or from sorae other upstream promoter on the plasmid EEL 

would, after translation in the supll host, give rise to the 

formation of a functional int protein. Since int is the only 

requirement for the reactions P.P1 + B.B«; the suppression of the 

int am29 mutation in the supll host would cause some integration 

of REL-att \ into the B.B 1 site of the 3. coli chromoson» (l? 1 

minutes) and from that location it should give rise to chromosomal 

transfer from that fixed origin. The polarity of transfer would 

depend upon the orientation of the inserted \ DNA. fragment with 

respect to the origin of transfer of the plasmid RPl. In principle 

this rwthod could be extended to integration of the plasmid REL- 

att \ Into bacterial secondary sites (Shimada et al., 1972) by 

using bacteria deleted for the chromosomal site B.B'.

Integration of \ transducing phage into the plasmid-inserts 

would provide regions of homology with the bacterial chromosome 

and therefore potentiate the generation of novel Hfrs by general 

recombination. The integration of transducing phage into the P.P' 

site however, will not give rise to the creation of new sites, and
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therefore, integration of transducing phage like \ gal or \ bio 

Into it, (an "inVonly" event), may turn out to be easily reversed 

by the low level of in^ expression from either the Integrated 

repressed prophage (case of ^ gal) or from the Int am29 allele 

contained in the Inserted DM fragment, which would have to have 

been suppressed to help the integration of the \ bio phage. 

Derivatives that become stable will select for those mutants that 

have acquired an Iht~ phenotype. Transducing phage derived from 

secondary sites with an attachment site of the type ^.P* (i.e.

trp B) will be ideal in this respect as

their integration into P.P* should be, by analogy with ^? 9 both 

int and afts dependent and therefore after integration they should 

not be able to excise and will be as s ̂ able as \ b2 is after 

integration into iffil~att ^ .

The wide host-range of the P. group of plasmids affords a 

means of studying the functionality of E. coli or V\ phage genes 

into any of the diverse bacterial genera into which 3PL can be 

transferred, likpreasion of genes from distant bacterial genera, 

3-^® bacillus licheniformia into S._^coli has been observed in this 

laboratory (Brammr and 1'iiir, unpublished observations). The 

restriction barrier following transfer of foreign DKAs might not 

be very difficult to override as proved by recent reports of 

in vivo intergeneric transfer and expression of several bacterial 

genes (Olsen and Gonsalez, 197k; Cannon et al., 1976). If 

expression of the transferred foreign DMA. is not obtained it could 

be farther analysed to see whether transcription or translation
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Is the cause of the failure. Again the use of transducing phage 

particles as vehicles for the transferred E. coli genes enables one 

to identify those HNA species coded by the transducing phage, from 

the complex mixture of the total extracted HNA, with relative ease. 

A final point of interest to be made is that the insertion of 

the ^ DM fragment, srl ^2-3, brings about a single target for 

the restriction endonuclease Hindlll (s hindlll ̂ 3, at £6. ]\% 

from ^ left end) opening the possibility of employing the plasmid 

insertions RFl-att \ as a receptor system for DMA. fragments obtained 

via restriction endonuelease R. Hindlll,
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Summary. A strain of E. coli, carrying a defective X prophage in which the cro gene has 
been deleted and the cl gene carries the c/857 allele, continues to synthesize both rex product 
and an inactive c/857 represser during growth at 42° C. The inactive represser is able to act in 
trans to allow represser synthesis by a super-infecting homo-immune toy phage. This ability 
is lost when the cl gene of the defective prophage acquires an additional mutation to the 
c/857 allele: the ability to synthesize rex product is often also lost. It is suggested that ther 
mally inactivated c/857 represser is able to promote transcription of the rex and cl genes from 
the maintenance promoter, prm.

Introduction
The regulation of represser synthesis in bacteriophage A has been recently 

reviewed (Eisen and Ptashne, 1971; Echols, 1972; Davison, 1973). It is likely 
that there are two modes of represser synthesis; the establishment mode and the 
maintenance mode, and that these use different promoters pre and prm respectively 
(Fig. 1). Represser synthesis in the establishment mode requires active products 
to be made from genes ell and cIII and is prevented by the cis acting mutation 
cy which is probably a defect in promoter pre (Reichardt and Kaiser, 1971; Echols 
and Green, 1971; Spiegelman et al., 1972).

In the maintenance mode it is clear that the transcription of the cl gene is 
subject to negative control by the product of the cro gene (Eisen et al., 1970; 
Calef et al., 1971, Castellazi et al., 1972). However there is disagreement about 
whether the A represser is involved in the positive control of cl transcription 
(Eisen et al., 1968). DNA/RNA hybridisation experiments indicated that the 
level of immunity specific RNA decreased immediately when the represser of a 
A c/857 cro-defective lysogen was thermally denatured (Heinemann and Spiegel 
man, 1970; Kourilsky et al., 1970). This suggested that an active represser was 
necessary for cl gene transcription and this explanation was supported by direct 
measurement of the level of inactive represser in a A c/857 cro-defective lysogen at 
high temperature (Reichardt and Kaiser, 1972). Similar conclusions were reached 
by Echols and Green (1972) studying represser levels after infection of a A lysogen, 
and by Oppenheim and Slonim (1971), using a superinfection assay to determine 
represser concentration. In contrast, however, the DNA/RNA hybridisation 
measurements of Hayes and Szybalski (1973) showed no difference in the trans 
cription of the cl gene whether the thermosensitive represser of a A c/857 cro- 
defective lysogen was active or not.
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Fig. 1 a. Genetic map of right arm of bacteriophage A. Genes cl and rex are transcribed (arrows) 
from two promoters prm and pre. Transcription from pre requires the ell and cIII gene pro 
ducts and does not take place in cy mutants which are believed to inactivate pre. b. Genetic 
map of cryptic lysogen Bh. The construction of this strain has been described previously 
(Davison et al., 1974). It derives from a Aptrp transducing phage in which the genes int-cIII 
of A are replaced by tonB and the trp operon of E. coli. Expression of the trp operon in the 
phage is from the X promoter pL since the trp promoter is missing. The transducing phage was 
then lysogenised into the tonS-trp deletion JD 197 and a second deletion isolated which 
removes all of the A genes except N, rex and cl. The cl gene of the resulting cryptic lysogen 
carries the temperature sensitive mutation c/857 and the N gene carries amber mutations 
N7N53 . At 32° cryptic lysogen Bh is unable to grow in the absence of tryptophan due to re 
pression of the trp operon by the A represser acting at O L . Isolation of mutants of Bh which 
are prototrophic at 32° results in strains which have acquired a second cl mutation (Davison

etal, 1974).

Two mechanisms have been suggested whereby represser may control its own 
transcription. According to the "flip-flop" model the promoter for rightward 
transcription (PR) overlaps with the promoter for maintenance of repression (prm). 
Transcription proceeds preferentially rightwards through genes 0 and P (Fig. 1) 
unless prevented from doing so by represser bound to operator O R in which case 
the cl gene is transcribed (Eisen et al., 1968). In contrast, represser may play an 
active role in cl transcription (Echols, 1972). The hypothesis that cl transcription 
from prm requires represser does not rule out the additional possibility that it is 
also transcribed constitutively at a lower rate (Echols, 1972).

This report attempts to rationalise the unexplained observation that while 
cy mutants fail to complement most cl mutants, they are able to complement 
temperature-sensitive mutants in the cl gene (at high temperature) (Brachet and 
Thomas, 1969). It is suggested that A represser has two separate activities; 
negative control of early RNA synthesis (repression) and positive control of cl 
transcription (self-activation), and that in temperature sensitive cl mutants, only 
the repression activity is inactivated at 42°C.

Materials and Methods
A clear mutations used were: e/90 , c//28 , c//68 c///67 , cyl2 (Kaiser, 1957); c/14 , c///611 

(McMacken et al., 1970); c/ts857 , cysu (Sussman and Jacob, 1962); cy2001 (Brachet and Thomas, 
1969); c/tsAt2 (Leib, 1966).

The non-permissive strain W3350 (Campbell and Baldbinder, 1958) was used to prepare 
lysates. The cryptic lysogen Bh has been described previously (Davison et al., 1974), and its 
genetic constitution is shown in Fig. 1.

Tests for rex function were performed by comparison of the plating efficiency of phages 
T4+ and T4r//uvl87 (Dr. J. Drake, personal communication) Typically T4r/7 plated with an 
efficiency of 10~ 4 on a Rex+ host, whereas T4+ was unaffected.
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Results
Table 1, showing the complementation pattern obtained with hey mutants in 

establishing lysogeny or permitting survival of infected bacteria, is in perfect 
agreement with results reported by Brachet and Thomas (1969). hey mutants 
complement like el mutants despite their location between cro and ell. This 
observation is in accordance with the hypothesis that cy mutants are defective 
in a promoter (pre) necessary for the establishment of repressor synthesis (Rei- 
chardt and Kaiser, 1971; Echols and Green, 1971). The fact that cy mutants are 
able to form stable lysogens at low frequency (Kaiser, 1957) suggests that they 
are not defective in the maintenance mode of repressor synthesis from prm (Fig. 1). 

Column 2 of Table 1 shows the anomalous result that cy mutants can be 
complemented by temperature-sensitive el mutants at the non-permissive 
temperature (Brachet and Thomas, 1969). Examination of the lysogens resulting 
from the complementation reveals them to be either single lysogens of the hey 
phage or double lysogens (ley] (Ac/ts), indicating that co-infection with a tem 
perature sensitive el mutant enables hey to establish lysogeny. The fact that the 
complementation is not seen with other cl mutants suggests that the inactive 
repressor itself plays a role in the complementation and that the "quality" of 
the inactive repressor is important. In agreement with this is the observation 
(column 5) that the double mutant Ac/857cy42 fails to complement ley, indicating 
that the inactive repressor in the above experiment is synthesized from pre and 
that if this is blocked by a cy mutation then it is not possible to make sufficient 
inactive repressor to complement the hey phage.

Two types of hypothesis may account for the complementation between 
hey and temperature-sensitive cl mutants. It is possible that the hey phage 
makes a small number of wild-type repressor subunits from the prm promoter 
and that these are able to interact with the temperature-sensitive subunits to 
form a mixed oligomer which may be temperature-insensitive. Since the active 
form of the lambda repressor is believed to be a dimer (Chadwick et al, 1970), 
such a mechanism would result in only a two-fold increase in the amount of 
active repressor. It is considered unlikely that this hypothetical twofold effect 
could account for the difference between the completely clear areas of lysis 
produced by the parent phages alone and the intense turbid area of the com 
plementation cross streak. Furthermore, mutants in gene clll exhibit a clear 
phenotype despite the fact that they produce 4-7 fold more repressor than cy 
mutants (Reichardt and Kaiser, 1971). We would suggest the alternative hypo-

Table 1. Complementation pattern of Xcy mutants

d d+c, dl clll i/(/J9i/ji g57

cl
cy

cl
cl

cl
tu

tu 
tu

tu 
tu

cl 
cl

Phage suspensions were cross streaked on a lawn of W3350 on BBL plates (Parkinson and 
Huskey, 1971) and incubated overnight at 37°. The area of the cross streak was scored as 
either turbid (tu) or clear (cl). Clear mutants used were those described in Materials and 
Methods. Experiments involving c/ts mutants were performed at 42° C
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Fig. 2a and b. A c«/42 was plated to give single plaques on: a) prophage deletion strain Bh. 
b) W3350 on BBL medium at 42° C. Bacterial strains had previously been grown at 42° C 
for several generations. When a cl defective derivative of Bh was used as the host, the plaques

resembled those on W3350

thesis that wild-type represser stimulates cl transcription from prm and that this 
stimulatory activity is retained in the temperature-sensitive represser protein at 
the non-permissive temperature. According to this hypothesis, temperature- 
sensitive represser activates transcription of the wild-type cl gene of the 'key 
phage from the maintenance promoter, prm, resulting in synthesis of wild-type 
repressor molecules.

Complementation of Acy Mutants by Cryptic Prophage Deletion Bh 

The genetic constitution of the cryptic prophage deletion Bh is given in Fig. 1. 
Repressor synthesis in this strain is entirely from the maintenance promoter prm 
sine cIII, ell and pre are deleted. The gene cro is similarly deleted so that the 
anti-immune state cannot be established, the cryptic lysogen being in the immune 
state at 32° C and in the sensitive state at 42° C due to the temperature-sensitive 
c/857 mutation (Davison et al., 1974).

In the previous section it has been suggested that inactive repressor may 
activate cl transcription at 42° C. According to this hypothesis, infection of strain 
Bh at 42°C by toy would result in turbid plaques, due to the activation of wild- 
type repressor synthesis in the "key phage by the inactive c/857 repressor from the 
cryptic prophage. The results of this experiment are shown in Fig. 2. It can be seen 
that key, which normally forms clear plaques, is able to form turbid plaques at 
42° C when strain Bh is used as the host. This result is found even when the cryptic 
lysogen Bh has been grown continuously at 42° C for many generations. The 
phenomenon is analysed further in Table 2 where the plaque type of a variety of 
clear mutants is investigated using this strain. All k clear (immunity sensitive) 
mutants, with the exception of those defective in the cl gene, are able to form 
turbid plaques on cryptic lysogen Bh. However, the effect is immunity specific, 
so that hetero-immune phages carrying clear mutations form clear plaques as 
usual. Identical results were obtained with three other, independently arising, 
cro deletions (Davison, unpublished data) making unlikely the possibility that 
cl transcription in Bh begins at some bacterial promoter rather than at prm.
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Table 2. Plaque morphology of A clear mutants on cryptic lysogen Bh and its cl derivatives

Genotype of 
infecting phage

A+
Ac/90
Ac/14
Ac/ts857
Ac//68
Ac///611
Ac//68c///67
Ac?/42
^844
Ac?/2001
AlTOTO434

Aimm434c/
Amm434c//68
Aimm434c///67
Ximm cy42

Host

W3350 
or Bhc/

tu
cl
cl
cl
cl
cl
cl
cl
cl
cl
tu
cl
cl
cl
cl

Bh

tu
cl
cl
cl
tu
tu
tu
tu
tu
tu
tu
cl
cl
cl
cl

Phage suspensions were plated to give single plaques and scored as clear (cl) or turbid (tu) 
after overnight incubation at 42°. Recipient bacteria were grown overnight at 42° and 
subcultured at the same temperature.

From these results it is obvious that the cryptic prophage deletion Bh makes 
a product able to act in trans to allow a clear ell, cIII or cy phage to form a turbid 
plaque. Furthermore, since heteroimmune clear mutants are unaffected, the 
trans acting product produced by strain Bh must either act within the immunity 
region of the incoming homo-immune phage or interact with a substance produced 
by that immunity region. These results suggest that the trans acting product is the 
inactive c/857 represser. To test this, mutants of strain Bh were isolated in which 
the cl gene was inactivated for repression even at 32° C. The isolation of such 
mutants was possible since the strain Bh expresses the trp operon from the 
leftward promoter of A, and is subject to negative control by the I represser. Thus 
at 32°C Bh is both immune (since it is cro defective) and a trp auxotroph. Selection 
of revertants of Bh able to grow at 32° C without exogenous tryptophan allows 
the isolation of mutants of Bh carrying a cl defect in addition to the c/857 allele 
already present (Davison et al., 1974). Twenty independent, spontaneously 
arising cl defective mutants of Bh were isolated and tested for their ability to 
give turbid plaques when various clear plaque mutants were plated on them 
(Table 2). All twenty isolates behave identically in that they are unable to give a 
turbid plaque with homo-immune cy, ell and cIII mutants, showing that the 
inactive c/857 represser is responsible for the complementation observed in the
parent strain Bh.

In order to quantitate the frequency with which Icy phage lysogenises the 
cryptic deletion strain Bh, experiments were performed to measure the frequency 
of both survival and lysogenisation in strain Bh and one of its cl defective deri 
vatives after infection by X clear mutants. The results presented in Table 3 show
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Table 3. Cell survival and lysogeny following infection of cryptic lysogen Bh by A clear
mutants

Host Genotype of % survival % lysogeny 
iufecting phage

Bh

Bhc/

A+
Aimm434
/CI 90

*cy«2
Ad768c///67
A+
Ai'mm434
Ac/90
^2/42
Ac//68c///67

36
13

2
50
57
20
15
2
2
3

10
10

<0.2
<0.2
<0.2

11
10

<0.2
<0.2
<0.2

The experimental method derives from that of Echols et al. (1973). The cells were grown 
overnight at 42° C in L broth, diluted 100-fold in L broth supplemented with maltose (0.2%) 
and grown at 42° C to a density of 5 X 108/ml. The cells were harvested by centrifugation 
resuspended in one tenth of the volume of phage buffer (0.01 M potassium phosphate buffer 
at pH 7.0, 0.01 M MgSO4 ) and infected with the appropriate phage at MOI = 5. After 15 mi 
nutes at 42° C the infected cells were diluted to approximately 2 X 107 cells/ml in supplemented 
L broth prewarmed at 42° C. The cells were shaken for 20 min at 42°, diluted, plated on 
prewarmed L plates and incubated at 42° to measure survivors. Survivors were screened 
for lysogeny using the EMBO plate technique (Gingery and Echols, 1967).

that Bh survives infection by 'key and XcII cIII some twenty times better than 
its cl defective derivative but that the frequency of stable lysogens is extremely 
low in both strains. Thus the turbid plaques of "key on Bh must result from abortive 
lysogens similar to those of A int (Gingery and Echols, 1967).

Expression of rex Function

The rex function of A is identified by its ability to prevent the growth of rll 
mutants of phage T4 in cells lysogenic for A (Howard, 1967). It now seems clear 
that the cl and rex genes are distinct and specify separate polypeptides (Gussin 
et al., 1973; Astrachan and Miller, 1971), but that they form part of the same 
operon, subject to positive control by at least ell product (Astrachan and Miller, 
1971) and negative control by cro product (Eisen et al., 1968; Hayes and Szybalski, 
1973; Davison unpublished results). In view of the suggestion made above, that 
A represser activates transcription of the cl gene, and that this stimulatory 
activity remains in the temperature sensitive c/857 represser at 42° C, it was of 
interest to discover whether rex gene transcription is subject to the same control. 
According to this hypothesis the cryptic lysogen Bh grown at 42° would be 
phenotypically Rex+ due to activation of rex-cl transcription by inactive c/857 
repressor. However, in the Bh cl derivatives in which the represser has lost the 
ability to self-activate it would be expected that the rex gene would not be tran 
scribed.

In accordance with the self-activation hypothesis it was found that the 
cryptic lysogen Bh is able to exclude T4r// mutants even after prolonged growth
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at 42°C. This result does not agree with a similar experiment by Eisen et al. (1968) 
who found that a cro-defective lysogen (N7N^IK7x) lost the ability to exclude 
rll mutants following growth at 41° C. The reasons for the apparent contradiction 
are not understood but other cro defective lysogens of the same parentage as Bh 
(both cro deletions and x mutants) also express rex function at 42° C.

Investigation of the 20 Bh derivatives carrying additional cl mutations re 
sulting in their being defective in self-activation (previous section), showed that 
the majority of these (13/20) had simultaneously lost the rear function. This result 
supports the idea that rex transcription in Bh at 42° is dependent on inactive 
c^857 represser. However, the presence of the unexpected class of cl mutant which 
is defective in self activation but not in rex function, allows alternative explana 
tions which are discussed below.

Discussion
The experiments described in this report show complementation between cy 

mutants and temperature-sensitive cl mutants under two different conditions. 
When the two phages co-infect a non-lysogenic cell the mutant cl gene is trans 
cribed in the establishment mode, since complementation is eliminated by the 
presence of a cy mutation cis to the temperature-sensitive mutant cl gene. Com 
plementation also occurs when "key or Ac// cIII infect the cro-defective cryptic 
lysogen Bh, carrying the c/857 allele. Under these conditions the temperature 
sensitive mutant cl gene can be transcribed only from prm, since pre is deleted 
and since, at least in the case of superinfection by Ac// cIII, the functions nec 
essary for establishment of repression are not provided. The two experimental 
conditions differ in that the rate of represser synthesis from pre during infection 
is much greater than that from prm of a lysogen (Reichardt and Kaiser, 1971).

Complementation is not seen when the same cryptic cro-defective lysogen 
carries an additional cl mutation, showing that the complementation observed is 
a property of the c/857 product. The fact that inactive c/857 represser is present in 
cryptic lysogen Bh grown at 42° suggests either that cl transcription is constitutive 
or that it is self-activated even by thermally-inactivated c/85? represser. The 
complementation observed between the inactive represser and the superinfecting 
'key (or Ac// cIII) phage can possibly be explained by an interaction between 
inactive c/857 subunits and wild type cl+ subunits produced by the 'key phage in 
limited amounts. However, as discussed above, a priori arguments make this 
hypothesis seem unlikely. Instead it is suggested that A represser protein is required 
for transcription of the cl gene and that the c/857 represser, although inactive 
for repression at 42° C, remains active in the positive control of cl transcription. 
This unifying hypothesis thus attributes both the presence of c/857 repressor in 
strain Bh at 42° C and the ability of this cryptic lysogen to complement "key at 
42°, to the same mechanism. The hypothesis is incompatible with the "flip-flop" 
model, in which an active repressor is required to bind to the operator OB and 
prevent rightward transcription in order to facilitate cl transcription (Eisen et al., 

1968). It therefore remains an open question whether self-activation of cl trans 
cription is mediated via the rightward operator. The "flip-flop" model has 
previously been criticised on other grounds (Oppenheim and Slonim, 1971).

16 Molec. gen. Genet. 131
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The results obtained by the type of experiments used in this study are strictly 
qualitative and do not demonstrate that the ability of c/867 represser for self- 
activation of cl transcription is the same at 42°C as that at 32° C. This reservation 
is important since, with one exception (Echols and Green, 1971), all workers on 
self-activation have used the c/857 mutation. If self-activation were less efficient 
at 42° than at 32° our results would be compatible with reports of a reduction 
of cl transcription at 42 °C (Heinemann and Spiegelman, 1970; Kourilsky et al., 
1970; Reichardt and Kaiser, 1971; Oppenheim and Slonim, 1971). On the other 
hand, if c/857 represser were equally efficient at self-activation at both tempera 
tures, no effect would be found, giving the appearance of constitutive cl trans 
cription (Hayes and Szybalski, 1973). One further point is relevant; since all 
experiments have used c/857 represser and since it is possible that this may not be 
defective in self-activation at 42°, there remains no compelling evidence that 
constitutive represser synthesis can take place. This point could be best resolved 
by investigating the level of cl specific RNA in a defective X lysogen carrying a 
cl mutant defective in self-activation.

The fact that rex function remains in strain Bh after growth for many gen 
erations at 42° similarly suggests that rex transcription is either constitutive 
or activated by inactive c/857 represser. The observation that the majority (13/20) 
of mutations in the cl gene result in loss of rex function strongly suggests the 
latter hypothesis. The finding that the remaining seven cl mutants remained rex+ 
may be explained by suggesting that these continue to self-activate rex-cl trans 
cription, though to an extent too small to give a turbid plaque with Xcy, but 
sufficient to give a rex+ phenotype. However, two trivial explanations must be 
considered. Firstly, it is possible that all thirteen rea;-defective cl mutations are 
either deletions or polar mutations. This is somewhat unlikely since these types 
do not usually comprise the major class of spontaneously arising mutations. The 
polarity explanation is rendered less likely by the observation (Davison, un 
published data) that none of the twenty cl mutants were suppressed by the amber 
suppressor supD (sul). The second possibility is that rex product and represser 
interact to produce the rex+ phenotype (Ravin and Polychina, 1968). This ex 
planation seems very unlikely since amber mutants of the cl gene give normal 
expression of rex function (Astrachan and Miller, 1972).

The observation that although key forms turbid plaques on the cryptic lysogen 
Bh, it does not form stable lysogens, was unexpected. The explanation probably 
lies in the timing of represser synthesis. During the infection of a non-lysogenic 
strain represser synthesis is delayed, presumably due to the time taken to syn 
thesize sufficient N product and ell and cIII products (Reichardt and Kaiser, 
1971; Echols and Green, 1971). However, in the cryptic lysogen Bh, according to 
our self-activation hypothesis, represser synthesis would begin immediately, so 
that there may be insufficient time to accumulate the int product necessary for 
site-specific recombination leading to stable lysogeny.
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