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ABSTRACT

The process of prophage integration by phage A and the
function and structure of the chromosomal elements required for A
integration have been studied with the use of )\ deletion mutants.
Since g_tjcp, the substrate of the integration enzymes, is not essential
for ) growth, and since g_q:q) resides in a portion of the A chromo-
some which is not necessary for vegetative growth, viable A deletion
mutants were isolated and examined to dissect the structure of gt_tw ’

Deletion mutants were selected from wild type populations by
treating the phage under conditions where phage are inactivated at a
rate dependent on the DNA content of the particles. A number of
deletion mutants were obtained in this way, and many of these mutants
proved to have defects in integration. These defects were defined by
analyzing the properties of Int-promoted recombination in these att
mutants.

The types of mutants found and their properties indicated that
a_ttCP has three components: a cross-over point which is bordered on
either side by recognition elements whose sequence is specifically
required for normal integration. The interactions of the recognition
elements in Int-promoted recombination between att mutants was
examined and proved to be quite complex. In general, however, it
appears that the A integration system can function with a diverse
array of mutant att sites.

The structure of g._t:cCp was examined by comparing the genetic
properties of various att mutants with their location in the A chromo-
some. To map these mutants, the techniques of heteroduplex DNA
formation and electron microscopy were employed. It was found that

integration cross-overs occur at only one point in thCP and that the



recognition sequences that direct the integration enzymes to their
site of action are quite small, less than 2000 nucleotides each.
Furthermore, no base pair homology was detected between Etj,CP

and its bacterial analog, a_ttB. This result clearly demonstrates
that A integration can occur between chromosomes which have little,
if any, homology. In this respect, A integration is unique as a
system of recombination since most forms of generalized recombi-
nation require extensive base pair homology.

An additional study on the genetic and physical distances in the
left arm of the A genome was described. Here, a large number of
conditional lethal nonsense mutants were isolated and mapped, and
a genetic map of the entire left arm, comprising a total of 18 genes,
was constructed. Four of these genes were discovered in this study.
A series of Adg transducing phages was mapped by heteroduplex
electron microscopy and the relationship between physical and
genetic distances in the left arm was determined. The results
indicate that recombination frequency in the left arm is an accurate
reflection of physical distances, and moreover, there do not appear
to be any undiscovered genes in this segment of the genome.
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GENERAL INTRODUCTION

Bacteriophage lambda (\) has been extensively employed as a
model system for the study of many biological processes because of
its simplicity and the ease with which genetic and biochemical
analyses can be carried out. The genetic map of the A chromosome
(Figure 1) demonstrates one very striking aspect of the simplicity of
this organism: the functional organization of the genome is such that
genes with similar functions are clustered together in the chromo-
some (1). In the left arm, genes A through F are concerned with
DNA maturation (1, 2) and with formation of the phage head (3-6);
genes Z-J control the assembly and structure of the phage tail (3, 4,
6). Thus all of the structural proteins of the phage particle are
made and assembled by the genes in the left arm of the chromosome.
The right arm of the A genome is concerned with early events which
take place soon after infection. The CIII-CII region controls the
course of infection by regulating the expression of all other lambda
genes (7-11). The O and P genes are necessary for A DNA repli-
cation (12), and the Q-R region controls the expression of the A-J
segment and the process of cell lysis (1, 13-15).

The genes in the left and right arms of the \ chromosome
are essential for vegetative growth (4, 5,7, 15-20), however the
central portion of the A DNA does not contain any essential genes
(19, 21-23). Rather, this segment of the chromosome governs two
recombinational processes: prophage integration (21, 22, 24-30);
and generalized recombination (22, 31-33). Although neither of these
functions is essential for growth, as we will discuss below, prophage
integration is an essential step in the lysogenic pathway leading to
stable lysogeny. As a temperate phage, ) can choose between the



Figure 1. A physical gene map of X\.

The distances on this map are meant to reflect the actual
relationships between genes in the A DNA molecule. The
data used in constructing the map are from Simon, et al.
(34) for the CI-R region, from Parkinson & Davis (35) for
the J-CI region, and from Parkinson & Davis (36) for the
A-J segment. Abbreviations are:

@m = \ prophage insertion site

INT = integration gene

XIS = excision gene

EXO = )\ exonuclease gene; needed for recombination
B = A B protein; recombination gene

rex = X\ gene responsible for excluding T4rIl mutants.






lytic pathway which results in cell death, and the lysogenic pathway
which results in a stable association of the phage and bacterial DNA
with no cell death. Thus infection by )\ does not always lead to cell
death as it does for virulent phage strains such as T4. Since lysogeny
functions are not essential for lytic growth, the study of lysogeny
presents several problems which will become apparent in Part I of
this thesis.

Many of our current notions concerning processes such as
morphogenesis, recombination, and development have originated with
studies on A. The work described in this thesis concerning two
aspects of chromosome structure and function in A should also pro-
vide some insight into a number of more general phenomena. This
thesis is divided into two parts, with all results presented in the form
of manuscripts, one of which has appeared in the literature, the rest
of which have been submitted for publication. Part I deals with the
mechanism of prophage integration and the special chromosomal
structures involved in integrative recombination. Part II concerns
a study of the genetics and physiology of mutants in the left arm of the
A chromosome, and the relationship between genetic and physical
distances measured in this region of the A DNA.

In part I, a novel method will be described for studying the
process of prophage integration and the chromosomal structures
required for integration. In this work a method for isolating
deletion mutants will be described. These deletion mutants are used
to analyze the genetic and physical properties of the )\ integration
apparatus. In particular, the technique of electron microscope
mapping of heteroduplex DNA molecules has been exploited in several
new ways. In part II, this technique was again used to determine the

physical distances between genes in the left arm of the A chromosome.
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PART 1

PHYSICAL AND GENETIC STRUCTURE OF THE

LAMBDA INTEGRATION APPARATUS



INTRODUCTION

After infecting a sensitive bacterium, temperate phage X\
chooses whether to multiply vegetatively, thereby killing the host
cell (lytic response) or instead assume a stable symbiotic relation-
ship with the bacterial host (lysogenic response). The choice be-
tween the lytic and lysogenic pathways is made on the basis of the
physiological condition of the host (1,2) and probably assumes the
form of a ''race' between the early lytic functions and the initial
events of lysogenization. The two pathways are mutually epistatic
such that the initiation of lytic growth will prevent the expression of
essential lysogeny genes (3), and likewise, the first steps in the
lysogenic pathway turn off all events associated. with the expression
of lytic functions (4).

The establishment of lysogeny by phage A takes place in two
sequences of events. The first step is the repression of all lytic
functions. This is the stage at which the fate of the cell is determined,
for if repression cannot occur, the phage is forced to follow the lytic
pathway, eventually destroying the host bacterium. Repression is
ultimately achieved by the repressor, the pr»oduct of the CI gene (5, 6).
The repressor acts on two operator sites at each end of the CI gene
to prevent both directly and indirectly the transcription of all other
portions of the A genome (7-9). Recent evidence, however, suggests
that the CII and CIII genes of A may also play a role in repressing
lytic functions as a prelude to CI repression (10). Thus CI, CII and
CIII mutants of )\ are unable to establish lysogeny for the simple

reason that repression of lytic functions cannot take place (3).
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The repressed A chromosome is called a prophage (11) and
cells carrying a A prophage acquire several new properties not
found in non-lysogenic cells. Since the CI gene is the only functioning
prophage gene (12, 13), the prophage continually produces repressor
molecules which provide the cell with an immunity to superinfecting
A phages. When repression is lifted either spontaneously or by
various inducing treatments, the prophage enters the lytic pathway
and begins to make more progeny particles. Thus a A prophage
confers superinfection immunity on a cell, however the cell is
continually faced with the prospect of undergoing spontaneous or
induced lysis.

After repression, the next step in lysogenization involves the
formation of a stable association between the prophage DNA and the
replication machinery of the host. Although repression must occur
shortly after infection, this final step in the lysogenic pathway may
not take place for several cell generations (14). However, under
normal conditions, the establishment of repression invariably leads
to stable lysogeny in most of the infected cells (14). Since the repli-
cation functions of the phage are repressed, it is essential that the
prophage become associated with the replication machinery of the
host in order for the prophage to be duplicated and distributed to
both daughter cells at each division. When this mechanism of associ-
ation breaks down, the prophage cammot replicate and is transmitted
unilinearly at each cell division, a condition known as abortive
lysogeny (15). Cells which lose their prophage in this manner soon
become sensitive again to superinfection because they no longer
contain A\ repressor (16).

Campbell (17) has proposed a simple, yet elegant model that
accounts far the manner in which prophage and bacterial DNA are



replicated in synchrony in stably lysogenic cells. Campbell's model
is outlined in Figure 1. The basic premise of this model is that the
prophage DNA actually becomes inserted into the continuity of the
bacterial chromosome by means of a reciprocal recombination event.
After infection and subsequent repression, the phage genome was
thought to circularize and a region of the phage DNA paired and
recombined with a similar region in the bacterial chromosome. This
leads to the insertion of the small circular A DNA into the larger
host chromosome. Prophage excision could occur by a reversal of
the integration process after induction. Since the inception of this
model, a vast amount of evidence has been obtained which clearly
demonstrates the validity of the Campbell model in all major respects.
This evidence will be summarized only briefly here.

The DNA of mature X particles is a single linear molecule
(18, 19). The Campbell model predicts that one of the initial stages
during lysogenization must be the formation of circular A chromo-
somes from these initially linear molecules. Circular forms of \
DNA have been demonstrated by electron microscopy (20) and by
sedimentation velocity analyses following infection and induction (21-
23). It is now clear that A DNA circularizes through complementary
single-stranded regions at the ends of the linear DNA molecule.
These "'sticky' or cohesive ends are 20 nucleotides long (24) and in
vivo they can rapidly anneal to form hydrogen-bonded circles which
are then covalently closed by the host's polynucleotide ligase (25).

The \ prophage, according to Campbell's model, is linearly
inserted into the bacterial chromosome by recombination. Therefore
the prophage DNA should be linear and physically bound to the
bacterial chromosome; in addition, the prophage genetic map should

be linear, but might be a cyclic permutation of the vegetative map



Figure 1.
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The Campbell model of prophage insertion and transducing

phage formation.

After infection, the phage DNA circularizes, pairs with
the bacterial chromosome, and recombines with the host
chromosome. Excision usually occurs by a reversal of
this process using the prophage ends for recombination,
however, on rare occasions excision may occur by
aberrant recombination acts between a portion of the host
genome and a region in the phage chromosome, producing
transducing particles with bacterial substitutions for some

of the phage genes. Abbreviations are:

A,J,CI,R = phage genes included to demonstrate the
permuted order of prophage genes compared
to the vegetative order.

GAL and BIO = galactose and biotin operons of E. coli.

A\dg and Abio = galactose- and biotin-transducing variants

of 2, produced by aberrant excision.



13

A J CI R
vegetative A DNA % A_R
GAL JOCI BIO

bacferiql chromosome

/

A__R

J CI
GAL BIO

GAL CI RA J BIO

A prophage

aberrant excision

J
RAL/GAL BIO I
‘ J_BIO GAL ‘
' .
A GAL CI R A J . BIOCI R

Adg Abio



1k

order because of the circular intermediate between the vegetative and
prophage states. Both genetic and physical experiments support the
notion of linear insertion predicted by Campbell. For example, A
prophage behaves like any other bacterial marker in conjugation and
transduction experiments (26,27). The prophage maps between the
galactose and biotin operons of E. coli and has a linear gene order
which is a cyclic permutation of the vegetative genetic map. The
prophage gene order is consistent with the integrative recombination
event taking place always between the J and CI genes in the vegetative
chromosome. Two lines of genetic evidence suggest that the )\ pro-
phage is physically inserted into the host chromosome. The linkage
between gal and bio is decreased in the presence of an integrated X
prophage (25), and secondly, bacterial deletions can be obtained
which extend into the prophage from either the gal or bio side re-
moving prophage genes in the order predicted from the prophage map
(28).

The most conclusive evidence for insertion is furnished by
physical studies. Several workers have used density labels to follow
the )\ chromosome during integration and during excision (29-31).
These experiments not only demonstrate that prophage DNA is co-
valently bound to bacterial DNA (29-31), but also that the recombi-
nation act leading to insertion and excision must occur in many,
probably all, of the cells by breakage and reunion rather than copy-
choice (30,31). A second type of experiment involves the isolation
of an entire lysogenic chromosome. Since it is not feasible to isolate
the entire E. coli chromosome, F' episomes containing the gal-bio
region from the host chromosome have been used to show that in-
sertion has occurred. It is found that integration of A prophage

increases the size of the F' factor by an amount equivalent to the
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size of one, and sometimes two, A chromosomes (32).

One final line of evidence consistent with Campbell's model
should be mentioned. Lambda is able to form specialized trans-
ducing phages which carry in place of some phage genes either the
galactose or biotin genes from the host (33, 34). Campbell proposed
that such variants were formed by aberrant excision after induction
and are a consequence of linear insertion as shown in Figure 1. The
available evidence is consistent with this interpretation. For
example, Adg and Abio phages can only be formed after prophage
induction which indicates that some feature peculiar to the prophage
state, presumably insertion, is essential for transducing phage pro-
duction. Furthermore, A can only transduce genes which are ad-
jacent to the prophage, which also supports Campbell's model of
their formation. Finally, genetic (35-38) and physical (39, 40)
studies of \dg phages and \bio phages confirm the structures shown
in Figure 1 based on Campbell's model. Thus, the notion of linear
insertion as the mechanism of stable lysogeny in )\ appears well
established.

How does prophage insertion come about? The fact that \
can establish stable lysogeny with normal frequency in recombination-
deficient bacterial strains suggests that ) integration is carried out
by some recombination system other than the Rec system which is
responsible for all bacterial recombination (41, 42). At least one
essential component of this integrative recombination system must
be under phage control for the following reasons. When a )\ phage
superinfects a \ lysogen (homoimmune superinfection), it cannot
integrate even though the resident prophage affords a large region
of homology for recombination (43). Double lysogeny can be es-
| tablished by simultaneous infection with two different A phages or
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after heteroimmune superinfection (43, 44) which indicates that the
hindrance to insertion in homoimmune superinfection is functional
rather than structural. Since in homoimmune superinfections the
infecting genome is immediately repressed, this indicates that a
phage gene must be expressed to establish stable lysogeny.

One phage-specific integration factor has been identified by
mutation and is designated the Int function (45). Mutants defective in
the Int gene cannot integrate or, once inserted, cannot excise upon
induction (45-47). Since int” mutants can be complemented for in-
sertion and excision in trans, the ﬂ:_ defect must be recessive and
the i.E:‘+ substance must be diffusable. Thus, although the function of

the Int product is not known, it is clear that this product is essential
for integration and excision. The simplest interpretation is that the
Int gene makes an "'integrase' which is necessary for insertional
recombination.

A second phage-specific factor involved in the )\ integration
system has been recently identified. This gene is called Xis because
Xis " mutants are unable to excise from the bacterial chromosome
after induction, even though they can insert normally (48). The xis™
defect is also recessive which again suggests that the Xis gené like
the Int may make an enzyme needed for excisive recombination.

With the discovery of A mutants deficient in generalized
recombination (49, 50), it was possible to demonstrate that integrative
recombination occurs between two phage genomes as well as between
the prophage and the bacterial chromosome (51, 52). This recombi-
nation occurs in the absence of all generalized recombination, but is
strictly dependent on the Int function. Because Int-promoted recombi-
nation between two phage chromosomes only occurs at one site be-

tween the J and CI genes, it is believed that this type of recombination
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process is identical to the prophage insertion event.

The locus at which Int-promoted recombination takes place
is called the attachment (att) site. The phage chromosome contains
gj:_tw, whereas the bacterial chromosome is thought to contain a
similar site (a_._f_‘.jZ_B) located between gal and bio. Integration, there-
fore, is actually Int-promoted recombination between a._ttq:> and _g’g:B.
This att combination does not require the Xis factor, however, Int-
promoted recombination between the prophage ends does require
Xis function (53).

The attachment site appears to play a purely structural role
in the integration system since a number of A mutants with defective
att sites cannot be complemented for insertion in trans (13, 54-56).
The known att mutants are deletions or substitutions with rather
gross structural changes; since no att-defective point mutations
have ever been reported, this suggests that ggw has a structural role
whose function cannot be destroyed by single base substitutions. The
work described in this section of the thesis deals with studies into
the fine structure of the attachment region in the A chromosome.

The rationale and general approach for these studies is outlined below.

Assume that Et_th and a_tt_B are the substrates for the enzymatic
component(s) of the A integration system. We would like to know how
these structures are recognized by the integration enzymes and what
effect changes in the att site have on integration. Also we would like
to know whether integrative recombination requires homology of the
recombining chromosomes as generalized recombination does. To
examine these aspects of \ integration, the following features of the

att site were studied:
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1) the genetic structure of z_a._iicm

2) the role of a_ttCP components in integration

3) the physical size and location of gitq) and its components

4) the extent of base sequence homology between gltq) and _a_g;B

In order to study a_ttco, mutants with major structural defects
are required. Since integration is not an essential function, viable
deletion and substitution mutants of A were isolated and examined
for possible att defects. The methods used to isolate such mutants
are described in the first manuscript below.

The integration defect of presumed att mutants was investi-
gated mainly with the technique of Int-promoted recombination. Since
the frequency of Int-promoted recombination between two phage
genomes has been found to depend on the att sites of those phages
(57), the att defects in these new mutants can be defined in terms of
their effects on Int-promoted recombination. This type of test also
allows a distinction to be made between mutants with structural inte-
gration defects and those with only functional defects. The genetic
properties of att-defective mutants are described in the second
manuscript.

Having established the phenotype and genetic properties of
att-defective deletions and substitutions, I could apply the principles
of deletion mapping to determine which portions of a_ttCP are involved
in any particular phenotype. It is necessary, however, to know the
precise location of the deletion or substitution in each of these
mutants in order to do this. To map the mutants, a technique
developed by Davis & Davidson (58) was employed for visualizing
the location of a deletion or substitution in heteroduplex DNA mole-
cules by electron microscopy. With this technique an accurate

physical map of the lesions in various att mutants could be constructed,
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and with this physical map, we could locate very precisely the im-
portant att components missing in each of these mutants. To investi-
gate the problem of homology between g_@icm and g_t_@B, a simple vari-
ation of the basic method described above allowed us to accurately
measure the position and extent of very small regions of homology
between two DNA molecules. This work was done in collaboration
with Ron Davis of the Chemistry Division, and without his expertise
and guidance, this most important aspect of the ggcp investigation
would not have been possible. This work is described in the last

manuscript of Part I.
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Deletion Mutants of Phage Lambda

I. Isolation and Initial Characterization
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John S. Parkinson and Robert J. Huskey
Division of Biology, California Institute of Technology
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The inactivation rate of lambda phage at high temperature or low
ionic strength is largely dependent on the DNA content of the lambda
head. Deletion mutants of lambda have been selected, therefore, by
isolating heat resistant or chelating agent resistant mutants of A
wild type. Because A wild type stocks contain about .01% phenotypical-
ly resistant phage, it was necessary to select deletion mutants by
recycling procedures which appear to select against certain types of
deletions. Deletions have been isolated from UV-induced and vegeta-
tively grown A stocks and the two preparations are different in several
respects. Based on the results of preliminary characterizations, all of
the deletion mutants fall into three major classes with respect to their
integration behavior on different host strains. Furthermore, none of
the nearly 200 deletion mutants studied is defective in the ability to

promote recombination in recombinationless host bacteris.
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l. Introduction

Unlike the DNA of many bacteriophages, the chromosome of
temperate phage lambda (A) has specific fixed ends so that deletionms
of a portion of the A chromosome result in particles which contain
less DNA than wild type. Lambda deletion mutants can, therefore, be
identified by virtue of their decreased buoyant density in CsCl equi-
librium density gradients (Weigle, Meselson & Paigen, 1959); however,
it is difficult to take advantage of this property of A deletions to
isolate new deletion mutants (see Kellenberger, Zichichi & Weigle,
196la). We have developed methods for obtaining deletion mutants of
A based on the findings of Hertel, Marchi & Mtller (1962) who demon-
strated that heat resistance in the wvirulent phage TS5 is accompanied
by a decrease in buoyant density of the resistant particles. Heat
resistant TS5 phage are now known to be deletion mutants (Rubenstein,
1968), and we have found that A deletion mutants can also be obtained
by isolating heat-resigtant A phage.

Viable deletion mutants of lambda, having lost only non-
esgsential segments of DNA, provide a way to study the organization and
function of those regions of the A chromosome which are not required
for vegetative growth. Since Franklin (1967) has demonstrated that the
entire central third of the A chromosome is not essential for vegeta-
tive growth, we would expect most of our deletion mutants to lie within
this region of the genome. Two very important, although dispensable,

processes are controlled by the middle portion of the A chromosome:
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generalized recombination (Echols & Gingery, 1968; Signer & Weil,
1968) and prophage integration (Kellenberger et al., 196la; Zissler,
1967).

In this paper we will describe two similar methods for select-
ing deletion mutants of phage lambda and the initial characterizstion
of such mutants. In the accompanying papers (Parkinson, 1970;
Parkinson & Davis, 1970) we have further studied these deletion
mutants to analyze the genetic and physical properties of the lambda
integration apparatus in the center of the A chromosome. By studying
A mutants with structural defects, substitutions as well as deletions,
we have been able to detect and characterize several structural

elements in the A genome which are involved in prophage integration.
2. Materials and Methods

(a) Phage strains

The A mutants used in this work are listed in Table 1. Mul-
tiple mutant strains were constructed by crossing the appropriate
parental strains together and then testing the desired recombinant by
backerosgsing to confirm the genotype. Stocks were made by the confluent

lysis method or by UV or temperature induction of a lysogenic strain.

(b) Bacterial strains

The bacterial strains used in this study are described in

Table 2. E. coli strain C600 was used for all phage assays.
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TABLE 1

Phage strains

a) Derivatives of g it (A PaPe)

Strain Phenotype
CItl CIts
CI509 CIsus
int6 intA
red3 redABC

b) Deletion mutants of A

Strain Density % DNA change
Asdl 1.520 +8
Abl 1.512 +2
A3k 1.50L 3
21
AbS(A1i°7)  1.501 -5.5
Ab2 1.491 =13

Source and/or reference

Lieb (1964)
E. T. Young

E. Signer; Gottesman &
Yarmolinsky (1968)

E. Signer; Signer & Weil (1968)

Source and/or reference

E. Calef; Pica & Calef (1968)
J. Weigle; Weigle et al. (1959)
J. Weigle; Kaiser & Jacob (1957)

J. Weigle; Kellenberger et al.
(1961b)

J. Weigle; Kellenberger et al.
(1961=)

J. Weigle; Kellenberger et al.
(1961b)

c) Special strains for recombination tests

rea3 1*3* sus muL

43k

bioll i sus R5 (from M. Shulman)
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TABLE 2

Bacterial strains

Strain Relevant genotypel Source and/or reference
C600 su’ rec’ Appleyerd (1954)

594 su rec’ Weigle (1966)

CR63 su’ AT, an® Appleyard et al. (1956)

QRL8 su' recaA E. Signer; Signer & Weil (1968)
QR14 su’ rec’ Acryh E. Signer; Signer & Weil (1968)
QR15 sy regh Acryh E. Signer; Signer & Weil (1968)
AB2480 uvrA rech ;ﬁezgz:r%zg%g?ders; Howard-Flanders &
SM0005 c600 (2*)

RSOThlL 594 (RLuk CItl)

RSOTLE 594 (RS)

Lrbbreviations: Su’ (su”) = ability (insbility) to support the growth

of A sus mutants.

ggg+ (recA) = ebility (inability) to promote general-
ized recombination.

uvrA = UV-gensitive; unable to dark repair UV-damaged
A.

Acryh = cryptic prophage (no immunity) carrying
extended host range marker (h).

Ar,AhB = resistant to Ah+, sensitive to Ah.
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(c) Media

TMG dilution buffer, K medium and BBL top and bottom agar for
plates have been described previously (Parkinson, 1968). Tryptone
broth (1% tryptone, 0.5% NaCl) was often used in place of K medium for
growing bacteria. EMB glucose plates contained per liter of distilled
H,0: 27.5 gm EMB agar base (Difco) and 1 gm yeast extract. After
autoclaving, sterile glucose solution was added to 0,05% final concen=-

tration and plates were poured rather thin (v 25 ml./plate).
(d) Chemicals

Optical grade cesium chloride (Harshaw Chemical Co.) was used
for CsCl density gradients, otherwise all chemicals used were standard

reagent grade.

" (e) Procedures described elsewhere

We have used a number of techniques which have been described
by others. Except where noted, no modifications were made in these
procedures as they are described in the literature.

(i) Plating bacteria, crossing bacteria and crossing pro-
cedure (Parkinson, 1968).

(ii) Red marker rescue spot tests (Signer & Weil, 1968). We
used either QR1L + CR63 (1:2) or QRL5 + CR63 (2:1).

(iii) Int spot test (Gottesman & Yarmolinsky, 1968).

(iv) Multiplicity reactivation was done with strain AB2L4L80 as



described by Huskey (1969).

(£) Terminology

The abbreviations used in this paper are:

rec = recombinationless bacterial mutants

red = yecombination deficient A mutants

int™ = integration negative A mutants

A cry = cryptic prophage containing only the A genes from P
through J on the phage chromosome

A del’ = A phage which carries no deletions, that is, contains

the wild type amount of DNA
3. Results

(a) Isolation of lambda deletion mutants

Two similar techniques have been developed for isolating dele-
tion mutants of lambda. The method used initially--selection for heat
resistance--has recently been replaced by a more sensitive method,
selection for resistance to chelating agents. Although in 2ll major
respects both methods are virtually identical, we will describe in
parallel the properties of both methods to point out several important
quantitative differences in the two techniques as well as to emphasize
the similarities in the selection procedures.

(1) Inactivation of A" by heat or by chelating agents.

Figure 1 shows the effect of high temperature and of chelating agents
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Fig. 1. Inactivation patterns of A++.

a) Heat inactivation. Pa were diluted 50- to 100-fold into
107! M Tris, pH T.4, st 60°C with 107> M MgSO,. The reaction was
stopped at various times by diluting samples into TMG buffer at room
temperature.

b) Chelating agent inactivation. ACIS09 gg;f were diluted
50- to 100-fold into 1072 M chelating agent, pH 8.5, at 37°C. The re-
action was stopped at various times by diluting samples into TMG buffer

at room temperature.

o——0 = NahP2OT
O—~a0 = Ne EDTA
A———A = Na Citrate



o1

Do L€ 1V IN3IOV ONILVIIHO NI ("ulw) 3JNIL

0¢

Ge

0¢

Gl

Ol

S

Jo 09 1V (4) INIL
S

14

€

[4

2Q

1

—

4

I

¢Ol

2.0l

ol

NOILOvHd ONIAIAYNS



30

on the viability of A++. In both treatments a major portion of the

A++ population is raepidly inactivated, revealing a much more resistant
minor component. Hereafter the conditions described in the legend of
Figure 1 will be referred to as standard conditions. Moreover, we will
only discuss pyrophosphate (PP) inactivation of A phage as an example
of chelating agent inactivation. It is evident from the results shown
in Figure 1lb that the ability to inactivate A++ is not a unique

- property of any one cheleting agent.

The mechanism of A++ inactivation is not yet understood. A
preparation of A++ was purified by banding in CsCl and then examined in
the electron microscope before and after heat inactivation. The
samples were treated first with DNase (1 ug/ml.) and then negatively
stained with phosphotungstic acid. The control sample contained 60%
full-headed phage. The sample which was heat inactivated to 10—h sur-
vival contained less than 0.1% full-headed phage particles. Evidently
heat inactivation causes DNA to be released from the phage head.
PP-inactivated particles also appear to have lost their DNA as shown
by the following experiment. A A++ preparation, purified by banding in
CsCl, was analyzed by density in a Spinco Model E analytical ultra=-
centrifuge before and after PP treatment. Before treatment, the UV=
absorbing material (DNA) had a density of 1.5 g/cm3 which corresponds
to that of whole phage particles. After inactivation to L x 11.0-)4

survival all of the DNA banded at 1.7 g/cm3 which is the density of

; ++ s
free A DNA. Although DNA is clearly released from A  particles upon



heat or PP treatment, we do not know if the heads are being ruptured or
if the DNA is escaping through the phage tail.

The biphasic inactivation patterns shown in Figure 1 are typi-
cal of all A'' stocks. We will assume that the second component of
these inactivation curves is due to the presence of heat or PP-resis-
tant phage particles which we will designate A*. The frequency of
l* phage, determined by back extrapolating the second component of the
inactivation curves, is dependent on the inactivation conditions, but
is independent of the origin of the A++ stock which is used. Under
standard conditions, this level of l* is quite reproducible for both
heat and PP treetment. We have investigated the nature of A* particles
and conclude that A* are genetically wild type but phenotypically
resistant to heat or PP inactivation. The evidence for this conclu-
sion is discussed below.

A preparation of A* particles was obtained by heat or PP inac-
tivation of a A" stock to approximately 1o“h survival. The surviving
phage were analyzed in preparative CsCl gradients and in both cases
the surviving particles were heterogeneous in density. A narrow band
of phage at wild type density was found and also a broad band of phage
with a mean density of about 1.49 g/cm3. We have not been able to test
these phage for heat or PP sensitivity; however, the particles of wild
type density could be contaminating A++ phage and we concentrated our
attention on the less dense particles. The progeny of the less dense
phage are once agein as sensitive as A++ to heat or PP-inactivetion.

++
These progeny phage also have the same density as A, which suggests
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that the lighter density of the original A* particles was not a geneti-
cally determined property of the phage, but only phenotypic. Since
resistance is correlated with density, it appears as though A* phage
owe their resistance to a phenotypic modification of the particle which
confers a lower density on the phage as well.

Since the amount of DNA in A* particles appears to be the same
as in A++, the lower density of A* may be due to increased amounts of
protein in these particles. This is probably the case since A* par-
ticles obtained by heat treatment have a faster sedimentation rate than
A++, suggesting that the overall molecular weight of A* is greater than
A++. By density and by sedimentation analysis, A* particles appear to
be heterogeneous. The different frequencies of A* phage which are
found with different inactivation treatments suggests that A* phage are
inactivated by heat or PP until all of the A* particles which are
sensitive to a particular set of inactivation conditions are destroyed.
The more stringent the conditions, the more classes of A* will be
inactivated and the lower the apparent frequency of resistant phage
will be.

Since A* particles have a lower buoyant density than l+*, if
A* ere present in A++ stocks before inactivation, they could be re-
moved from the A++ stock by density purification. A A++ stock was
banded in CsCl and a very narrow fraction of phage of wild type den-
sity was examined for PP sensitivity. The density-purified A++ did

L]
not have & biphasic inactivation pattern showing that A particles do

not arise during the inactivation treatment.
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(ii) Influence of DNA content on inactivation rate. To show

that heat or PP inactivation is a valid method for isolating A deletion
mutents, several standard deletion mutants of lambda have been examined.
The results presented in Figure 2 show that each of these deletion
mutants is less sensitive to heat or PP treatment than is A .

Figure 2 also demonstrates the greater sensitivity of PP inactivation
in discriminating between phages with only small differences in DNA
content. For example, Ab5 is quite sensitive to heat inactivation,

but is completely resistant to PP treatment. Even Aih3h which is only
missing about 3% of its DNA compared to A++ is much more resistant

than A" to PP inactivation.

Is the difference in sensitivity of A++ and A deletions due to
differences in particle structural proteins? If the deletion mutants
produce diffusible gene products which are responsible for increased
regsistance, a mixed infection of A++ and Ab2, for example, should pro-
duce resistant A++ particles. Over 50 deletion mutants have been
examined and never does heat or PP resistance of deletion mutants under-
go phenotypic mixing with A++, which strongly suggests that the pattern
of sensitivity to heat or PP is determined only by the size of the DNA
in a A particle and not by "resistant" structural proteins.

Five different A deletion mutants, ranging from 5% to 23% less
DNA than wild type, were studied to show that DNA content is directly
related to PP or heat sensitivity. Figure 3 shows the PP inactivation
patterns of these deletions at 45°C, a temperature at which all of the

mutants are inactivated at measurable rates. The small initial
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Fig. 2. Resistance of A deletion mutants to heat and PP in-

activation.

a) Heat inactivation, standard conditions.

4+
o—o0 = A

V—7 = AbS
O—O = Ab2
b) PP inactivation, standard conditions.

o——0 = ACI509 del’
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Fig. 3. Inactivation patterns of deletion mutents in PP at
45°C. Standard PP conditions were used except that the treatment was

carried out at 45°C rather than 37°C.
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inactivation, which appears to be very rapid as shown in Figure 3, is
probably an effect of heat shock and has been disregarded. The inacti-
vation rate of each deletion was calculated from the major linear
component of each inactivation curve. As shown in Figure 4, the rate
constant for each deletion is directly proportional to the DNA content
of that deletion mutant. Analogous experiments have been done for heat
inactivation and again we obtain a linear relationship between the log
of the inactivation rate constant and percent deletion. This relation-
ship has proven to be a useful method for rapidly estimating the DNA
content of deletion mutants.

Since the DNA content of deletion mutants is related to the PP
sensitivity of the mutants, we would expect that A mutants with more
DNA than A™F will be even more sensitive than A" to PP inactivation.
The experiment shown in Figure 5 confirms this prediction. Two
mutants of lambda, Abl and Asdl, which have somewhat more DNA than
A++, are rapidly inactivated at 20°C in pyrophosphate. At 20°C, how-
ever, A++ is killed rather slowly, demonstrating that Abl and Asdl are
more sensitive to PP treatment than A++. This difference is nof due to
protein differences between A++ and the mutants, since no phenotypic
mixing of density or PP-sensitivity is observed. These results
emphasize the fact that there is nothing unique about the DNA content
of l+* particles with respect to PP inactivation. In fact, it is
possible to discriminate between any two A phages with different DNA

contents by choosing the appropriate inactivation conditions.
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Fig. k. Relatibnship between DNA content and inactivation rate.

PP inactivation rates were calculated from Fig. 3.

0= Ab5
¥V = Ablll
© = Ab2

0 = Ab2bSc
A = Xb221

The DNA content of blll and 221 was calculated from their buoyant
density in CsCl as explained in Davis & Davidson (1968). The DNA con-
tent of b5, b2, b2b5¢c was calculated from electron microscope date of

Davis & Davidson (1968) and Parkinson & Davis (1970).
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Fig. 5. Increased PP sensitivity of A mutants with more DNA
than A++. PP inactivation was carried out at standard conditions ex-

cept that 20°C was the temperature rather than 37°C,

++
o——0 = A

O——— = Asdl
A—A = Abl




SURVIVING FRACTION

1072

1074

y2

I l J I

20 30 40 50
TIME (min) IN NagP,0, AT 20 °C

60

Fi %



43

(b) Isolation of A deletions by heat or PP selection

A procedure for selecting A deletion mutants was developed in
the following way. The standard conditions which have already been
described for heat and PP treatment were chosen on the besis of recon-
struction experiments with A++ and A deletions. The purpose was to
obtain conditions to optimize the viability of deletions and the in-
activation of A++. Using these conditions, heat resistant or PP
resistant mutants are then selected. Since A stocks contain a rela-
tively high frequency of A* compared to true resistant mutents, it is
necessary to inactivate l* particles. This is done by simply regrowing
the survivors of an inactivation treatment so that all of the A* phage
return to a sensitive form. Each inactivation and regrowth constitutes
one cycle of selection and produces an increase in the relative fre-
quency of resistant matants in the population as a whole. From recon-
struction experiments, the enrichment factor for heat inactivation is
about 300, that for PP treatment is 2000, Thus the initial frequency
of resistant mutants in the population will dictate the number of
selection cycles which are needed to produce nearly all resistant
mutants. By using the enrichment factors, these initial frequencies
can be estimated. Once a number of resistant mutants have been ob-
tained they are tested to determine whether or not they are deletion
mutants.

(i) Heat resistant mutants from UV-induced C600 (A++). A stock

of A", made by UV-induction of 600 (A*F), was carried through two
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cycies of heat selection as shown in Figure 6a. After the second cycle
the population consisted mostly of heat resistant phage whose initial
frequency in the A++ stock is calculated to be about 1 x lO—h. As
shown in Figure 6b, these heat resistant mutents are less dense than
A++ and 200 of these density mutants were picked from the peak of
lesser density for further study. The mutants obtained in this selec-
tion are numbered b101-b300 and are designated the "UV" class of mu-

tants, 57 of which have been examined in detail.

(ii) PP-resistant mutants from vegetatively-grown adelt. A

suppressible clear plaque mutant of A++, C1509, was grown on the EET
strain 594 to produce a vegetatively grown stock of %EE}T‘ Two cycles
of PP selection were carried out, each time regrowing the surviving
phage under vegetative conditions. The results of this selection are
shown in Figure Ta from which it can be calculated that about 5 x lC)‘6
of the initial phage were PP-resistant mutants. Nearly all of the
phage after two selection cycles are less dense than A++ as shown in
Fig. Tb. From the survivors of a third PP treatment, used to remove
the few remaining wild type density phage, individual plaques were
picked for further analysis. These mutants--the "VEG" class--are
numbered b501-b642, and all 142 of these mutants have been at least

partially characterized.

(iii) Resistant mutants are deletions. The UV and VEG mutants

appear to be deletions for one or more of the following reasons:
1. The density of 60 UV mutants was measured and every

mutant is less dense than A++.
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Fig. 6. Selection of heat resistant A mutants.
a) Heat inactivation of A'' from c600(a**). c600(x**) was uv-
induced and the phage were heat inactivated under standard conditions

for 6 hours. The survivors were used to grow a new A++ stock by the

confluent lysis method and these phage were again heat inactivated. The

progeny of the survivors of this second heat treatment were again in-

activated by heating.

o—0 1st inactivation

v—
O—-10 = 3rd inactivation

2nd inactivation

b) Density profile of heat resistant A mutants. After the 2nd

inactivation and regrowth, phage were examined in CsCl density gradients

at 22,000 rev./min, 15°C for 18 to 24 hours in a Spinco SW 50 rotor.
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Fig. T. Selection of PP-resistant A mutants.

a) PP inactivation of ACIS09 del’. ACI509 delt, grown by con-
fluent lysis on strain S94, was PP inactivated for U4 minutes and the
surviving phage were regrown by the confluent lysis method. This pro-
cess was repeated and the phage were PP treated a third time.

o——o = 1lst inactivation

V—¥ = 2nd inactivation

O—1 = 3rd inactivation

b) Density profile of PP-resistant A mutants. Survivors of the
2nd PP inactivation were regrown and examined in CsCl gradients as de-

scribed in the legend of Fig. 6b.
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2, Of 12 UV mutants examined, all are more heat-resis-
tant than l++ and the rate of heat inactivation is directly related
to the DNA content of these mutants calculated from their measured
buoyant densitites according to the formula given by Davis & Davidson
(1968).

3. All of the VEG mutants are more PP-resistant than
A++; 4 UV mutants which were studied are also PP-resistant.

4, The heat resistance of the 12 UV mutants from part 2
above and the PP-resistance of the 40 VEG mutants and 4 UV mutants in
part 3 above does not undergo phenotypic mixing with l++, suggesting
that resistance is a property of the DNA of the particle rather than
of the phage proteins in the particle.

5. The DNA of 3 UV mutants and of 21 VEG mutants has been
measured in the electron microscope (Davis & Davidson, 1968; Parkinson
& Davis, 1970). All of the mutant DNA's are shorter than A’ DNA,
indicating a deletion.

Taken together, all of this evidence indicates that the UV and
VEG mutants are deletions. However, the size distribution of deletions
in the two preparations is quite different. The DNA content of 60 UV
deletions whose buoyant density has been measured ranges from 9% to
23% less DNA than wild type. The DNA contents of 21 VEG mutants
studied with the electron microscope by Parkinson & Davis (1970) range
from about 1.5% to 17% less DNA than A++. The difference in the UV and
VEG preparations in this respect is most likely due to the different

sensitivities of the two selection methods. It is possible, however,
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that the initial size distribution of UV deletions was, in fact, dif-
ferent from the initial size distribution of the spontaneously-occurring

VEG deletions.

(c) Properties of UV and VEG deletion mutants

As stated in the introduction, we expected most of the dele-
tions to lie within the central portion of the A chromosome, which
controls the non—eésential functions of prophage integration and gener-
alized recombination. Below we will describe the preliminary charac-
terization of UV aﬁd VEG deletion mutants with respect to integration
and generalized recombination. At this time we only wish to show that
many of the deletions do in fact alter the integration functions of
the mutant phage, and that the deletions can be divided into 3 major
classes with respect to their integration behavior. The implications
of these results and a more detailed genetic analysis of these dele-
tion mutants are presented in the accompanying paper by Parkinson

(1970).

(i) General recombination in the deletion mutants. Signer &

Weil (1968) and Echols & Gingery (1968) have isolated A mutants which
are unable to promote generalized recombination in a recombination-
deficient host strain. These mutants, called EEQT’ define at least two
genes, located adjacent to one another and near the center of the A
gencme (Signer, Echols, Weil, Radding, Shulman, Moore & Manly, 1968).

Since red mutants are recessive, we can test for the presence of
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the Red genes in a deletion mutant by asking whether a deletion is able
to furnish zggf function in a cross with a zggf tester phage. Table 3
shows the two types of tester phages used in these experiments and the
types of recombinants that we looked for in each case. Both tester
EEQT mutants were missing all of the known recombination genes so that
if any one of these genes was defective in a deletion mutant, we could
have deteéted it in this test. We tested 40 VEG mutants (b501-b5L0)
and four UV mutants (blll, b130, b189, b221). None of these deletion
mutants was defective in complementing the gggf tester phage for gener-
alized recdmbination; however, it is possible that some of these
deletions were deféctive in other Red genes which are still functional
in the tester phages. Two additional tests were done to examine this
possibility.

Signer & Weil (1968) have described a marker rescue spot test
for EEQ; A mutants. The test measures in a qualitative manner the
ability of a phage to recombine with a defective prophage carried in a
rec  host strain. We tested all 142 VEG deletions and 57 of the UV
deletions in this way, but again all of the deletion mutants were able
to promote recombination in the EEET host.

Huskey (1969) has devised yet another method for testing whether
a phage strain is able to promote recombination. Huskey demonstrated
that multiplicity reactivation--the formation of an active A genome
from a number of inactive ones--is dependent on the ability of the
phage to promote its own recombination. An additional 2T UV deletions

were examined with this test; however, all of these deletions gave
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TABLE 3

Complementation test for recombination

tester #1 del+ red3 iu3h t‘; Rhkh
|
1
]
1
deletion e
del”™ red>- 1 r*
recombinant #1 dert red3 :lh?’)+ rt
434
tester #2 biotin substitution ) RS
!
i
i
deletion | (R ——
del” red> :1.)L R
recombinant #2 biotin genes ih3ll R

Crosses were performed in QR48 (rec”) at moi = 5 of each parent.
Recombinant #1 was assayed on 594 (RLhk il); recombinant #2 was assayed
on 594 (RS iA). Complementation occurred if the frequency of recombina-
tion was greater than 0.1% which is the control frequency under these
conditions using IEQT mutents. In all cases where complementation oc-

curred, the frequency of recombinants was at least 37.
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substantial multiplicity reactivation and thus were red .

A total of 199 deletion mutants has been tested so far in one
or more of these recombination assays without detecting any deletions
which are ESQT' We presume that few, if any, of the remaining 143 UV
deletions which have not been tested, will prove to be zggr. It is
clear that ESQT deletions are quite infrequent in both our UV and VEG
preparations. However, it is important to emphasize the fact that we
could only have detected Red genes which are phage-specific; that is,
recombination functions which are not supplied by the EEET host strains
which we used. If some phage Red genes are also present in the host,
we would not be able to detect these phage functions.

(ii) Integration properties of the deletion mutants. We have

tested 57 UV deletions and 142 VEG deletions for the ability to estab-
lish stable lysogeny in several different hosts. In order to establish
stable lysogeny in a sensitive host strain, A must have both a function-
al integration gene (Int) (Zissler, 1967) and a functional attachment
site (att %). In bacterial strains which carry a cryptic (defective)
prophage or a heteroimmune lambda prophage, some mutants of A which
cannot integrate into the chromosome of sensitive bacteria, can inte-
grate into the chromosome of these lysogenic strains (Fischer-
Fantuzzi, 1967; Weisberg & Gottesman, 1969). We have tested the
deletion mutants in both sensitive and lysogenic bacteria using a
simple spot test described by Gottesman & Yarmolinsky (1968). This
test is based on the fact that cells lysogenized with a non-integrating

A mutant will segregate sensitive cells with no prophage because the
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phage genome is inherited unilinearly at each cell division (abortive
lysogeny).

The results are presented in Table 4, All of the UV mutants
and most of the VEG mutants are defective in establishing stable
lysogeny in a sensitive host. A large number of these mutants, however,
can establish stable lysogeny in the strain carrying a defective pro-
phage. Thus we can define three classes of deletion mutants based on
this test: class 1 which behave like A" in integration; class 2
mutants which have the integration pattern of Ab2 or Adg; and class 3
deletions which behave like Aint mutants,

Since all of the deletion mutants are gggf, the differences in
the pattern of class 2 and 3 deletions cannot be due to the Red system.
It is also likely that the ability of class 2 deletions to establish
stable lysogeny in the cryptic prophage strain means that these dele-
tions are 323?. The properties of these deletions will be discussed in

more detail in the accompanying paper by Parkinson (1970).
4, Discussion

(a) A inactivation by heat and chelating agents

Heat and PP inactivation of A++ appear to be nearly identical
phenomena for several reasons. Both reactions are affected by the same
parameters: temperature and ionic strength—-divalent cations in
paerticular, Furthermore, heat and PP treatments in some manner cause

A phage to lose DNA from their heads. There is, however, an obvious
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TABLE 4

Integration patterns of A deletion mutants

Ability to integrate into: Integration Frequency
Class C600 QR1L(Aery) pattern of: uv VEG
i & + i 0/57 43/1k2
2 0 + a2t aag? 30/57 87/1k2

3 0 0 Ant™ 27/57 12/1k2

Phage at ~ 108/m1. were spotted onto C600 and QR14 and incubated
overnight. Bacteria from the turbid centers of the spots were trans-
ferred to EMB-glucose plates spread with & 109 A cleer phage and incu-
bated at 37°C. The tests were scored after 36-48 hours. In every

series of tests, positive (A"') and negative (Aint™) controls were

included.

lsee Pischer-Fantuzzi (1967); we also confirmed this integration pattern

for the Ab2 mutant.

s - Guerrini (1969) and Weisberg & Gottesman (1969).



quantitative difference between heat and PP inactivation, in that PP
insctivation is very sensitive and under standard conditions small
deletion mutants are completely resistant to PP treatment. It would
appear from our results that PP inactivation is a strietly DNA content
dependent process. It may be that our conditions for heat inactivation
bring about a slow inactivation which is independent of DNA content as
well as the more rapid inactivation which is shown to be dependent on
DNA content. In all major respects, however, PP and heat inactivations
are probably identical in their mechanism of action.

Inactivation of phage T5 by heat has been described by Adams &
Lark (1950) and more recently by Hertel, Marchi & Miller (1962). PP
inactivation of T5 has also been described (Yamamoto, Fraser & Mahler,
1968). The A and TS5 systems with respect to heat or PP inactivation
are remarkably similar and the mechanism of inactivation is probably
the same for both phage. In both cases inactivation is dependent on
the conditions of temperature and ionic strength and most importantly
on the DNA content of the particles. Moreover, phenotypically resis-
tant T5 phage occur in TS5 stocks with a frequency similar to that for
A* in stocks of A*T. It is possible that heat or PP inactivation will
prove to be useful methods with other phage as well.

The behavior of AT particles in low ionic strength conditions
suggests a simple explanation for several puzzling results reported in
the literature. Fraser (1966) has described the properties of "low
density A particles" which are produced by growing A" in broth with

very low Mg++ and Ca.++ concentrations. The burst size under these



conditions is very low and nearly all of the phage have a lower density
than A++; however, their density returns to normal after one cycle of
growth. Fraser suggested that the low density property of these phage
was "intrinsic to the phage genome before maturation,” however our
results suggest an alternative explanation; that the low burst size of
A++ under Fraser's conditions is due to inactivation of A++ particles
after maturation and release from the cell., The growth conditions
Fraser used are quite similar to PP inactivation and also Fraser found

43k

that Ai produced higher burst sizes than At under these conditions.

As we have shown, Aih3h is more resistant than A" to PP inactivation.
Therefore, "low density phage" are probably equivalent to A particles
since they have similar density distributions, occur with similar fre-
quencies, and are only phenotypically modified. It seems very unlikely
to us thatl* particles contain less DNA than wild type, as suggested for
low density particles by Fraser, because of the fact that A* are not
only less dense than A++, but also have a greater sedimentation rate
than A++. The simplest explanation of these findings is that A*
particles contain more protein than A++.

Hercules, Knacht & Zubay (1968) have reported that ¢80 dlac
particles are produced in low yields after induction of a $80, ¢80 dlac
double lysogen in a medium which contains little Mg++ or Ca++. In a
different medium with high ionic strength, $80 and #80 dlac particles
were produced in equal quantities. It was suggested that the basis of

this effect was differential DNA replication after induction which de-

pended on the growth medium employed. Since the $80 dlac used by these
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workers was shown to be more dense than (80 wild type, we believe that
the differential yield of ¢80 and $80 dlac in low ionic strength medium
is due to the inactivation of 80 dlac by a process analogous to PP
inactivation of A++.

Both PP and heat inactivetion of A++ particles cause DNA to be
released from the phage heads. In fact, several workers have reported
the use of chelating agents to produce ghosted A particles (Soller,
Levine & Epstein, 19653 Villarejo, Hua & Evans, 1967). We are still
not certain of the actual mechanism and site of action of inactivation
treatments. On the cne hand, increasing the repulsive forces of the
DNA inside the phage head could cause the phage head to rupture, re-
leasing the DNA. On the other hand, such forces within the head might
trigger the injection process causing DNA to be extruded through the
tail. It is difficult to imagine that either of these mechanisms would
be as sensitive to changes in DNA content as is PP inactivation.
Detailed studies of the inactivation of free A heads and A tails might

serve to answer some of these questions.

(b) Properties of UV and VEG deletions

The final preparations of UV and VEG deletions which we have
studied do not constitute a random sample of deletion mutants from the
initial population before selection. Our selection methods necessarily
introduce concomitant counter-selection pressures ageainst certain
classes of deletion mutants. For example, both heat and to a lesser

degree, PP treatments cause small deletions to die at a faster rate



a9

than large deletions. Thus the size distribution of deletion mutants
in the UV and VEG preparations is skewed toward the larger deletions.
This type of bias in our selection methods is not too serious, however,
since we are only interested in using the deletion mutants to detect
dispensable functions.

Another type of bias is exemplified by the absence of red
deletion mutants in the UV and VEG preparations. Since IEET mutants
have smaller burst sizes than ;ggf phege (see Signer & Weil, 1968),
our recycling procedure would probably tend to deplete the population
of gggf mutants. In fact, reconstruction experiments using mixtures of
EEQT and EEQ? phage prove that this is the case. We cannot be certain,
therefore, that other deletion mutants with small burst sizes could be
detected in this system.

Although the UV and VEG preparetions are not random samples,
nevertheless several lines of evidence suggest that UV and VEG dele-
tions are basically different. First, the frequency of spontaneous
(VEG) deletions is about 5 x 10-6 whereas the fregquency of UV deletions
is about 10-h. Thus the UV preparation contains virtually no sponta-
neous (VEG) deletions. Since the UV deletions arose from an induced
prophage, it is reasonable to suppose that most or all of the deletions
are the result of aberrant excision of the prophage genome from the
host chromosome, which has been suggested by Campbell (1962) as a
mechanism of deletion formation. Secondly, the proportions of the
three types of deletion mutants are quite dissimilar in the UV and VEG

preparations. It seems to us unlikely that these differences can be
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due merely to different size distributions of deletion mutante in the
two preparations, but are rather caused by basic differences in the
mechanism of formation of the deletion mutants. Further evidence for
this notion is presented in the two companion papers by Parkinson

(1970) and by Parkinson & Davis (1970).

We are indebted to Dr. R. S. Edgar for his help in the prepa-
ration of this manuscript, but most importantly for his unfailing
interest and concern in our perscnal and intellectual growth as his
graduate students, We also want to acknowledge the many helpful
suggestions and the constructive criticism of the late Jean Weigle,
Thanks are also due our fellow graduate students: John King, Jeffrey
Flatgaard, Richard Josslin and Steve Beckendorf for much constructive
and destructive criticism during the course of this work, The studies
on heat inactivation were conceived and carried out by R.J.H. in
partial fulfillment of the reguirements of the California Institute of
Technology for the Ph.D. degree. This work has been supported in part
by grants to Dr. Edgar from the National Science Foundation (GB=-3930)
and the National Institutes of Health (GM=-6965). J.S.P. is a pre-
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Viable, integration-defective deletion mutants of phage A
were examined with the technique of Int-promoted recombination
between phages. The types of mutants found and their properties
are consistent with a three-component model of gitw. The results
show that _aitCp contains a unique locus for integration cross-overs
which is bordered on each side by recognition sequences which are
essential for normal integration. The role of these recognition
sequences in integration was studied by analyzing the pattern of
Int-promoted recombination between phage containing various types
of mutant att sites. It was found that the integration system of
can function with a variety of defective att sites, however, no
simple pattern could be deduced from these results. Evidently,
the )\ integration system is considerably more complex than it was
at first believed, and very unlike systems of generalized recom-
bination.
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1. INTRODUCTION

The establishment of stable lysogeny by temperate bacterio-
phage lambda takes place in two steps. After infection of a sensitive
host, the phage lytic functions are first repressed. The lambda
DNA then inserts itself into the host bacterial chromosome by a
process known as prophage integration. Because integration appears
to occur by reciprocal recombination, this system has been exten-
sively studied as a model for recombination. Recent investigations
of the lambda integration system indicate, however, that integration
is a very special sort of recombination. The purpose of the present
paper is to further examine these unique features of the lambda
integration machinery.

The lambda integration system has been shown tohave at
least two essential components: an Int gene (Zissler, 1967) which
seems to make an "integrase' needed for integration; and an
attachment site (Etfp) which appears to be the substrate for integrase
action. Because _i__I_l_l_Z- mutants of lambda can be complemented by
i_n§+ helper phage, the Int gene is thought to make a diffusible product.
Mutants defective in a_ttcP, however, cannot be complemented by a
helper phage (Zichichi & Kellenberger, 1963; Campbell, 1965).
Since a_ttCP appears to play a<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>