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Physicochemical Properties of the E. coli F''Lac Episome

Abstract

Dorothy Louise Read TFreifelder

A technique for the specific labéiing of the F'lac particle of
the bacterium E. coli has been developed using a system in which
only a transferred particle can replicate and thereby incorporate
labeled thymine. The system consists of a male cell which céntains
a genetic block such that it cannot incorporate exogenous thymine
and a female whiéh‘cannot replicate its own DNA as a conscquence of
its inability to repair lesions produced by a heavy dose of ultraviolct
lighte Thesec cells are mated in the presence of radiocactive thymine.
In this system, the particle is transferred to a killed female with
near~normal efficiency and can replicate and be transcribed in the
irradiated cell, It was demonstréted by agar-gel chromatography that
the labeled material is primarily F'Lac DNA. A rough measurement of
the sedimentation coefficient of the labeled DNA has yielded'a value
of 39 + 2, From this value the molecular weight has been caiculated
to be 55 + 8 x 106, A discussion of the possible conformation of the
molecule is given, & melting curve of the labeled material has been
obtained by agar-gel chromatography; the T, at an ionic strength of
0,04 is 71 C, These experiments have been repeated in less complete
form with the F Ffactor, giving a tentative molecular weight of



Chapter l-= Introduction

FiLac is a DNA~-containing genetic element found in the

bacterium, Escherichia coli, which carries the genes for
lactose fermentation‘and which can be transferred from male
donor cglls to female fecipients by bacterial conjugatione

It is one of a number of factors found in E., coli which can
also promote transfer of genes other than those which it
carries itself, The present state of knowledge of the genetic
properties of these factors is derived in large part from

the course of events in bacterial cenjugation, an important

example of the more general phenomenon of genetic exchange.

In bacteria, genetic exchange is accomplished by trans-
formation (1), transduction (2), and conjugatiox:(:i,ll)° In
each process DNA derived from one cell is introduced into
another cell and genetic recombinants, i.e., clones of cells
having characteristics of both, may arise, Transformation
( direct uptake of free DNA from the external medium ) and

transduction ( DNA transported by a phage and injected into

the bacterium ) both involve the transfer of'relatively small

amounts of genetic material. In bacterial conjugation, howeversA

large amounts of genetic material, occasionally a complete
genome , ﬁay be transferred, The study of each of these pro-
cesses, and in particular bacterial conjugation, has yielded
a great deal of information concerning the organizatioh of
genetic material in bacteria. Some of these studies will be

reviewed in the present work,
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Whereas great effort has gone into genetic and physiol-
.bgical studies, little work has been reported concerning the
molecular structure and physicochemical properties of the
various elementé which promote conjugation. It is only just
recently th;t many workers have addressed themselves tc the
problem of the physical mechanism of transfer and 6f bacterial
recombination. In the present work a beginning has been made
in the characteriéation of one of these particles: a technique
for specific radioactive labeling of the F'Lac particle has
been developed, Preliminary investigations of some of the

physical properties of its DNA will be described,

1. Conjugation in E, coli

A, Determin;tion of mating type

Iﬁ 1946 Lederberg and Tatum (5) found that genetic recom-
binants had arisen in @ixtures of two strains of E. coli K12,
each of which carried different genetic markers., These recom-
binants were found only when cells were permitted to come into

contact~~ they did not result from addition of supernatants or

filtrates of one culture to the other (5,6) nor even from mix-

ing of the culture fluids through a sintered glass filter dur-
ing growth (7); |

Later the formation of recombinants was shown to be an
asymmetric process in that lethal streptomycin treatment or
ultraviclet irradiation of one parent strain prevented recom-

binant formation while such treatment of the other parent did
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. not (8,9), Hence a simple fusion process such as that found in
Protozoa seemed,unlikelyo'The insensitive parent was considered
to be a donor of genetic material, the other a recipient., A
large number of strains of E. coli were found to fall into two
groups or mating types, each strain infertile within the group
but fertile with members of the other group, The distinction
was however not absolute since recipient culfures were totally
sterile with each other, while donor-donor matings showed
slight fertility (10,11,12). Also, donor strains were occasion-
ally observed to lose fertility with recipients, apparently.
spontaneously, and simultaneously to acquire_fertility with
other donor stfains (10,11,12). The reverse was ncet observed
to occur, This led to the idea that donor strains contain some
element which can be lost but which does not arise spontaneously,

The discovery that recipient cells were converted to‘
donors by cell contact, or bacterial conjugation, with donors
(10,11,12) 1led té the concept that a sex or fertility factor,
"F"(IO); determined donor ;bility and was frequentl& transferred
from donor (F+) strains to recipients (F-), This transfer of
donor ability occurred with high frequency ( approaching 100% )
as opposed to transfer of éhromosomal markers ( cao 10_7 per
donor cell ) k5,6)o |

When chromosomal markers were transferred, the recombin-
ants in general retained most of the markers of the F- parent
(10,11,12) suggesting that the ﬁonor transferred only part

of its genome to the recipient. The nature of this transfer
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procéss and the precise role of the donor was an object of
consideration for some time, The first step forward was the
discovery of a third mating type, a highly fertile donor which
was derived from an F+ cell line and for which the recombina-
tion frequency approached 100% for some markers ( although
not for others). In contrast with F+ strains, donor ability
was only rarely transferred, These strains were called Hfr
( High frequency of recombination ) (13,14). Several Hfr
strains were isoléted and it Qas found that for a given Hfr
the recombination frequency depended upon the marker considered
and that these values differed for different Hfr's., The pro-
perties of these various Hfr strains and the information
gained from a study of the kinetics of transfer will be dis~
cussed in detail in Section 1.C,

A fourth mating type, Vhf ( Very high frequency of recom-
bination ), has also been isolated (15,16). Such strains
have the property that not only is mating very efficient,
as in Hfr strains, but also the recombination frequency is
very high for almost all markers. This type has proved to be
probably a variant of an Hfr with an increased capacity to
maintain the stability of a mating pair, and will not be
discussed further,

B, The mating process

Conjugation may.be'dividéd into séveral successive steps:
specific pairing 6f donors to recipients, effective contact,

cellular union, and transfer of the conjugation factors and/er



the chromosome (3,4).°

Specific pairing refers to that interaction between
male and female cells which accounts for the malecfeméle
pairs observed micréscopically (17,18,19,20); such pairs
are not observed in all-male or all-female cultures. The
molecular basis of this pairing is not known but it is likely
to be related to the differences in surface properties of
the male and female cells, Several examples of these differ-
ences are that there are male~ and female-specific antigens
(21); males and females can be separated by countercurrent
distribution (22); there are male- and female-specific phages
_(l7,23,24,25a,25b); and males show a higher affinity for
acidic dyes, a higher negative charge, and a greater tendency
to autoagglutinate than do female cells (26,27,28). Evidence
that spécificity of pairing involves these surface properties
comes from the fact that mating can be inhibited by altering
some of them, For example, treatment of the males wifh period-
ate (29) or by starvation by aerobic growth to maximum cell
density (10,30) results simultaneously in loss of mating
ability (10), loss of sensitivity to male-specific phages (24),
and increased ability to act as recipients (10,16,29). It is
‘possible then that a single male~specific surface cohponent
is responsible for all of them, Periodate sensitivity suggests
that this may be a polysaccharide. It has not been possible
up to the present to alter the female cell in such a way that

mating is inhibited, although females which are resistant to
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female-specific phages have not been investigated. A first
step in the characterization of the specific substahce has
been the isolation of a substance from the cell wall which
competitively inhibits mating (31).

Effective contact is defined as that interaction within

a specific pair which is strong enough to withstand dilution
of the:mating mixture. Specific pairing and effective contact
are not Operationally distinguishable;

Cellular union refers to the alteration of the cell walls

and membrénes necessary to permit transfer of the genetic
material without exposure to the external medium. Completion

of cellular union is operationally defined by detection of the
initiation of transfer-~ that is, measurement of the shortest
mating time at which mating can be interrupted and recombinants
still observed, If the spread in time of formétion of effective
contact is reduced by dilution of the mating mixture after a
short tiﬁe, there is still a variable time delay before the
initiation of transfer; whether this represents the time for
the physiological processes of cellular union to occur or the
time of transfer of an initial portion of the chromosome con=-
taining no known genetic marker is not known,

The effects of cellular union on the cell are variable,
depending both on mating conditions and the strains used (32),
In general, both male and female cells remain viable (33) al-
though in one situation, the F- exconjugate may be growthe~

inhibited or even killed; this latter effect occurs only at
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high ratios of Hfr to F- cells (32), in which case mating
with several Hfr cells is possible, and is probably analogous
to lysis-frbm—without with bacteriophage (34).

Chromosomal transfer will be discussed in detail in the

next section.

The mating process is dependent upon energy and is in-
hibited by anaerobiosis or the addition of dinitrophenol (35,
36,37), However,vapparently only the male requires energy
‘since (a) prestarvation for an energy source of the male but
not of the female reduces the yield of recombinants and (b)
mating proceeds normally with an adenine-requiring female
:previouély starved ofvadénine, a procedure which should de-
plete the reserves of ATP (38,39). In addition the female can
be starved for amino acids ( D. Freifeldef, pers. commun,)
or be irradiated with ultfaviolet light (38) and still serve
as a recipient, whereas such treatment of the male markedly
reduces transi‘er° In one experiment it has been suggested
that DNA synthesis in the female is prerequisite for transfer
( F. Bonhoeffer, pers. commun, ); this controversial result
will be discussed at length in Section 3, which is devoted
te the role of DNA synthesis in the transfer process,

C..Hfr transfer and the genetic map

When an Hfr cell is mated with an F- cell, the recom-
bination frequency observed is marker-dependenf; showing as
much as a 104~fold range between the maximuﬁ and minimum
values (13). Although these values are relatively constant

for a‘giv&n lifr, for each Hfr the marker dependence is
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different, By arranging all known markers of the Hfr in
the order of fréquency of recombination, it is possible to
define a genetic map,

Apother type of map can also be dgfined using the tech-

nique of interrupted mating. Mating pairs can be physically

separated by violent agitatiom ( éften called blending since
it was first accomplished with a Waring kitchen blendor) (40},
Mating can alsoe be terminated by treating the mating pairs

with a high multiplicity of a bacteriophage which can adsorb

to the males but not to the females (41), If it is asked

"whether the genetic map defined above ( recombination map )

is affected by the duration of the mating period uéing either
of these interruption techniques, it is found that the recom-
bination frequency for eéch marker is time dependent in the
following way. Each marker begins to be transferred at a
given time in a given Hfr strain (40;41), Partly because of
the spread in time of initiation of transfer and possibly be-
cause of variatien in ra§e of transfer by individual cells

in the population, there is a spread in the time of transfer
for each markerj i.e.,, there is a difference between the time
at which the marker is first detectable in recombinants ( the

time of entry ) and the time at which the maximum recombination

frequency is reached (20). During this period recombinants
accumulate linearly with time and ultimately reach a maximum,
plateau value. In general markers which appear at early times

reach higher recombination frequencies., Doneor ability is not
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usually a property of the recombinants, appearing only as a
very late ( possibly the last ) marker and at the lowest

frequency, From these experiments a temporal map can be con-

structed in which markers are arranged in order o¢f their time
of entry. From the correlation between the recombination and
temporél maps a modei for transfer (42) hés evolved which is
generally accepted today: In Hfr mating, the Hfr chromosome
is transferred to theifemale sequentially from-a point called
Origin until the final determinant, that of donor ability, is
transferred, However, mating pairs are unstable and break
. apart so that transfer is interrupted at random times., There-
fore, more females receive early markers than late markers.
The transferred DNA is then integrated by some unknown recom-
binational process into the female chromosome to form a recom~
binant, |

This model is suppérted strongly by an analysis of zygéta
ic induction (42), When a prophage which is integrated into
_an Hfr chromosome is transferred to a non~lysogenic recipient,
phage production is derepressed, the phége multiplieé, and
the recipient cell is thereby lysed. Thus, the presence of
transferred prophage can be detected in the female cell with~
out the neceséity of considering complexities of the integra=-
tion process., In this case, again the time of entry and the
final frequency'of transfer corrélate highly with each other
and with the position of the prophage atiachment site on the

chromosome, as determined as an unselected marker in other
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matings.

When different Hfr strains are examined, it is found
that whereas the gradient of recombination frequencies and.
the temporal map are constant for a given Hfr,they differ
for different Hfr's, The pattern that early markers achieve
‘higher recombination frequencies is not violéted though, If
the maps for different Hfr's are compared, they are found to
be cyclic permutations of one another, except for the position
of the marker for donor ability; in some cases the sense of
the cycle is reversed. A peculiarity of this permutation is
that the marker for donor ability is always transferred last
and with the loyest freduency. Hence, formally all of these
maps can be expressed as ohe circular map with each Hfr char-
acterized by having an origin and the marker for donor ability
at a particular point and either a clockwise or counterclock-
wise sense, The map derived in this way is shown in Figure 1,

One might imaginé that the female map, if it could be
constructed, would also be circular and that the Hfr map is
a formal consequence of breaking of the circle and attachment
of the gene for donor ability or fertility to ore of the free
ends, thg choice of ends determining the‘polarity of the Hfr,
Avfemale map can be constructed from linkége and it is found
that in ap Hfr mating, the first and last markers tend to be
linked, thus implying avformaily. ecircular structure (13,43,44).

It might be asked whether the circular map indicates

that the bacterial DNA is a giant circular molecule, Whereas



Figure l-~ Genetic map of L. coli K12

The symbols correspond to: requirement for arginine (Arg),
histidine (His), leucine (Leu), methionine (Met), proline
(Pro), and threonine (Thr); ability to ferment galactose (Gal),
and lactose (Lac); resistance to streptomycin (Sm) and
ultraviolet irradiation (UvrA); and prophage \.

Arrows: corigin and direction of transfer by corresponding
Hfr strains. W4032 and Hfr C have the same origin.
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this need not be the case since the DNA of the female popu-
lation might consist of randomiy permuted linear molecules,
there is strong evidence in favor of molecular circularity
from the autoradiographic representation of the E. coli chromo-
some, as shown by Cairns (45). In these autoradiograms grain
patterns were seen in the form beth of closed structures have
ing a length of 1100-1400 y and of partially replicated forms,

Since Hfr strains were derived from an F+ cell line, it
is likely that the gene for donor ability referred to above is
F itself., Other evidence for this is that (i) Hfr populations
segregate F+ ceils ( some "unstéble" Hfr lines do this at very
high frequency ) (10,13,47), (ii) female recipients of Hfr
chromosomal material never segreéate-F unless they have re-
ceived the marker for donor ability, (iii) F+ and Hfr cells,
but not females, are sensitive to certain phages which are
called male-specific (17,23,24,25a,25b), and (iv) donor ability
can be co~transduced with the final chromosoﬁal marker by the
generalized transducing phage, Pl, to give Hfr cells (46),

D. Chromosomal transfer by F+ cells and the origin of Hfr's

In view of the existence of Hfr cells and the.fact that
;hey are derived from F+ cell lines, it might be hypothesized
that the chromosome donating ability of F+ populations is en-
tirely a result of the existence of a small number of stable
Hfr cells in the population. Flﬁctuation tests show that stable
Hfr cells do érise in F+ populations (48) but other studies (13,
49,50) show that transfer cannot be cbmpletely accounted for

by this means, It is likely that‘occasjoually in an F+ popula-~
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tion the circular chromosome is broken and F is attached to
form what.may be called a transient Hfr, which could remain
for one or more generatidns. If this transient attachment can
occuf at a large number of positions ( say, 20 ) which are
scattered more or less uniformly around the map, the recom-

bination data for Fi+ crosses can be explained,

2. Other systems of conjugation

All systeﬁs of bactefial conjugation studied appear to
be qontrolled by aﬁtonomous cytoplasmic elements,; many of which
carry determinants of properties other than conjugation, such
as drug resistance ( the gésistance Transfer Factor, RTF ) (51),
or baéteriocin production { colicinogenic factor )} (52), Some
but not all of theselelements promote transfer of chromosomal
markers. |

Fertility in crosses with E. coli strain K12 has been
examined for several hundred othef strains of E. coli and
found in 2-20% of them (53,54); in general, fertility is

better between related strains (10,11,55). We know now that in

- _many cases, lack of fertility is a result of host restriction

such asvthat found in phage A (56,57). For example, strains B
and K show very low inter-strain fertility (58). Hoﬁever,
clones derived from the rare cells of strain B which have
-accepted F from K ﬁqéseés the ability to transfer F efficiently
| to strain B but only raiely to K (59,60,6i,62)° An understand-

ing of the host restriction phenomenon has recently been used
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to develop a receptive strain of E. coli B, (63)

Crosses between donor strainé of E. coli and other species
of Enterobacteriaceae and even other genera yield low numbers
of recombinants, For example, certain strains of Salmonella
(64,65,66,67), Shigella (68), Serratia (69), Proteus (70),
and Pseudomonas ( Cn‘Willson, pers., commun, ) can serve as
recipients. Strains which have received the sex factor are
in some cases able to transfer back to E. coli or to other
cells of their owﬁ species (68,70,71,72),

Conjugation factors indigenous to other species than
" E. coli have also been found in Salmonella (73,74), Pseudo~-
monas (75), Vibrio (76,77,78), Proteus (79), and possibly

Serratia (80),

3o The F' elements: in particular, FtLac

The discovery of the transmissible factors { sex fac-
tors) regulating genetic transfer in conjugation and their
special properties led to the definition of a mew class of
genetic elements, termed episomes (8l), These elements are
defined, first, by their accessory nature, i.e., they are
not required for growth by wild type cells undgr normal
conditions, and, secondly, by the ability te exist in two
distinct, possibly mutually exclusive, states, In one state
the particle is autonomous in that it is apparently nrot
associated with the chromosome and replicates independently
( although replication may use the machinery and precursor

supply provided by the host cell ). In the second state
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the episome is attached to or integrated into the chromosome,
Examples of episcmes o&her’than sex factors include temperate
bacteriophages, colicinogenic factors, and drug resistance
transfer factors (82,83), These elements share many other
properties of sex factors but will not otherwise be discussed
here.

A. A model for association with and dissociation from
the chromosome

On thé basis of the fact that the genetic map of the
prophage of the E. coli phage A is a cyclic permutation of
the vegetativé map, Campbell (82) proposed a simple model im
which lysogenization and induction are gach the result of a
single recombinational event, This model has four essential
assumptions: (i) When integrated, the prophage is inserted
linearly into the bacterial chromosome, This assuMption‘has
recently been proven by Franklin (84), (ii) Prior to insertion
into the chromosome, the free phage DNA molecule circularizes,
That this can occur for A DNA has been demonstrated by
Hershey and Burgi (85,86)., (iii) Insertion is the result of
a single cro$s~over of the circular DNA with the chromosome.
(iv) Induction is the result of formation of a loop in the
chromosome followed by a single cross-over of the type pro-
posed in (iii), This.model, as applied to F,.is present. dia-
grammatically in Figure 2. At the present time there is a
good deal bf circumstantial evidence in favor of these ideas

although the model is not rigorously proved. An interesting



Figure 2-~ A model for the alternation of states of
the Campbell model

Zig-zag lines refer to F material; smooth lines to chromo-
somal material. The arrowheads are the Origins and "break-
peints” of , F', and Hfr. Ihe letters ABC..PQ..XYZ are
hypothetical chromosomal markers, A dashed connecting line
means that 3t is not known whether the transition eccurs
in the indicated direction, sfa is the sex factor affinity
locus, which may not arise in all cases ( see text ),

F-: cell lacking the sex factor; Fricell containing an
autonomous sex factor; Hfr: cell contuaining an attached
sex Tactor; F': cell containing an autonomous scx factor
which carries one or more chromosomal genetic markers
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feature of the model is that when the prophage is excised
from the chromosome, if the lovp were made at the wrong
place, a DNA molecule would result which had lost phage marke
ers and gained bacterial loci, This isvpresumably the origin
of A and other specialized tramsducing particles, As we shall
see shortly, a related situation exists for the F system,

This model has recently been invoked to explain the
alternation of states of episomes (4). However, whereas it
is likely that F is linearly inserted into the éhromosome and
therefore satisfies assumption (i), there is no physical evi-
dence, such as is known for A DNA (85,86) that F can circular~
ize. Nonetheless it is an attractive explanation for the form-
ation of stable Hfr strains from F+ cell lipes, the segrega-~
tion of F+‘cells from Hfr strains, and the transfer of chromo-
somal markers by F+ strains. The best evidence that the essen-
tial features of the model are correct is the existence of a
new class of particles, F' or F-primes, which arise from
stable Hfr cell lines and,confain chromosomal determinants,
These elements will be described in detail in the following
sections,

B, Origin of F!' cell lines: F'Lac

FtLac is one of a number of variants of F in which a
portion of the bacterial chromosome has become attached to
the free sex factor.. A partial list of other such variants
is given in Table I. In the case of F'Lac, the incorporated
segment includes the 1ocus for fermentation of lactose. It

is probable that many other loci are also present in F'Lac
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Table I -~ Partial List of Known F' Factors

Designation Genetic Markers Reference
Fl F 10
F2 . F3 others unknown 88
FB F: Gal ' - 47

I F; Lac; Pho; Mb; a7

T6; Pur

F14 F; Ilva; Met; Arg - 116
F15 F; Thy; Arg 86a
Ft'Lac , F; Lac ‘ 87
F'!'Pro F; Pro 87

Abbreviations: Lac, lactose; Pro, proline; Gal,
galactose; Phe, alkaline phosphatase; Mb, methylene
blue; T6, coliphage T6 receptor; Pur, purine;

Ilva, isoleucine-valine; Met, methionine; Arg,
arginine; Thy, thymine



but these have not yet been deteqtedo Cells containing
Filac are identified by the fact that they show a high fre-
quency of transfer of the Lac character with concemitant
acquisition of malenqss.by the_recipiént;.chromosomal markers
{ e.go, proline ) aré transfefred also but with much lower
frequency ( at most ca., 5% of that for Lac transfer ) and
without associated transfer of maleness (87), The frequency
~of transfer of chromosome by F'Lac ( ca. 16"2 ) is however
considerably higher than that of normal F+ donors ( 10n7 -
10"‘“5 (5,6) ). This property, i.c., thelcapacity to transfer
ene or a small number of markers with high frequency accom-
panied by transfer of donor ability and the transfer of chromo-
somal markers at frequéncies intermediate between that of Hfr
and F+ ié the defining characteristic of the F-variants known
as F' or F-primes.

ihe first F' was isolated by Adelberg and Burns (88)
and was called F, ( F, =F ). This strain arose from an Hfr
strain ( in which F is associated with the chromosome ) and
possessedlthe property that itvtransferred chromosomal markers
with the sahe orientation and origin as the Hfr from which it
was &erived; although at 16% the frequency, Also even though

chromosomal markers were transferred at 10% the Hfr frequency,

the ability to be such an intermediate donor was transferred
with nearly 100% efficiency and thereby resembled transfer of
F alone. To explain the origin of this strain, it was postu~

lated that F, in reverting to the autonomous state, had
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incorporated into itself some adjaéént chromosomal material,
Hence becaﬁse of the homology of the material now present in
the episome with the corresponding chromoéomal region, there
resulted a higher affinity not only for the chromosome but
also for a parficular regibn of the chromosome. In fact,

P féctors have beeﬁ shown to recombiné with the homologous
region of the chromosome in conjunction with F'-promoted
transfer of the chromosome (91,92,93), ( It is clear that
F2 could mot have arisen by a strict application of the
Campbell model because, since the same chromosomal material
was present in both episome and chromosome, the recombinational
event must have been a kind of unequal crossihg~over Yo

F2 apparently incorporated chromosomal segments which
did not include known genetic markers and therefore was diffi-
cult to ihvestigate° Thus, other F' particles were sought and
indeed when, in Hfr populations in which F was attached very
near a knewn marker, F' strains were looked for by.éelecting
for rabid transfer of a terminal, or F—linkedlmarker; Ft.
‘fac£6rs carrying these terminal mafkersvwere found (87). For
example, F! strains:carrying the Lac locus on the episome can
be iSolat;d_frqm the Hfr, P4X6 ( see map, Figure 1), Iﬁ ‘
general, in F' strains it is assumed that the'incorporated
chromosomél marker(s) is added to the sex factor rather than
replacing any significant portion of it since the F' appears
to retain all known capacities of Fe~ e.g., autonomous self-

replicatibn, ability to transfer, male surface properties of
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the cell, and acridine curability (47). Also, if F,, for

29
example, is in é cell in which the homologous region is
absent from the éhromosome because of a delgtion,>the F!
behaves much like F (89), ( We shall see later that this is
also the case for F'Lac. ) In addition, from the greater rate
of inactivation by P32- decay it can be concluded thaj‘!\;'F2
is physically larger (90). One possible exception to the
identity of the F region of an F' and F itéelf'is that most
F' strains have not yet been démonstrated to become stablx
attached to the chromosome; in only one cése has an Hfr strain
been derived from an F' strain (90a); ( For this reason, F'
particles do not satisfy the strict definition of an epiéome
and shoﬁld perhaps more properly be termedvplasmids, cf.
Clark and Adelberg (3) ). |

In some cases when an F' arisesfrom an lifr, not only
has F acquired chromosomal ﬁarkers, but also the chromosome
appears to have acquired some sex factor material. For example,
‘if the strain harboring F2 is cured by treatment with acridine
orange and the resulting F- strain is re-infected with F, the
F+ male is also an intermediate dondr showing a high frequency

of chromosomal transfer of the F_, type, i.e., having the .same

2
origin and direction. Hence, F, which normally transfers chromo~-
somal markers at low frequency without any preferred direction,
is influencedin some way by the chromosome (88). The locus

for this chromosomal property of the F- strain maps at the

site at which F was attached in the Hfr from which F, arose;
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this locus is called sfa~2 ( sex factor éffinity )+ The
interpretation of this finding is that the chromosome has
acquired a site of homology with the sex factor, thus favor-
ing attachment at’that point, The recombinatiomal event which
‘gave rise to sfa~2 and F2 is not well understood and certainly
involved more than that proposed by the simple Campbell médel.

\

Since F2 remains homologous to the chromosome, if this homol~
ogy is a matter of identity of base sequence in the DNA, then
a net increase in the amount of genetic material must ha#e.
occurred. The alternative is that when the Fz-containing cell
was isolated, inwaé no longer in a cell havinrg the same geno-~
type as that from which it was originally excised but tha{ it
had infected another cell of the population by bacterial coh-
jugation, However, this seems unlikely since its host cell
contains sfa~2., A multiple event ( either simultaneous orlsepa—
rated in timé’)~or'some exchange between replicas seems to be
the answer (53).

Co Condition of F'Lac in the male. cell

F' strains are geherally heterogenotic; that is, they
carry two alleles of the marker(s) found on the merogenote,
one éllele presumably being on the cell éhromosome and the
other allele carriéd by the episome. Therefore, from an F*
population, numerous cell types carm arise., For examplé, by_
occasional loss of the episome, F; strains segregaté female
cells with the recessive female genotype at a low rate, about

103 per cell division (87)., Recombination can also occur




between the F'merogenote and the hemologous chromosomal
region in the absence of transfer, producing either haploid

segregants ( no longer F+ but now Hfr or F- ), homogenotes,

or heterogenotes of different type from the original heterco-
genote (94,95), In a few cases recombination has also been

' observed.between the merogenotes of two different F¢ elements
(47) .

The properties of F' cells can also be altered by muta-
tion of either the sex factor or the associated merogenote,
However, mutations in F are difficult to detect and in:fact
the detection of defective mutants of the sex factor awaited
the isolation of F' particles carrying recognizable chromo-
somal markers so that the presence of the particle could be
established despite the inability of the mutant factor to
transfer itself or promote chromosomal transfer. For inétance,

a mutant of F'Lac ( Fp--Lac ) which is presumably altered in

5
F has been isolated which confers én the bacterium resistance
to male-specific phages (25a), reduced donor ability ( by a.
factor of 104 ), and increased ability to serve as a recipient
(96). Temperéture~sensitive mutants of F in F'Lac have also
been found which have impaired ability to replicate and be
transferred (97), The identification of additional F mutations
should aid in understanding sex factor function,

F'-merogenotes exist which include prophage attachment

sites. These retain the ability to be both lysogenized (98)
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and induced (99). Such F' factors obviously can be useful
in the study of phage function, as well as function of bacter-
ial markers on the merogcnote.

Evidence concerning the number of F' particles per male
cell and the mechanism by which this number is controlled is
scanty. In several cases the amognt of enzyme produced by
cells carrying the genetic determinants for that enzyme on
the F'-merogenote has been measured and found ftc¢ be two to
three times the enzyme level of a haploid cell (100,101,102,
103). If it is assumed that.the amount of enzyme produced is
directly proportional to the number of copies of the correspond-
ing genetic locus, one can conclude that the number of sex
factors per chromosome in these situations is approximately
two to three., However, the validity of this assumption is not
known since it has not been possible to do a control experiment
with cells'having a known number of genetic copies greater
than two,

During conjugation, in general only one particle is trans-
ferred to a recipient (90,122), lHowever, F' particles appear
to reach the‘normal number per cell soon af&gr traﬁsfer ( in

much less than one generation time ) and F can spread through-

cut an F- population exposed to a few F+ donors more rapidly
than c¢an be accounted for by the small qgmber of F particles

presumably present in the original donor cells (10,104,106) so
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that the sex factor must be capable of replicating more
rapidly than the host cell chromosome, Since it is probable
that only a relatively small number of copies of F exist per
cell, some control of F replication should exist., Sex factor
replication is influenced by both the féctor itself and/or the
host cell. For example, E. coli F'Gal, when introduced into

Proteus mirabilis PM-1, multiplies in an uncontrolled fashiom

until many copies ( 20-50 ) are accumqlated, as measured by

the amount of DNA with characteristic E. ggli banding density

( S. Brenner, pers. commun. )., However, if the E. coli FilLac
is.introduced into the same Proteus strain, a smaller amount

of E. coli density DNA is found which is consistent with a
smaller number of copies per cell, Both F' particles apparently
exist in small numbers when in E. coli, judging from segre-
gation data (122; D, Freifelder, pers. commun., ).

Another type of control of F' replication exists im that
multiplication of a newly-introduced F' is inhibited in male
cells carrying. either attached F ( i.e., in a Hfr )} (107) or
a previously established sex factor (47,96);'Howeiér, this
inhibitién can be overcome since strains have been isclated
in which F'Lac coexists with attached F (104):and.F9%al (97,
105) and fhere is one instance of two attached F factors at
‘different chromosomal sites (108), Some system of fepression
and immunity similar to that of lysogenic phage is s@ggested,
with the possibility of occasional escape or breakthrough of
the repressions

The possibility that the sex factor is located at a
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particular site in the éell, possibly on the cell membrane,
has been suggesfed as an explanation for the differential
- sensitivity to such curing agents as acridine orange (109),
which inhiﬁits‘replication of F and F* particles at dye
concentrations which do not affect replication of chromosomal
DNA, and for the apparent orderly assortment of the small
number of copies of the sex factor at cell division, That the
acridine orange is acting at the level of the cell membrane
is also suggested by the fact that it is effective in curing
only in a very narrow range of pH of the growth medium, The
evidence given for this orderly assortment is that daughter
cells receiving no sex factor, i.e., F= segregants, are pro~-
duced less frequently than would be predicted from a random
assortment of a small number of particles ( e.g., less than
ten per dividing cell ) between two daughter cells. The ob-
served value is 0,1% F- cells, whereas the theoretical value
for mine particles per dividing cell would be 0.5%, However,
if it is remembered that in broth-grown cells there are approx-
imately three nuclei per cell, then if the number of particles
per cell avefages two per nucleus, which is not inconsistent
with the gene dosage studies (100,101,102,103), and if F
replication usually occurs shortly after cell division, then
random assortment of these twelve copies would give the ob-
served number of F- segregants, Definitive experiments could
probably be carried out with uninucleate cells, e.g., those
grown in a peor, minimal medium (110), but these have not been

reported. Therefore, the 0,1% segregation need not compel us
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to assume the existence of a special assortment mechanism,

It has also been hypothesized (97) that the chromosome
too is associated with the cell membrane~~ possibly at the
site of the integrated F in an Hfr-- and that this association
is involved_in the control of replication ( vegetative and/or
during fransfer) and assortment of the daughter chromosomes
at cgll di;isiono If this is the case, an explanation for the
suscepﬁibility of episomes to acridime orange is still needeao
Although much of this model is hypothetical, there is some
physical evidence which suggests that there may be some form
of membrane association, For example, Ganesan and Lederberg

(111) have demonstrated that in extracts of Bacillus subtilis

the growing point ( the mosf recently replicated part ) of the
chromosome is associated with a cell membrane fractiorn, Similar
results exist for E. coli (112,113), However, if the site of
attachment is that of F attachment, this point cannot be at
a unique position in all cells since electron micrographs cf
mating pairs have revealed a connection or bridge between
vmale and female cells, thought to be the conjugatiomn tube, and
this bridge is not confined to any particular area of the méle
cell (20),

D; Transfer of F' factors

‘Like F; F' particles can be transferred with high effic—
iency ( up to 80% in 30 minutes ). Interrupted mating studies
show that the F factor can be transferred in four to five
minutes (29,114) and F' particles in a somewhat longer time

depending on the size of the merogenote (47,105). For éxample,
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Fl3 is transferred in slightly more than 10 minutes after
initiation of mating (47). The fraction of this time spent
in preparation for transfer and that for actual material
transfer is not>known° Since F amounts to ca. 1% of the ge-
nome (115) and in Hfr matings, 120 minutes is required for
compléte chromosomal transfer (42), it is likely that actual
ﬁransfer of I takes only about one minute.

Transfer of an F' is oriented with the merogenote markers
QnteriAg in succession, followed by the determinant of male~
ness (F) usually as the last marker (47). In the case of Fy s
and Fy,, whose merogenotes are quite large‘( ca., 5% and 10%
of the bacterial chromosome, respectively (47,116) ), early
interruption of transfér can produce F- recombinants (47,116),
Thus, F' transfer appears to Be analogous to Hfr transfer -
except for the number of markers transferred. After transfef
the F? pafticle multiplies rapidly in the recipient; as men-
tioned previously (10;104,1’05,106)° It is also subjéct to the
same possibilities of recombinéfion and ihtegration with the
female chromosome“as discussed abové in reiaiion to its'state
in the male cell (94,95),

Eo Physicél and chemicallnature of F'Lac

F and several\deriVétivés ( F,, F'Lap;.and F'Gal ) were

first shown to contain phosphorus By P32 inactivation of these

- factors after transfer from Pszalabeled males (117,118), That
" this phosphorus is contained in DNA has been demonstrated in

geveral wéys;‘Driskeilland Adelberg (90) found that if net

DNA synthesis is inhibited by the antibiotic, Mitomycin C, at

. o . . . 2
a comcentration not affecting RNA or protein synthesis, P3
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incorporation into F or F2 and into the bacterial chromosome
are reduced by the same amount, as measured by survival of
both maleness and viability. These results also support the
idea that RNA is not a major constituent of F. Several workers
showed that episome transfer is associated with transfer of
Hs-thymine'or ~thymidine, and therefore of DNA (115,119),
Also, if a male strain of E. coli is mated with Serratia
marcescens ( a female ), a small fraction of DNA whose density
is that of E. coli can be found in extracts of the Serratia

cells (120). Similar experiments have been done by transferring

the E. coli F'Lac to Proteus mirabilis (70), and Pseudomonas
fluorescens ( C. Willson, pers. commun.). Transfer of Cl4m
thymidine has also been observed with transfer of a colicino-
genic factor (121),

Silver (119) was able to determine upper limits for RNA
and protein transfer in an Hfr mating. The limits obtained per
recombinant are 1.5% and 1% of the total cellular RNA and pro-
tein, respectively. However, since in the donor cells there is
about ten times as much RNA and protein as there is DNA, this
limit amouﬁts to more than the DNA transferred, on a weighte
to~-weight basis. Therefore, the upper limit is still very high
and whether the sex factor transfers associated RNA or protein
remains unanswered.

There is some evidence that small amounts of cytoplasmic
material may be transferred during conjugation. Such substances
include lactose (123)j a product of UV irradiation which in~

duces )\ prophage (124); and a substance which represses )
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phage multiplication (125); transfer of this latter sube
stance was detectéd only in F+ and not Hfr matings. However,
when the repressor of beta-galactosidase synthesis was invest-
igated, no transfer was detected (123,125). In no case has
transfer of material from the female to the male been detected,
These results suggest tﬂat transfer in conjugation is uni-
directional but not necessarily restricted to DNA, Transfer
of some of thése substances may of course be just leakage
through the conjugation tube although it is possible that some
of them are carried by the DNA, ‘

Estimates of the molecular weight of the DNA of various
sex factors were first obtainéh by analysis of P32 inactivation
curves. Values obtained include: for F, 120 x 10% (118) and
25-75 x 10° (90); for F,, 57-160 x 10% (90). Numerous com-
plications involved in P32 inactivation, e.g., whether the
percentage of decays which are lethal is a constant for all
DNA (126,127,128), make these results difficult to interpreto
Herman and Forro (115) found transfer of an amount of RE°-DNA
equal to 0.5 - 0.9% of the chromosome associated with F trans-
fer, Since it is probable that only one stramd of the trans-
ferred DNA was synthesized prior to transfér and therefore
labeled ( see Sectiom 4 ), the molecular weight of the double-
stranded F DNA is 1,0 - 1,8% of the chromosome. Using Cairns'
value of 2.2 - 2,8 x 10° for the molecular weiéht.pf the Eo.

6

coli chromosome (45), a molecular weight of 22-50 x 10 is

obtained., This value is probably more reliable than those
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obtained from the P°2 inactivation studies, Silver (119)
found 3.2 % of the total cellular 014—thymidine transferred
per observed recombinant, To determine the amount of F13 DNA
- transferred, this value must be doubled since only one strand
is tranéferred,-but also'the cpntribution dpe to chromosomal
4transfer must be subtracted from this, Since the mating tiﬁe
was long ( 90 minutes ), transfer of chromosomal material

promoted by F (47) presumably occurred to an extent inw-

13
volving anamounf of DNA at least comparable to that of F13°
Since data on this point are not available from the experi~
ment, a molecular wgight cannot be calculated for F13 DNA
from this measuremeﬁto

Falkow and Citarella (129) have estimated the size of F
and of F'Lac ( a segregant of F,; differing from the F'lLac

used in the present work ) by measuring the amount of DNA,

isolated from strains of Proteus mirabilis harboring this

vparticle, required to saturate agar gel colimns‘containing DNA
from various Hfr and F- strains of E. coli, They obtained
values of 1,9 and 2.5% of the E, coli genome for F and F'Lac,
respectively..Using the Cairns value the molecular weights
would be 42-53 x 106vand 55-70 x 106, in fair agreement with
the wvalue 6f Herman and Forro for F, Since F may havg partial
homologyvtb many small areas of the E. ggli.genome ( in view
of the fact that F intégrates to form Hfr's at many sites ),

these numbers are probably slightly overestimated,
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4. Mechanism of transfer and the relation to DNA replication
‘The physical mechanism for the transfer of DNA from
the male to the female is not clearly understood. It is known
that it is an energy-requiring process (36,37) and the results

of many experiments strongly suggest that DNA replication is

somehow involved. In the following some of the more significant
experiments and theories concerning the role of DNA synthesis
in this process will be described.

There are several well-established facts concerning the
repiicative process which should be remembered. DNA replication
in E. coli is semi-conservative, i.e., the parental double~
stranded molecule serves as a template for synthesis of two
double-stranded molecules and in so doing is divided so that
each of the two new ''daughter'" molecules receives one parental
‘strand (130); hence the conserved unit is the single strand.

 Autoradiographic studies by Cairns (45,131) show that the
chromosome in E. coli is a closed structure and that replication
proceeds along this circular structure with only one growing
point, Evidence confirmingthe existence of a single growing
point has aiso been provided by both physical and genetic ex~
periments in E. coli (132,133) and B, subtilis (134). As dis-
cussed below , it is not yet clear whether the- initiation
point is wunique,

Under normal growth conditions replication continues
throughout most of a generation (135,136). Reinitiation of
replication requires protein and/qr RNA synthesis although,

once initiaﬁed, DNA synthesis can continue without such
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synthesis (133,137).

On the basis of these facts about DNA replication and
from genetic data concerning chromosome transfer, Jacob,
Brenner, and Cuzin (97) have proposed a simple model for DNA
replication in which positive cﬁntrol of DNA synthesis is ex-
értedey determipants fo;nd on the chromosome and on F and by
the physical relatiom Qf F to the chromosome, In a corollary
to their model the mechanism of chromosomal transfer in bac~
terial conjugation was also proposed, Whether or notthis theory
is correct, it is important in that it has served as a stimulus
for a large number of significant experiments, These workers
suggested that each independent unif of replication, which
they have termed a "replicon", has a'unique site,_the repli-
cator, at which DNA replication is triggered by an interaction
with a hypoihetical diffusible gene product, the initiator,
which is specific for the particular replicator, and is poss-
ibly a protein ( hence the requirement for protein synthesis
for initiation ), Thus, the bacterial chromosome constitutes
a replicon, as does an autonomous replicating particle such
as F or any-F'o ( It is actually not clear how independent F
is ). A second part of the hypothesis is that the replicator
is attached to the cell membrane, an‘idga for which there is
some evidence, as was described in Section 3.

The relation between F and the chromosome stated in the
replicon.hypothesis is that F can be in two states: one in
which autbnomous F controls its own replication and is therefore

an entire replicon and the other; the integrated state, in
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which F is replicated as part of the bacterial chromosome,
In the latter state its replication is controlled by the
chromosomal replicator and is therefore part of the chromo~
somal rgplicon° This idea is based upon the one striking diff-
erence in the respomse to acridine orange of free F, integrated
F, and the chromosome: F and F' particles are strongly inhibited
by concentrations of acridine orange which leave replication
of an F~ or Hfr chromosome unaffected (109)., Because of this
inhibition a population of F+ or F' cells can be cured by
growth in medium containing acridine orange; however, Hfricells
retain the Hfr character following such treatment (i.e., F.ia
being reﬁlicated by the acridine orange~insensitive chromo-
somal replicon. ) . Some role of F in chromosomal replication
has however been suggested by Nagata (138) and Messer (pers.
comm. ), who have shown in several strains of E. coli that the
Hfr chromosome starts replicating at or very near the integrated
F and with a polarity apparently determined by F. In contrast,
the F= chromosome doeé not seem to have a fixed starting peoint
'for.replication; if there were such a fixed point in F- cells,
it would have to change with respect to the gehetic map at
least every tenth generation to give the results obtained,
However, the interpretation of these results may be questioned
in view of the finding of Newman and Wolf (pers. commn,) that
in several strains of E. coli ( one of them being the same
F~ strain used by Messer ), there is a starting point between
the hypoxanthine and xylose loci, Furthermore they found that

this point and the polarity of replication are independent cf
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the presence or absence and the polarity of integrated F.
However, these experiments employed amino acidvstarvation to
align the chromosome ( in contrast with the logarithmic cells
used byAMesscr and the cellsv"synchronized" by the filter pile
method used by Nagata ) and it is always possible that follow-
ing such treatment, tﬁere is a special starting point not
normally used. Usingvthe method of chromosome alignment by
treatment with phenylethyl alééhol,'Tomizawa ( pers. commun. )
has obtained results similar to those of Newman and Wolf,
It is clear that this question is not yet settled.

To account for the apparent control by F in chromoscmal
transfer, Jacob, Brenner, and Cuzin proposed that when transfer
is initiaied, the F factor takes control of chromosomal repli-
cation., Then under the control of the F replicator, DNA synthe-
sis is re-initiated at the origin ( the end ofthe chromosome
which is transferred first ) and the newly synthesized DNA is
transferred to the female. If the mating is not interrupted, the
last piece of DNA to be synthesized is F itself which is then
transferred. While there exists considerable evidence for DNA
replication éoncomitant with transfer ( see below ), the fact that
Nagata and Messer found the sequence of replication of Hfr mark-
ers in normal growth to be oppoéite to fhe sequence of transfer
( in contrast with the prediction of the theory ) poses certain
conceptual difficulties for the transition between normal repli-
cation and transfer replication-- for example, how to traverse
the réplicution fork. Some of these difficulties are avoided

in the model of Bouck and Adelberg (139) acéording to which
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chromosome replication must be completed before tramsfer and
one of tHe completed replicas is then transferred without
further replication, Other models are, for exémple: that replie
cation of the chromosome occurs simultaneously with transfer
but in the recipient ratherkthan the donor cell; that transfer
occurs without regard to replication of the state of completion
of the chromosome ( in which case replication might be necessary
only to move the growing point so that transfer could occur
across it ); that transfer is normally accompanied by replica-
tion but‘ggg proceed wifhout itj; or that @ransfer requires some
replication for efficient and complete fransfer but can preceed
slowly or partially without it, This seéming proliferatien of

~

alternatives ( which is by no means exhaustive ) will be seen
to arise‘from the unres;ived state of many oflthe experimental
findings., Each of these models makes certain predictions about
the kinetics of transfer, effect of inhibition of DNA replica-
tioﬁ, and the nature of the transferred DNA, and experiments
supporting or refuting one or more of the predictions have been
reported,

In evaluating these experiments, some of which shall be
discussed below, the following questions must be considered:

Is F transfer normally by the same mechanism as Hfr transe
fer?

How many chromosomes does the donor cell contain under
the experimental conditions, how many are involved in‘transfer,

and how might this affect the results?

Does the DNA synthesis which is observed during transfer
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mean that bNA synthesis is necessary for transfer?

When inhibitors of DNA synthesis are used, is DNA syn-
thesis actually'measured during a mating, can the observed
level of transfer be accounted for by residual synthesis, and
is DNA synthesis the only process affected by the inhibitor?

When DNA synthesis is measured under inhibitory conditions
is thejnewly synthesized or.transferred DNA biologically active?

Could there be non-~lethal mutations and hence strain
differences with respect to the mechanisms of DNA replication
and transfer? |

A. Experiments concerning the kinetics of transfer

The Bouck~Adelberg (BA) mbdel predicts that only those
Hfr cells which have just finished and not reinitiated DNA
replication will be able to stért transfer immediately upon
contact with a female; the other Hfr cells will require vari-
able periods of time, up to one generation, to initiate trans-
fer. The Jacob-Brenner-Cuzin (JBC) and other models predict
-no such delay, although a delay might occur for other reasons,
If the period of contact is restricted, Hfr transfer of early
markers and hence initiation of transfer reach a maximum in
considerably less than one generation time after contact;
furthermére the time at which this maximum is reached does
not depend markedly upon the gemeration time of the bacteria
(140,141). In other experiments (38) in which contact forma~
tion was not restricted, but in which the'appearanqe of male
DNA in the female could be detected autoradiographically, most

cells started to transfer within less than one generation time
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after mixing. These results are not in agreement with the
BA model.

B. Experiments involving inhibitors of DNA synthesis

The BA and JBC models both predict that stopping DNA
synthesis in the donor cell will affect transfer whereas the
other models mentioned above do not. In the model in which
replication is obligatory in the recipient cell for transfer
to occur ( Bonhoeffer ), inhibition of DNA synthesis in the
female should stop transfér; this is not predicted by any of
the other models. The BA model also predicts that cessation
of DNA replication in the male should prevent initiation of
transfer on}y in those cells which have not yet started to
transfer, but shouldvhave no effect on transfer already in
progress. ln contrast, the JBC model predicts that blecking
DNA synthesis in the male should both prevent initiation of
transfer and halt transfer in progress.

(i) Suit et al (143) have reported that early marker
transfer by cells immobilized on a membrane filter was un-
affected by (a) prestarvation of the Hfr for a required amino
acid for a period prior to mating which allowed a 10-15% in-
crease in the total DNA, most of the increase occurring in
the starvation period; and (b) by UV-irradiation of the Hfr
cells to 45% survival, which should give a lag of from a few
minutes to an hour during which net DNA synthesis would pro-
ceed at 0-10% of the normal rate, depending on the extent of
repair“followed by approxiﬁately the normal rate of DNA syn-

thesis, 1f protein synthesis were permitted.. These results
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would tend to disagree with the JBC model. However,.net DNA
synthesis was measured during amino. acid starvation but not
during mating, Also, and probably mosi important, for early
markers the amount of DNA synthesis required by the JBC théory
is certainly below the limit of resoclutiom of this measurement,

(ii) In contrast, Greoss et al (cited in ref. 143) measured
tranéfer in liquid medium by Hfr cells which had been UV-irrad-
iated to 10-90% survival and found greatly reduced transfer by
the survivors and then only after a long lag ( presumably due
to repéir)o This tends to support the JBC model., However, DNA
synfhesis in the irradiated cells was not measured, In genéral,
the effect of liquid versus solid media ( used by Suit et al )
on the requirements for transfer is not kmown although it is
unlikely fhat there would be a difference in fhe transfer mech-
anism; in view of these differences in experimental results
in what appears to be the same system, no conclusions can be
drawn from these data.

(iii) Pritchard (141) has described experiments using
thymine~requiring Hfr strains mated in the absence of thymine,
in which varying results with different strains were obtained,
Wifh}ﬂfr.R4(thy—) transfer was reduced only about 25% and this
faried somewhat with the marker and the time after initiatioﬁ
of mating; with Hfr H(thy-) the reduction was about a factor
of three. A short period of pre-starvation for thymine prior
to mixing the cells reduced transfer to a greater extent in
both cases with a slightly greater effect for Hfr H. Net DNA

' synthesis in the presence and absence of thymine was measured
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although not during the actuwal mating. In tLhe abseﬁce of thymine
the reduction of DNA synthesis was about 8-fold. These experi-
ments suggest that there is some role of DNA synthesis but are
not unambiguous because of the luack of correlation between the
extent of transfer and the amount of synthesis. Furthermore
these results are complicated by the poorly understood effects
of thymineless death (144), pﬁssibly large pools of thymine-
containing compounds present during the starvation period, and
the leakiness of the particular thymine marker. Also, since
mating is usually performed in growth media in which each cell
contains several chromosomes ( presumably three in these ex-~
periments )}, in experiments involving inhibition of DNA syn-
thesis by deprivation of precursoré, the possibility of pre-
cursor diversion and therefore pfeferential replication of the
DNA in particular cells or chromosomes ( for instance, those
engaged in transfer ) must be considered. ln fact, such a
diversion effect can occur, since in slow growth media repli-
cation of the several chromosomes ﬁroceeds in succession
rather than simultanéously (145).

(iv) In experiments in which DNA synthesis in a thymine-
“requiring Hfr is reduced to a predetermined loQ_level by
thymine deprivation and by addition of the DNA synthesis inhib-
itér, cytosine arabinéside (145,146), DeWitt and Freifelder
have found a reduction in the rate of chromosomal transfer ( to
be published ). The effect is again not as great as the reduction

in the rate of DNA synthesis measured during the mating. Here
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again precursor‘pools and possible preferential synthesis
of the transferred material must be conéidered, In preliminary
experiments thé latter seems to be an important factor: when
uninucleate cells ( prepared by growth in aspartate medium (136))
were used, the effect was considerably greater, |

(v) Phenylethyl alcohol has also been used by several
workers to inhibit DNA synthesis, with varying effects on
genetic transfer (139). In various hands this agent has been
reported to inhibit only DNA synthesis (149), to inhibit only
the reinitiation of DNA replication (150), to inhibit RNA and
protein syntheéis (142), to cause extensive cell death (142),
and to increase greatly cell membrane permeability ( Silver,
in préés )o Results with this ageht are not readily interpretable.

(vi) Experiments using nalidixic acid, anvagent which
blocks DNA synthesis rapidly (151) have shown that in mating
cultures transfer is inhibited whether nalidixate is added
prior to'or during mating (152). These results have been con~
sidered to be unambiguous support for the JBC theory. However,
it has recently been shown (153) that nalidixic acid9 in a
manﬁer strongly affected by physiological conditions, causes
rapid degradation of DNA to soluble fragments so that transfer
of usable DNA would presumably be stopped by this agent whether
‘or not DNA synthesis is involved in mating. |

(vii) Jacob, Brenner, and Cuzin (97) reported isolation
of temperaturemsehsitive mutants of F'Lac which are unable to

replicate at 42° and which show impaired mating ability at both
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high and low (30°) temperature. The host bacterium itself
grows normally at 42°, Tﬁe relation between mating abiiity
and replication in these mutants is not clear especially since,
in addition to inhibition of replication, growth at 42° probably
led to actual inactivation of some or all of the functions of
the particle since the rate of loss of the Lac function was
greater than that expected from simple dilution by cell growth,
In the same paper it was reported that there is greater than
99% inhibition of both Hfr and F'Lac transfer when mating was
carried out in the presence of acridine orange, These experiments
suggested to Jacob et al that the F replicator is responsible
for Hfr transfer and F' transfer. However, Freifelder (pers.
commun,) was able to observe only a small and variable inhibi~
tion (0-40%) using the same conditiohso Furthermore, the kinetics
of loss of F'Gal and F'Lac from an acridine orange~treéted cul -
ture afe such that the inhibition of F' replication must be only
partial (122; D, Freifelder, pers. commun,) In addition there
is a strong dependence on the growth medium and the concentra-
tion of the dye, in agreement with the results of Hirota (109),
However, at éoncentrations at which inhibition of F replication
becomes very great, inhibition of chromosomal replication also
sets in, thus complicating the interpretation of experiments
of this type,

(viii) Recent experiments by Benhoeffer ( pers. commun )
suggest, in contrast with all work found in the literature,
that it is DNA synthesis in the female and not the male which

is important. Hfr and female strains were isolated which were
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unable to synthesize DNA atv42°, although synthesis was nor-
mal at 37°. At the higher temperature the kinases and poly~
merase in éxtracts behaved normally; the step which is blocked
is not known, To determine the extent to which residual DNA
syntheéis uccﬁrs in these strains'at.42°, the uptake of st
5~bromouracil into haterial with hybrid density ( which dis~
tinguishes new replication froﬁ small areas of repair )} wes
measured; unfortunately, even though this measurement was
carried out under the same conditions ﬁéed in mating except
for cell concentration, it was never done duriﬁg an actual ma-
ting so that it is possible that other effects were occurring.
Nevertheless, under these conditions less than 0,01% of the DNA
was replicated., When these two ﬁemperature—sensitive male and
female cells were mated with normal females or males, respect=
ively, at both 37° and 42°, it was found, contrary to expecta=
tions,fthat inhibition of bNA synthesis in the recipient re-
duced the appearance of recombinagts ( transfer, as measured
by zygotic induction, was not determined ) essentially to
zero ( less than 10“4 the.control value) while thermal inhi-
bition of the donor was without any signifiéant effect (there
may have actually been a small increase). The inhibiti;n of
transfer by heating the temperature-sensitive female was shown
to be revérsible in that late markers were transferred, if after
a temperature shift-up during mating, the temperature was re=
turned to_the lower value before the ﬁating éouples were sepa=
rated by‘blehdingo Bonhoeffer considered the possibility that

the difference between the effect of high temperature in the
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male and in the female might be a result of differeﬁt genetic
defects -‘or that synthesis in the Hfr was somehow reactivated
by contact with the females, possibly by some exchange of small
molecules through the conjugation tube. This possibility was
eliminated by mating a normal Bfr with the temperature-sensi-
tive ﬁfr which had been converted to a female phenocopy. Again
it was found tﬁét at elevated temperatures‘recembination was
eliminated. This experiments also rules out the possibility
that at high temperature DNA synthesis and recombination are
prevented by production of a substance which inhibits both
processes.

These experiments, which contrast with several sets of
experiments in which inhibition of DNA synthesis in the fe-~
male by adenine starvation and by UV irradiation did not in-
hibit transfer (38,154), should be carefully considered; an
unambiguous interpretation of them must await and understanding
of the nature of the high temperature block.

C. Experiments on the nature of the transferred DNA

The JBC model and the Bonhoeffer model predict that one
strand of thevtransferred DNA will be "old", i.e. existing be-
fore the initiation of transfer, and that the other strand will
be "new", i.e., synthesized during transfer. The BA modelland
any other model in which DNA replication is in no way involved.in
transfer predict that both strands transférred may be old. Several
experiments have been reported which bear on this question. In
each the donor DNA is labeled before or during transfer and

the state of the label is determined after mating is tcerminated.
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A difficulty in the interpretation of some of these experiments
is thatvof ascertaining the extent to which the initiation of
labeling and tfansfer are simﬁitaneous; that there is a time-
spread in each, particularly in the initiation of transfer, is
well-known (140),

(i) Quantitative autoradiography has been employed by
two groups of workers., Herman and Forro (1153) investigated
transferlof the F particle alone as follows, Streptomycin-
sensitive (Sms) donor cells were grown in Hs—tnymidine until
uniformly labeled, then mated with Sm’ F- cells in the absence
of HS, blended, plated on Sm agar, énd allowed to grow into
microcolonies of about 50 cells. The amount andvdistribution of
label among the cells of the microcolony was determined auvto~
radiographically° The number of colonies containing any label
at all was approximately equal to the number of Sm’ colonies
which possessed the F character, when teéted independently, so
that the label could be assumed to represent transferred F.
Usually all of the grains were loaclized in only one cell of
.the microcolony; when label was found in more than one cell,
- the total number of grains in the colony was no higher than
when all of the grains were im one cell. Such dispersion of
label was»sufficiently rare that it could be concluded that
ﬁhe label was contaiﬁed in a singley, conserved unit, The
interpretation of this result is that pre—labéled F replicated
in the unlabeled mating mixture either before or during transfer,
so that only one of the transferred strands was labeled; the

rare dispersion of label could be explained by fragméntation
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of the single strand. Hence, transfer of F without replication
probably does not occur,

(ii) In another autoradiographic experiment, in this case
with Hfr tranéfer, Gross and Caro (38) studied the kinetics of
appearance of label into transferred chromosomal material, DNA
synthesis by the F- cell was prevented by adenine starvation or
UV irradiation., Residual incorporation by the F- cells alone
was measured and found to be on the order of 10-20% as much as
the label appearing during the Hff transfer and the results were
corrected for this background when appropriate. Transferred
material was recognized by the appearancevof label in the F-
cells, which wefe morphologically distinguishable. From experi-
ments in which label ( Hs-thymidine ) was added either continu-
ocusly at various times before or during mating, or in pulses,
it was concluded that DNA synthesis occurs simultanequsly‘with
transfer., Furthermore, from the fact that labeling of material
transferred from a thymine-reqqiring Hfr was heavier than from
an Hfr not requiring thymine, it was argued that this synthesis
'uses thymine primarily from the Hfr precursor pool rather than
from the F- pool. These experiments probably provide the best
evidence in subport of the JBC model.

(iii) The nature of the trénsferred DNA has also been
characterized by use of other physical labeling techniques,
éhch as density labeling, P32» decay, and 5»bromouraci1 sensi-~
tization to visible light. Ptashne (99) examined the state of
A prophage DNA contained in an F'Gal()) after transfer using

a system in which prophage DNA could be recleased from the
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merogenote and incorporated into a mature phage particle with-
out replication, Heavy density-labeled F'Gal(A) cells were
mated with ligﬁt F- cells in light medium, Immediately after
mating the transferred cells were treated so that phage which
" contatined unreplicated prqphage DNA wer; obtained from female
cells. No phage partiéles coulé be found which contained two
heavy strands although many had ome light and one héavy strand,
From this result Ptgshne concluded that the F* particle carry-
ing the prophage replicated prier to or during transfer. However
it was also found that if thé prophage~carrying F' is transfefméd
from a donor which carried a Bost—modified A to a recipient with
different modifying properties, the parental modification of
the transferred DNA is carried primarily by only one of the DNA-
strands, rather than by both as would be expected if DNA syn-~
thesis occurred in the male., This fact could be used to argue
that the replication occurred in the female and not in the méle°
To avoid fhis conclusion, Ptashne proposed that modiiication
might normally ocecur a short time after feplication'and that in
this case transfer to the female occurred before the new strand
was modified; In this way, this experiment is taken as support
‘for the JBC model although it is clear that if the latter ( une
proven ') assumption were incorrect, the resulfs might then
support the Bonhoeffer mddelo

(iv) Freifelder (154) labeled F'Lac with 5-bromouraeil
during trénsfer by mating a thymine~requiring male with an
adenine~requiring female previously starved for adenine, in the

presence of S-bromouracil and in the absence of adenine. Under



these conditions the female synthesized virtually no DNA,

After mating and blending, the cells were irradiated with
either UV or "visible light". and plated on medium on which

the male parent could not grow and on which the ability to fer-~
ment lactose could be scered. It is known that cells contain-
ing 5-BU in their DHA are more sensitivé to UV than normal
cells and can be inactivated by wavelengths of visible light

to which normal cells are resistant (155). With UV irradiation
the Léc+ character was inactivated in a 5~BU mating at a rate
much greater than that of female cells alone or than that of
the Lac+ character in a thymine mating., This inactivation was
.exponential without the appearance of a resistant fraction to

a survival level of less than 1% indicating that more than 99%
of the transferred F'Lac DNA cbntained 5~BU, although repli=-
cation in the female did not occur. Hence, fewer than 1% of

the male cells transferred F'Lac without any replication and
replication must have occurred before or during transfer, With
vigsible light irradiation of the 5-BU mating the Lac+ character
was inactivated to the extent of 70%, the remaining 30% being
completely fesistanto Fox and Meselson (156) have found that
only 50% of a A phage population whose DNA is labeled with 5-BU
in only one strand can'be inactivated ( presumably because
damage in one of the strands is not lethal ), If it can be
assumed that the 5»BU~containing F'Lac would behave analogously,
one may conclude that 40% [100 - {( 2 x 30% ) ] must be labeled
in both strands and must have replicated at least once in the

male before the final transferwassociated replication, This is not
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unexpected because in the 30 minute mating period with condi-
tions of continued contact formation, replication could have
occurred prior to the completion of a later cellular union;

The conclusion from these experiments is that DNA synthesis
ocecurs prior t§ or dﬁring transfer since the adenine starvation
of the fema]e.should prevent-synthesis in the female ( i.e.,
consistent with both JBC and BA models and in conflict with

the Bonhoeffer model ). However, it conceivable that suffi-
cient adenine could leak from the male through the conjugation
bridge to Serve to replicate this small particle in the female.
An appropriate control would have been to mate the combinations,
Thy+ male x Thy- female and Thy~- male x Thy+ female, since

Thy+ cells will not utilize 5-BU efficiently.

It is clea; that the experiments‘of Ptashne and of Frei-
felder, while suggestive that replication occurs prior to or
during transfer, were not rigorously controlled since replica-
tion in the female cannot be ruled out..However, the experiménts
of Herman and Forro, in which only one conservéd unit is trans-
ferred, state more strongly that the DNA synthesis must have
occurred in fhe male,

(v) Blinkova, Bresler, and Lanzov (157) used P32 to label
DNA synthesized during Hfr mating and examined the inactivation
of the transferred markers by P32 decay during subsequent stor-
age of the zygotes, It was found that markers transferred during
the timé P32 was present in the mating medium showed rapid inact-
ivation cempared to a marker transferred 15 minutes‘after the

. 2
~ removal of PS“, which was inactivated only at the slower rate
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of the whole female.populationo In order to decrease DNA
synthesis and therefore P32 incorporation in the female,
tryptophan ( required by the female ) was omitted from the ma~
ting mixture, Indeed this reduced the killing of the female
population but since DNA synthesis was not eliminated, it is
possible thaf transferred DNA was replicated.in the female,
Admittedly there is no precedent for the replication of the )
DNA immediately after transfer, but until the possibility is
eliminated, it must be considgred. If this complication may be
ignored, one méy conclude that replication occurs during or
not more than 15 minutes before transfer, Clearly this experi-
.ment c;nnot at.bresent be considered unambiguocus. In a second
experiment in which Hfr cells were '"synchronized'" by filtration,
it was shown that the time of entry of early markers is independ-
ent of the portion of the life cycle from which the Hfr's were
taken ( which disagrees with the predictions of the BA model ),
However; quantitative aspects of the rate of chénge of cell
number with time ( e.g., the increase in cell number in equal
steps and the lack of the expected loss of "synchrony" after
two or three steps due to the distribution of generation times)
makes one question whether the cell population was indeed
synchronized with respect to DNA synthesis,

(vi) Jacob, Brenner, and Cuzin (97) examined the DNA ob-
tained from unlabeled females which had been mated for 25 minutes
in light density medium with Hfr's prelabeled uniformly with
heavy isotopes and H3° DNA from the males was removed by lysis~

from-without of the males followed by DNA-ase treatment; the
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efficiency of th%s removal was such that all label isolated
from the.female éould be assuméd to be transferred DN4, The
density of the transferred DNA was found to be predeminately
hybrid, i.e., half heavy and half light, although there was a
large heavy density shoulder, A control'culture of heavy males
incubated under the same conditions but without females yielded
DNA primarily of the heavy density with a shoulder in the hybrid
region, This is unexplalined since in 28 ﬁinutesvit would be
expected that most of the DNA would have replicated‘and there-
fore been hybrid. From these two results it was concluded that
the heavy DNA in the mated system was contaminating non~-trans-
ferred DNA from the male and therefore that all transferred DNA
replicated in the male during transfer. However, this result,
i.e.y hybrid plus heavy DNA; is what also would be expected
if the BA model were correct, since the'first DNA to be trans-
ferred would consist of DNA replicated at the end of fhe repli-
cation cycle and this would be followed by heavy DNA which had
replicated before mating. A kinetic analysis should yield some
information on this point,

D. Conélusion

It is evident that no definitive model can be derived from
all of the experiments concerning the mechanism of DNA transfer
in conjugation. It is clear that DNA synthesis is somehow in-
volved. There is a great deal of suggestive, though not rigorous,
evidence that replication normally gccompanies transfer and that
it is not necessary to complete a round of replication of the

chromosome before initiation of transfer, However, at the present
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time it is not known with any certainty (a) if DNA synthesis
is a necessary condition for transfer, (b) how DNA synthesis
and transfer are related, and (c) whether Hfr, F, and F' transfer

occur by the same mechanism,
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Chapter 2= Materials and methods
A, Bacterial strains
The bacterial strains of E. coli K12 are listed in

Table 2., For growth of bacteriophage, E. coli B(B) or B/r(Thy-)

was used. Proteus mirabilis PM-1/F‘'Lac was a gift of S. Falkow.

Pseudomonas aeroginosa 1C was originally obtained from B, W,

Holloway. All strains were maintained on Difco Nutrient Agar
slants supplemented with 10 ug/ml thymine.

B, Bacteriophage strains

E. coli phage T4 0" ( osmotic shock resistant ) is a
laboratory stock originally obtained frem P. F, Davison, T6x+
was obtained from S. Luria. Phage T7M is described in Davison
and Freifelder (128).

C. Liquid medié

(i) Minimal medium

A stock called 10X salts contained per liter

NaCl 46,76 gm
KC1 14,91
NH,C1 10.7
MgCl,, 6H,0 2.03
CaCl,, 2,22
Na,SO, 28.41
Tris 145.32
HCl, 12 N 80  ml, to make pH 7.5

This solution was stored over CHC13. The minimal salt solution,

1X121, was prepared by diluting 10X salts ten-fold. 1X121 + P

was prepared by adding 0.1 M KH,,PO4 to make 10“3 M.



Strain
Designation

200P
AB1885
AB1886
w4032
w4132
Hfr C
P4X6
DF1
DF3
DF4
DF6
- DF18

DF19

" Mating

Type
Fillac

F+

Hfr
Hfr
F“.

F'Lac

Fe

F'Lac

Lac{C) Thy TL Bl Met Pro

-

del

del

y‘—

y-

Table 2~=- Strains of bacteria used

+

-

+

+

(-)
(<)
(<)
(-)
(-)
(-)

+

Arg
His

+

Sm

#*  Other .
pvs

T1,5

T6

T6

T6  Az"

History

From F,

From A,

From P,

From E,

From N.

from B,

From A,

Jacob

Jd, Clark
Howard-Flanders
Lederberg
Franklin

Wolf

Jd, Clark

Strain CR34, M. Meselson

200P x DF4 [Sm]

UV-irradiation of DF1

UV-irradiation of DF1

200P x DF6 [T6]

From DF6,nitrosoguanidine

09




Strain

Mating , Arg r . i

Designation Type Lac(C) Thy TL Bl Met Pro Hie  om #  Other History
DF20 F- del + o+ = (=) - + s T6 W4032 x DF6 [Thy]
DF47 Hfr 4o -+ 4 + + + s Az  P4X6 x DF19 [Az,Lac]
DF69 F- - -+ 4 + + + r uv®  DF47 x AB1886 [His,Sm]
DF85 F- del + o+ = (=) - + s BUY  UV-irradiation of DF20
DF87 F'lac del f o+ = (5 -+ s BU"  DF18 x DF85 [BU]
DF89 F+ del T O + s BUY  AB1885 x DF85 [BU]
Notation: F = fertility factor; F'Lac = F' containing marker for lactose fermentation;

Pro, proline; Arg, arginine; His, histidine; Sm™ , resistance to 500 ug/ml“

Lac(C) = chromosomal marker for ability to ferment lactose; Thy, thymine;

TL, threonine and leucine; Bl, vitamin Bl (thiamine); Met, methionine;
streptomycin; @ resistance to bacteriophages; Azr, resistagce to 3 x 10 4,M
sodium azide; BU , resistance to 100 pg/ml S5-bromouracil; UV, extreme

‘sensitivity to ultraviolet, the A gene; +, not requiring; Lac+, ability

to ferment lactose; -, requires; (-), not strictly required but growth
enhanced if present; del, deletion; y, Lac permease gene; [ ] selection
and counter-selection in matings, '

19
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Minimal growth medium was made up as needed, usually 10 ml
at a time, To 10 ml 1X121 + P was added 0.25 ml of 20% glucose
( 0.5% final concentration ) and supplements when required:
amino acids, 20 pg/ml; vitamins, 2 pg/ml; thymine, 10 pg/ml.
All stock solutions of these supplements were autoclaved
except for threonine,; thiamine, and streptomycin which seemed
to be degraded by high temperature; these were dissolved in
sterile water and sterilized by passége through a membrane
filter with 0.45 u pore size.
(ii) Glucose casamino acids medium
~This was 1X121 + P +.g1ucose containing 0.2% Difco cas~
amino acids, purifiede.
(iii) Tryptone broth
Per liter of water,
10 gm Bacto-Tryptone
5 gm NaCl
This solution normally had a pH of 6.8~7,2, When used
for acridine curing, the pH was adjusted to 738 with 1 M NaOH,
and called pH 7.8 Tryptone.
(iv) Nutrient broth
Per liter of water,
8 gm Bacto-Nutrient broth
5  gm NaCl
(v) Fraser-Jerrel medium (160)
Per liter of water,
4.5 gm KH,PO

2" 74
10.5 gm Na2HP04
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3.0 gm NH4C1
0.3 gm MgS0, - 7H,0
15.6 gm casamino acids
0.3 ml CaC12, 1M
30 ml glycerol

The Ca012 solution was sterilized separately and added
to the remainder of the medium after aﬁtoclaving,

(vi) Diluting fluid

This was used for routine dilutions for plating and was
102 M K phosphate, buffered at pH 7.8, 1075 M NSO, 107" w
CaClz.

D. Solid media

(i) Nutrient agar plates

This agar consisted of nutrient broth solidified with .5%
agar and was used for all routine assays of cell concentration.

- (ii) Indicator plates .
" Sugar-fermenting ability was assayed on indicator dye
plates.‘EMB agar (159) was used initially; MacConkey.agar was
later adopted since a small minority of positive colonies
could be mofe easily detected on the latter.

Both agars were packaged products from Difco Laboratories
and were prepared according to the instructions of the manu-
facfurer, except that they were always supplemented with 10 ng/ml
thymine and 1C ug/ml thiamiﬁe; When required, sterile strepto-
mycin solutions were added after autoclaving to make 100 pg/ml.

On EMB agar, Lac+ cclonies are purple and Lac~ colonics

pink; on MacConkey agar the colors are bright red and yellow.
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E. pH measurement

pH was measured only with a pH meter, standardized before
each_measuremént with a fresh sample of diluted Beckman Stand-
ard Solution, pH 7.0.

F. Growth of bacteria

Overnight cultures were inoculated from an agar slant
with a platinum wire loop or a sterile 0.1 ml pipette, and
grown at 37° in 5 or 10 ml of liquid medium with shaking,

Exponential cultures were prepared by gro;th in flagks
in a 37° room or a 37° water bath with rotary shaking for aera-
tion. Growth was followed by optiecal Qensity measurements using
either a‘Klett—Summerson colorimeter ( with redvfilter ) or a
Zeiss spectrophotometer ( at wavelengths of 450,540, and 650
mp for glucose~-minimal medium, casamino acids medium, or nutri-
ent broth, respectively ). These instruments were calibrated
by plating on nutrient agar., A culture was considered to be
in exponential growth when its doubling time had remained con-
stant through at least three doublings of ojtical demsity.
Exponential cultures ﬁére used for all experiments involving
mating or .growth,

To prepare very large quantities of cells ( 1012 or more )
a New Brunswick Bench-top Fermentor was used with nutrient
broth as the growth medium. Such batches were used for pre-
paring large quantities of non-radioactive DNA,

G. Preparation of radioactive bacteria for labeled
DNA standards

E. coli DNA was labeled by growth of thymine-requiring
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bacteria in minimal-casamino acids medium containing either
H3~ or Cl4« thymine.

Proteus mirabilis PM-I DNA was labéled with P3z by growth

in a low phosphate, minimal medium prepared with phosphorus-
frée casamino acids and sufficient KH2P04.to make 5 pug/ml
total P, P-free casamino acids was prepared as follows: Teo
100 ml of 10% casamino acids was added 3 gm of NH,Cl and 5 gm
of MgC12o6H20, The pH was adjusted to 8.5 with concentrated
NH , OH ( 24 ml), the solution was allowed to stand for one
hour or more, and filtered. The filtrate was adjusted to pl 7.4
with HC1l and stored for useo _

14

Proteus mirabilis PM-I DNA was labeled with C by growth

in minimal~casamino acids medium containing 1 pg/ml C14nthymine
and 500 pg/ml deoxyguanosine., The addition of deoxyguanosine
provides a source of deoxyribose which enables prototrophic
cells to incorporate exogenous thymine ( H. Kammen--~ pers,
commun. ). |

H, Concentration of cells or change of medium by
centrifugation

To concentrate cells or change the suspehding medium by
centrifugation the cell suspension was cenfrifuged_either in
a conical glass tube in a clinical centrifuge at maximum
‘speed ( ca. 2000 rpm ) for 5-10 minutes orlin round bottom .
Pyrex tubes in an angle head rotor in a refrigerated Servall
centrifuge at 6500 rpm for 5 minutes., Small volumes ( 1 ml
or less ) were centrifuged in 1 ml pointed Pyrex tubes ;n the

Servall,
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1. Curing with acridine orange

Purified acridine orange was kindly provided by R. B.
Uretz. Solutions at 1 mg/ml were made in 107> M versene ( to
retard fqngal growth and to remo#e trace amounts of zinc )
and were stored in the Q9rk.

Male strains were disinfected of the F'Lac particle by
acridine curing using essentially the méthod of Hirota (109).
Cells were inoculated at 105/m1 into pH 7.8 tryptone contain-
ing 20 pg/ml acridine orange. After overnight growth in the
dark the culture was plated om MacConkey agar., Lac~ colonies
were picked, purified by repeated streaking, and tested for
recipient ability.

J. Mating

- Mating was performed by mixing exponentially growing
male and female cells at a concentration of 1 - 5 x 108 cells/
ml in an Erlenmeyer flask of sufficient volume that the mating
mixture formed’a thin layer ( 1 - 2 mm thick ) on the bottom
of the flask. The flask was usually prewarmed. In some experi-
ments this waslnot possible; in these cases the flask was
iced,‘chilled bacteria were added, and then the flask was
quickly warmed to 37°. Puring the mating period the flask was
incubated in a 37° room and swirled very gently omn a Thomas
.platform.rotator set at minimum speedo This provided aeration
with minimum turbulence. This method was found to increase
the rapidity and final level of F'Lac transfer by about a
factor of 2 to 4 with respect to mating carried out in a

stationary flask, as shown in Table 11I. Matings were usually



Table 3
Effect of very gentle shaking on the efficiency of

transfer of F'Lac

A | B
. Broth Casamino acids
Mating time, . Shaking: ~ Shaking:
minutes + - +. -
0 0 0 o 0
20 ‘ 14 53 20 18
30 20 7 33 17
40 37 10 61 20

A. Strains 200P (F'Lac) and DF4 (F-) were grown in nutrient
broth to exponential phase and 3 x_lO8 cells/ml. In each of
two 250 ml Erlenmeyer flasks were mixed 2.5 ml of each culture.
The flasks were incubated in a 37° room, one stationary (-)

and the other with very gentle shaking (+) on a Thomas platform
rotator. Samples were taken at the times indicated; Vortexed
30 seconds, and plated on indicator plates. The per cent
transfer was calculated as [Lac+SmP recombinants]/[initial
males]. It should be noted that this is a fairly poor mating
couple; DF4 was found to show much higher mating efficiency
with males subsequently developed from DF1l (e.g., DF18),

B. Same as above except that the cells were grown and mated
in glucose-casamino acids medium instead of in nutrient broth.
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continued for 30 - 60 minutes and stopped by violent agitation
for 30 éecondé with a Vortex mixer.,

K. Irradiation of bacteria with ultraviolet (UV) light

Bacteria to be irradiated with UV light were suspended
in cold 1X121 + P and placed in a thinv( 1 - 2 mm ) layer in
a glass Petri dish~~ e.g., 5 ml in a 8 cm diameter dish., Agita-
tion during irradiation was provided by a Thomas vibrating
platform shaker. Irradiation was done with a GE 15 watt germi-
cidal lamp. The dosé rate was 70 ergs/mm2/sec, at the level of
the sample, as measured by a photoelectric cell calibrated
against an Eppley thermopile. Irradiated cells were protected
from light at all times to avoid photoreactivationg

L, Growth and purification of phage

Unlabeled phage were grown and purified as described in
Davison and Freifelder (128), All phages were banded im CsCl

before use. ' ‘

To prepare radioactive phage, the host was E. coli
B/r Thy- and Fraser-Jerrel medium was supplemented with 1 pg/ml
C14- or H3~ thymine. Banding in CsCl was replaced by sedimenta-
tion into é layer of 15% sucrose., Two ml of the phage suspension
was layered on top of 3 ml of 15% sucrose and centrifuged for
15 minutes at 15000 rpm in a SW39 rotor in a Spinco Model L
“ultracentrifuge, The sucrose layer was fractionated by drop
collection ( see Section S ) and the sucrose was removed from
the phage fraction by dialysis.

M, Lysis~from-without (34)

This procedure was used to lyse one strain selectively
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from a mixture of phage-sensitive and resistant bacteria,
To broth-grown cells were added phage T6 at a multiplicity of
100 viable phage particles per sensitive cell, This mixture
was incubated at 37° and 0,03 ml CHCI3 was added per ml of
culture until the optical density of the culture due to the
sensitive cells decreased 4-fold.

N. Preparation of penicillin and iysozyme spherdplasts

Peniciilin spheroplasts were prepared by inoculating
exponentially growing cells into nutrient broth containing
10% sucrose, @.01 M MgCl,, and 2000 units/ml of penicillin,
and incubating at.37° with very gentle shaking for 2 hours
or more (161), The criterion for completion of spheroplasting
was rounding up of most of the cells, as seen with a light
microscope. |

Lysozyme spheroplasts were prepared according to the
method of Fraser et al (162) from cells grown to exponential
phase in nutrient broth or glucose-casamino acids.mediumo
The cells were resuspended in pH 8.1 Tris ( 0.05AM ), contain-
ing 10% sucrose. A solution of érystalline eggwhite lysozyme
was added to a final concentration of 50 pg/ml, and the mix-

3 M,

- ture was warmed to 37°, Versene was added to make 107
The mixture was incubated for 3 minutes at 37° without shaking,
and diluted wifh three volumes of prewarmed nﬁtrient broth
containing 10% sucrose and 0,01 M MgClz. The criterion for
efficient spheroplasting was sensitivity of a sample to os-~

motic shock or mild ( 0.1% ) sodium dodecyl sulfate ( SDS )

treatment, in the presence of Mg, with clearing of the cell
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suspension iﬁ less than 3 minutess
Lysozyme solutions were stored frozen at -15° at a
concentration of 2 mg/ml in 0.25 M Tris, pH 7.5, for no more

than two weekso

0. Preparation of cell walls by sonication

For preparation of cell walls the cells were breken by
~ultrasonics using a Raytheor 10 kc sonic'generatoro Broth-
grown cells were washed by membrane filtration and résuépendea

. 9 ~10
in diluting fluid at a concentration of 5 x 10~ ~ 10

cellé/mi.
The suspension was placed in an ice bath and sonicated by
approximately 5 pulses of 2 minutes each separated by 1 minute
intervals for cooling. The criterion for coﬁpléte disrupt ion
was visible clearing of the cell suspension. The sonicate was
also assayed on agar plates for remaining viable cellsj there
was usually a 103-—104 - fold decrease in viability;.

P. Lysis of cells from mating mixtures-- Frankel lysis

Cell lysates, in preparation fer sucrosé gradient sedimen-
tatiod or agar-gel analysis, were prépared by a lysozyme-~ de-
teréeﬁt method developed by Frankel (163) with the sinéle al-
teration that 100 pg/ml instead of 50 ug/ml of lysozyme was
used. The cells were washed and concentrated and resuspended
inva solution containing 0.1 M NaCl and 0.05 M versecne, pH éoO,
in a 1 ml pointed glass'centrifuge tube.,The.suSpension was
quickly brought to 45° and incubated fof 4 minutesy after which
lysozyﬁe was added and incubatiqn wés continued for another
4 minutes; then 5% SDS was added to give 0,3% and inCubatioA' i

was continued for 10 minutes at 45°, by which time the
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suspension had cleared completely, resulting in a viscous,
water-white solution., For complete lysis it was found necessary
that all glassware associated with-this procedure, including
that for storage of cells, be clea&ed with chromic acid-- a
normal detergent wash was not sufficient.

Q. Isolation of DNA by phen&l extraction

In all of the pﬁenol procedures, neutralized phenol was
used, Phenol was neutralized by Vortexing one voluﬁe of
phenol ( Mallinkrodtn-"iiqﬁefied, for chromatographic use' )
with two volumes of 0,02 M versene, pi 7.8, The two phases
were separated by centrifugation for 1 minute at 2000 rpm in
a clinical centrifuge. The lower layer was removed with a
pipette and used within 10 minutes. Neutralized phenol should
never bé stored for more than an hour,

(i) Usual method (164,165)§ Baéteria were concentrated
to 1010¢e11s/m1 and suspended iﬁ 0.1 M versene, pH 7.8. SDS
was added to make 0.5% and the mixture was heated to 70° for
10 minutés. An equal volume of phencl was added and the mixture
was shaken vigorously for 10-30 minutes., The phases were sep-
arated by éentrifuging for 5 minutes at 5000 rpm in a Servall
refrigerated centrifuge, The aqpeous_léyer was removed and
adjusted to 0.5 M NaCl. Onto this was layered two volumes of
95% ethanol. The layers were stirred gently with a glass rod
and the precipitated DNA fibers were collected by spooiing°
The fibers were redissolved immediately in 0.0l M versene,
pH 7.8, the ionic strength was again raised to 0.5 M with NaCl,

and the fibers were reprecipitated with ethanol. The fibers
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were immediately dissolved in 0.01 M PO4, bH 7.8, and stored
in sojution at 4°.
(i1i) When radiocactive DNA was prepéred as test DNA for use
in agar-gel columns, the precipitate was immediately dissoclved

in 0.01 M PO pH 7.8, and to reduce losses, the second precip-

4°
itation was omitted,

(iii) when P2%_labeled DNA was prepared from Proteus
mirabilis for agar-gel analysis, it was necessary to remove
RNA. Since only denatured DNA was required in the agar-gel
column technique, RNA removal was simplified. The cells were
lysed with SDS ( 1% ), phenol extracted as above, and'the DNA
was precipitated with ethanol., The precipitate was then boiled
for 30 minutes in 1 M NaOH. This procedure both hydrolyzes
the RNA to nucleotides aﬁd denatures the DNA. The solntion was
then neutralized with HC1l and used without further purification,

r(iv) DNA preparéfions for.sucrose gradient cenﬁrifugal
analysis: For ektraction of the DNA from mating mixtures lysed
by the Frankel procedufe, equal volumes ( 0.1 ml usually ) of
lysate and neutralized phenol were mixed in ‘a 1 ml pointed
Servall cent?ifuge tube and the mixture was Vortexed for 20
seconds. The cell concentratiQn was always high enough that
the_sol;tion viscosity provided‘self—protectionb(166) against
hydrodynanic shear degradation.

*R. Preparation of phage DNA from 014—1abe1ed phage

DNA from phage T7 was prepared by heating the phage for
5 minutes at 705 as described by Davison and Freifelder (164).

DNA from phage T4 was prepared by a modification of the
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phenol extraction procedure of Mandeli and Hershey (165). 0.1
ml of a phage suspension Qas placed in a conical centrifuge
tube and an equal volume of phenol was added. Thé two phases
were mixed by gentle pipetting with a Pasteur pipette, The
phases were separated by cehtrifugatione This procedure yiclded
unsheared DNA using the criterion of sedimentaiion hdmogeneity
(166) .

Both T4 and T7 DNA were stored as frozen solutions.

5. Sucrose gradient centrifugation

Sucrose gradients were formed using the apparatus described
by:Britten and Roberts (167)., The composition of the solutions
used to form the gradient was 0.5 M NaCl, 0.01 M K phdsphaté,
pH 6.8, and either 5% or 20% ( weight/total weight ) sucrose.
A shelf of 60% sucrose was placed in the bottom of the centri-_
fuge tube to prevent pelleting of rapidly sedimenting material
(112). All solutions were autoclaved and stored at 4°, The
material to be sedimented was iayered on the gradient using
a 50 pl capillary pipette ( "Microcaps"-- Drummond Scientific
Co., Broomal, Penna. ) or a 1 ml Pastecur pipette, for 5 and 30
ml gradienté, respectifely. Centrifugation was done in a
Spinco Model L ultracentrifuge ﬁsing either the SW39 or SW25
rotor, at 3-5°, Fractions were collected by puncturing the
'bottqm of the tube and collecting drops using the apparatus
designed by Szybalski (lGS)D‘Usually 60-70 drops per ml were
obtained and samples of 5-40 drops were“takeno

Ts CsCl centrifugation

CsCl gradients with a final volume and densily of 2.4 ml
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and ca. 1.700 gm/ml were prépared by dissolving 2,362 gm CsCl
in 1,753 gm of a DNA solution in 0.02 M versene, pH 7.8. The
solution was placed in a 5 ml centfifuge tube and 2.5 ml of
silicone o0il was layered on top. This solution was centrifuged
for 48 hours at 38,000 rpm. The gradient was fractionated by
drop collecting and the radicactivity of the fractions determined

U, X-irradiation of DNA

Bacterial DNA was fragmented by X-irradiatiom in prepara~-
tion for agar-gel chromatography ( see Section V ) usihg a
Norelco MG 150 kv X-ray machine ( Tube E ) operated at 150 kv,
12 ma without filtration. ‘he dose rate was determined by FeSO4
dosimetry (169) and was 10,600 rads/min. The standard dose
was ca. 32,000 rads, which under the conditions used, intvo~-
duces a sufficient humber of single-strand breaks that the
single-strands of the DNA had an average moleculur weight of
200,000-~300,000, (170).

V, Agar-gel chromatography

The techmique was essentially that of Bolton apd
McCarthy (171). DNA of known type was prepared by phenol
extraction, denatured by boiling for 5 minutes in 0.01L M P04,
pH 708, and trapped in 3% agar ( Ionagar #2, Colab, Inc. ) by
mixing hot, denatured DNA with an equal volume of melted 6%
agar. The hot mixture was rapidly solidified by pouring it
into a large, iced beaker. The DNA-agar was then made into
smallfbeads by pressing through a fine (#40) stainle&s steel
wire mesh, two or more times. The beads were washed in a sin-
tered glass column with 2X -8SC ( SSC = 0,15 M NaCl, 0,015 M

Na citrate )} at 60° to remove untrapped INA, Sufficiently
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concentrated DNA was used so that the fiﬁal concentration
of trapped DNA was 300-500 ng/gm of gel. The final quantity
of DNA in the gel was measured by heating 0.1 gm of agar in

0.9 ml 5 M NaCl0 pH 7.4, at 60° until a clear solution re-

4
éulted, The opﬁital density at 260 mp and 280‘mp was then
read against a NaC104—agar blank ahd the DNA concentration
thereby calculated.

In pfeparation for column analysis the DNA which was to
be tested ( usually radioactive ) was suspended in 2X 5SC,
denafured by boiling for 15 minutes, and fragmentedvby X~
irradiation fo pieces of about 200,000-300,000 molecular
weight. A mixture of 0.2 ml DNA and 0,5 gm DNA-agar was placed
in a small screw-~cap vial and then incubated for 15-17 hours
at 60°, Under these conditions the test DNA renatures with
homologous DNA in the agar-gel. After this incubation the
mixture was transferrgd to a filter tube ( cylindrical giass
tube, 1 cm diameter, closed at one end by a disk of coarse,
sintered gléss )'and eluted.

The basic elution procedbre was as follows. The column
was first waéhed with 20 ten ml aliquots of 2X SSC at 60° to
remove unbound DNA, The bound material Qas fhen eluted with
10 ten ml aliquots of 0.01 X SSC at 75%, at which temperature
and ionic strength the DNA hybrias_me]t and relea;e the lab-
~eled fragments, Blutioﬁ was accomplished in either of two
ways: (i) 0ld method. Thé column was maintained at the de~
sired temperature by wrapping plastic tubing around the fil-

ter tube and running thermostatted water through it. Column
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temperatures were monitored by a thermometer inside the
filter tube, the tép of which was stoppered with a wad of
paper tissue, The eluting liquid was preheated to the desired
temperature and added to the column with a warm pipette., Each
eluate was collected in a test tube. This procedure, although
usable, had the disadvantage that temperature control was
difficult, (ii) New method. 10 ml.aliquots of eluting liquid
were maintained at the desired temperature in the collecting
tubes in a thermoregulated water bath., The filter tube con-
taining the agar-gel was placed in the elutiﬁg fluid and the
eluent rose through the sintered.glass filter thus soaking
the agar-gel, After 10 minutes the colﬁmn was iifted out of
the liquidj iiquid.remaining in the agar was blown into the
collecting tube; theh the column was transferred to‘the next
tube of eluent. This method permits excellent temperature
control, rapid change of temperature, and simultaneous elu-
tion of several columns., |

. Carrier-DNA was added to the.elgafes and the.solutions
were TCAcprécipitated and counted, The % test DNA which was
bound was calculated as [ cpm eluted at 75°]/[ cpm recoveredl.
Melting and counting of the agar-gel after the final elution
showed that lesms: fhan 5% o} the total radioactivity remained
bound to the column,

The ability of these columns to distinguish homologous
from non-homologous DNA was tested, although this has‘already

been amply demonstrated by Hoyer et al (171) . Homologous DNA

from E. coli, Ps. aeroginosa,and Proteus mirabilis bound
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with efficiencies of 60-70%. ( For absolute values this should
be multiplied by 1.2-1.5 (171) ). Non-homologous DNA bound to.
an extent of less than 2%, an amount comparable to what is
observed if the agar contains no DNA.

To obtain a meltiﬁg curve of the boﬁnd material, the
procedure of Falkow and Citarella (129) was used., The column
was first wéshgd 20 times with 2X SSC at 50° to remove un-
bound DNA and then eluted with 3 five ml aliquots of 0.1 X
SSC at each of a series of increasing temperatures { usually
in 2-4° intervals ) up to 83°, at which temperature the gel

begins to break down. A melting curve so obtained for E. coli

DNA bound to an‘g. coli agar-gel column was very much like an
optical melting curve for denatured and renatured DNA melted
in 0.1 X SsC.
W. Preparation and counting of radioactive samples
Radioactive samples were precipitated with an equal
volume of 10% trichloracetic (TCA) containing 100 ug/ml
thymine (t). When the samples consisted of free DNA, carrier
DNA was first ad&ed. The precipitate was collected by suction
onto a 25-27 mm diameter membrane filter having a pore size
of 0.45 u, which had been prewashed with TCA + t, in order
to saturate the thymine adsorption sites., The sample was
then washed five times with TCA + ¢, Wheq large amounts of
scluble radicactive thymine were present, the filter was
then washed with five rinses each of ethanol, to minimize
adsorption of heterocyclic compounds, 1 M NaOH, to break open

the cells and release any unincarporatéd fhymine trapped
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inside the cells or in protein aggregates, and TCA + t, to
remove the NaOH and prevent the-filters from becoming sticky
while drying. This rinsing procedure was found to remove
variable, large amounts of radioactivity associated with TCA-
precipitated whole cells in highly radicactive medium. Evidénce
that the method dées not reméve precipitated radioactive DNA
is that repeating the procedure did not significantly reduce
the radiocactivity and that if precipitated, labeled phage DNA
‘was collected on a filter, appliéation of this ﬁechnique did
not reduce the precipitated activity. This is probably because
DNA is insoluble in ethanol and although DNA is alkaii—sqluble,
denatured DNA will not redissolve in ‘alkali at high ipnic
étrengtha Furthermore, DNA, and especially denatured DNA, binds
strongly to membrane filters (172,173,174),

When Pfoteus DNA labeled with P32 was to be éounted,
because of the high concentration of Pazmcontaining free
ribonucleotides present in the DNA solutiom ( see Section Q )
it was necéssary to presoék the membrane filter with IIM KH2PO4
prior te collecting the precipitate in order to prevent ad-
sorption of these compoundsp

After washing, the filters were dried on metal trays,
either under an infra-red lamp or in a 60° oven. For liquid
scintillation counting the filters were placed directly into
glass scintillation vials containing lbvmi.ofba scintillation

fluid having the following compositiom:
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2,5~-diphenyloxazole (PPQ) 6.0 gm
1,4-bis-[2-(5~phenyloxazolyl) J-benzene (POPOP) 0.3 gm
toluene 1 1

All samples were counted for a minimum of 10 minutes or
10,000 cpm in a Nuclear Chicago Model 720 liquid scintillation
counter,

Sometimes samples labeled with C14 only were counted
with a gas-flow counter. For this purpose the membrane fil-
ters containing the precipitated sample were glued, while
still wet, to aluminum planchets, dried, and counted in a
Systron gas—fiow counter with a 0,001 inch Mylar window,

X. Induction and assay of beta-galactosidase.

Beta—galactbsidase was induced and assayed by the method
of Pardee, Jacob, and Monod (123), Cells were grown in
1X121 + P + casamino acids with 1% glycerol as the carbon
source, The inducer, thiomethylgalactoside, was added to
‘yield a concentration of 5 x 10™% M and the induction mixture
was incubated for 30 minutes at 37° with shaking. One drop
of tolhene‘per ml of culture was added and the mixture was
shaken vigdrously with a Vortex mixer aﬁd allowed to stand
for at least 30 seconds. 0.2 ml of a fresh solution of the
substrate, o-nitrophenylgalactoside, M/?5 in 0.25 M PO, , pii
7.0, was added per ml of solution and the mixture was iﬁch-
bated at room temperature for a measured period of time
until color was visible-- usually about 10-20 minutgso The

reaction was stopped by adding 0,5 ml of 1 M Na2CO per ﬁlo

3

Samples were centrifuged for 5 minutes at 5000 rpm to remove
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coafse debris. The optical density at‘420 mp was rea& with
a Zeiss spectrophotometer and corrected for turbidity by
reading at 550 mu and subtrécting 1.65 x 00550 from the 004

Y. Measurement of total protein synthesis by C14m

20°

phgnylalauine incorporation

The rate of proéein synthesis in growing cclls was
measured by adding 2.5 pl of C14~pheny1alanine ( 5 me/pM/S ml )
to I ml of culture, incubating at 37° with shaking for 10
minutes and precipitating with én equal volume of 10% TCA
containing 100 pg/ml phenylalanine. The TCA-precipitable
material was collected on a membrane filter, washed with

TCA containing phenylalanine, and counted in a gas-flow

countero
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Chapter 3e- Preliminary attempts at isolation of F'Lac

Iﬁ early stages of this work several methods for isolation
of F'Lac DNA were tried and abandoned. Each of these methods
proved to be inadequate because of unsuspected properties of
the cells, These uwcthous are listed in Table 4 along with the
principal difficulty,

In method 1, which relied upon male cells remaining intact
during the various treatments, the problem of non-specific
lysis of the male cells aroéec Both growing and stationary cell
populations were found to,releasé DNA into the medium at the
rate of 0,5-2% of the total DNA per hour at 37°., Handling of
the cells such as pelleting tended to increase this leakage and
no combination of ionic strength or osmolality could be found
which decreased the effect, Since the chromosomal DNA is about
iOO times as large as the F'Lac DNA, lysis of a small percentage
of the cells can provide a background greater than four times
the amount expected from the F'Lac DNA, This phenomenon was also
encountered by Silver (119) and was the prihcipal limitation in
his experiments,

Method 4 was designgd to make use of the observation
of Frankel and Smith ( pers. commun, ) ihat if cells are treated
with SDS and handled gently, lysis does not occur, although the
permeability of the bacterium becomes extreme. Such cells retain
all of the bacterial DNA but release soluble protein and, if
infected with phage T4, phage DNA also, It was hoped that the
F'Lac DNA would also be released in this way. The basic experi-

ment was to treat H3~ thymine~labeled males and Cl4~ thymine«
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labeled females with detergent, SDBS, then mix, and centrifuge
the mixture through a sucrose gradient, In se#eral experiments
a component with an szo,w of 43 + 2 was ﬁerived from the male
but not from the female., However, in some gradients male ma~
terial was found in this region but small amounts of female
DNA were also present, Fﬁrthermore, in many gradients no DNA
was reléased by the male, If the cells were exposed to small
shear forces so that some of the chromosomal DNA was released,
it usually appeared in approximately the same region as
the component described above, Whereas it is possible fhat the
component indeed contained F'Lac DNA, this method was not purm‘
sued because of its non-reproducibility., It is hoped to explore
this further in the future,

The difficulties encountered in the first five techniques
plus the fact that it is necessary to ascertain that any labeled
material was indeed F'Lac DNA made it cléar that a method for
specific labeling had to be developed. Methods 6 and 7, which
were desigﬁed to accomplish this, failed for the reasons given
in the Table, However, a technique has been worked out which
is effective; the development of this procedure comprises a
ma jor portion of £he present work and will be described in

detail in Chapter 4.



Table 4 -~ Methods attempted fo isolate F'Lac DNA but abandoned

Method

Basic procedure

Group I-- Preferential extraction

1, Release triggered by
female cell walls (175,176,177)

Group II-- Transfer to females

1, Female cell walls prepared
by differential centrifugation
of sonicated cells, Cell walls
mixed with labeled males for

30 minutes, Cells spun out,
Supernatant assayed for radio-
activity.

followed by specific lysis of females

2, Mating labeled males
with female proto-
plasts (178)

3. Mating labeled males with
females and separation of
males and females by selective
precipitation at different pH,

2, Female protoplasts prepared
either by lysozyme or penicililin
and stabilized with sucrose. La-
beled males added. 30 minutes
later, mixture treated with SDS
in presence of Mg, Normal cells
are insensitive to SDS-Mg, but
protoplasts are lysed., Lysates
examined by sucrose gradient
centrifugation,

3, Labeled males mated with la-
beled females and blended, Mix-
ture to various pH in range 3-4,
Males and females should precipi-
tate at different pH (26,27,28),

Remarks

1. "Males show non-
specific lysis. 80-90%
of label in supernatant
was male chromocsomal DNA

2. Lysis of males was
excessive. No difference
in sedimentation pattern
cf extracts prepared with
and without protoplasts.

3. Only slight enrich-
ment. In mixtures, both
mating types co-precipi-
tate because of clumping,

€8



Group III-- Differential centrifugation of cell lysate

4, Sucrose gradient
centrifugation of SDS-
treated cells

5. Sucrose gradient
centrifugation of SDS
lysate of lysozyme
protoplasts

4, Labeled cells treated with 0.1% SDS,
37°,., Cells do not lyse but become very
permeable, Mixture centrifuged through
sucrose gradient,

5. Labeled females converted to lyso=~
zyme protoplasts and then lysed with
0.1% SDS. Lysate handled with care to
avoid shearing and centrifuged through
sucrose gradient,

" Group IV-- Specific labeling

6, Inhibition of chromo=~
some replication without
inhibiting F'Lac repli-
cation. Use of amino acid
starvation,

7. Same as 6 but using
chloramphenicol (Cm)
instead of amino-.acid
starvation,

6, Males grown in minimal medium and
starved for required amino acids (a.a.),
in presence of acridine orange {(A0),
Chromosomal DNA is replicated to com=
pletion but A0 inhibits F'lLac repli-
cation (109,133), Cells transferred to
medium lacking a.a. and AC and containe-
ing label, F'Lac should replicate,

7. Males grown in tryptone and treated
with Cm in presence of AOQ. Transferred
to medium containing Cm, lacklng A0,
and containing label,

4. Partial success. A
component was found in
extracts of males but not
females:; Procedure not re-
producible. See text,

5. No difference seen
between male and female
extracts, due to very
broad boundary of chromo-
somal DNA,

6. AO does not inhibit
F'lLac replication in mini-
mal medium. Therefore,
F'Lac has completed its
réplication cycle before
label is added,

7. Cm does not prevent
reinitiation, A® does

not stop F'Lac replication
completely,

¥



Chapter 4-- A technique for specific labeling of the
DNA of F'Lac

In this section a procedure will be described for specific
radioactive labeling of F'Lac DNA, In essence this procedure
involves creating a situation in which neither male nor female
cells can incorporate exogenous thyﬁine into chroeomosomal DNA,
vmating these cells, and then permitting the transferred F'Lac
to Teplicate in the female in the presence of radiocactive
thymine. In the following the development and properties of
the requisite bacterial stirains will be given, followed by
detaiis of the labeling technique, and data indicating that
an appreciable fraction of the incorjorated label is F;Lac
DNA.

A, Prevention of chromosomal DNA synthesis ( thymine
incorporation )} in the female

DNA synthesis can be inhibited in a wide variety of
organisms by UV irradiation. With increasiﬁg doses of UV thé
extent to which DNA is synthesized after irradiation is de-
creased (179,180,181), Swenson and Setlow (181) have shown
that this is.a result of production of thymine dimers between
adjacent th&mine residues within a single polyﬁucleotide chain
of the DNA, In particular, the block is app&rehtly the inability
to replicate across such a dimer. Hence, in principle it should
be possible to decrease the amount of DNA synthesis to any
desired level simply by increasing the dose sufficiently
since the production of thymine dimers is proportional to
dose (182). It should be remembered that since the F'Lac

particle probably contains‘an amount of DNA on the order
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of 1% of that of the chromosome, it would be desirable to
inhibit chromosomal DNA synthesis at least 1000-fold.

Table 5 shows the incorporation of Hs-thymine into the
DNA of the thymine-requiring female, DF4, after various doses
of UV, In agreement with the results of Swenson and Setlow (181),
thymine incorporation is greatly inhibited. However, the in-
hibition.is not complete. It is clear that in the 30 minutes
required for mating, the ﬁotal amount of DNA synthesis cannot
be reduced below the 0.1% level with doses comparable to those
used. Higher doses could of course be used but this would re-
sult in impairment of the protein synthesis machinery to an
extent which would be undesirable for later experiments, The
residual incorporation observed is probably due to the phenom-
enon of "repair"”, It is lknown that in normal cells after UV
irradiation DNA synthesis is resumed after a.delay during which
excisi;n of thymine dimers takes place; this iIs believed to be
followed byﬂrepair replication ( filling in the gap ), and
then normal replication. (183,184,185),

It has been suggested (186,187) that the repair mechanism
is inhibitea by the presence of S-bromocuracil (5-BU) in the
DNA, Therefore the incorporation experiment given above was
repeated using cells which had been grown for three generations
in a medium which gives a high degree of substitution of 5-3U
for thymine. The incoryporation as a function of time for UV-
irradiated , 5-BU-~containing cells is. shown in Figure Ja. As ex-~

pected, the inhibiiion was greater for a given dose; however,
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Table 5

Incorporation of H3—thymine by UV-irradiated F- cells

Incorporation in 30 min, cpm

UV Dose, seconds as % unirradiated control
20 33
10 12

120 6

Strain DF4 (F-Thy-) was grown in glucose casamino acids
medium containing 2 pg/ml thymine to exponential growth’
and 4 x 108 cells/ml. The cells were chilled, resuspended
in 1X121 + P, and irradiated with a 15 watt GE germicidal
ultraviolet lamp for various times. An aliquot wus reserved
as the unirradiated control. Each sample was diluted
ten-fold into glucose-casamino acids medium containing

1 pg/ml C14~thymine and incubated for 30 minutes at 37°
with shaking, and precipitated with an equal volume of 10%
TCA. The precipitates were collected on membrane filters,
washed as described in Chapter 2, and counted.
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Figure 3-~- Effect of ultraviolet irradiation on the incorporation

of H3» thymine by - cells

A--=  Strain DF4 (F-Thy-UV') was grown in glucose-
casamino acids medium containing 2 ug/ml thymine to
exponential growth and diluted into glucose-casamino
acids medium containing 2 ug/ml S5-bromodeoxyuridine
(BUdr) and 1 pg/ml thymine. This culture was protected
from light and grown for three generations. The cellss
were then chilled, resuspended in 1Xi21 + P at 4 x 10 /ml
and irradiated with a GE germicidal ultraviolet lamp

for O, 1, and 2 minutes. Nutrients ( glucose, casamino
acids, and thymine ) and H3-thymine (2 puc/ml) were added
to each culture and a O~time sample was precipitated with
10% TCA. The cultures were warmed quickly to 37° and
incubated at 37° with shaking. Aliquots were taken and
incorporated radivactivity determined. The numbers next
te each curve refer to ithe UV dose in minutes,

B---  Strain DF6S (F-Thy-UV®) was grown in glucose-
casamino acids medium containing 2 pg/ml thymine until

in logarithmic growth. The cells were then chilled,
resuspended in 1X121 + P, and irradiated with a GE

15 watt germicidal ultraviolet lamp for 0, %, 1, and

2 minutes. Glucose, casamino acids, thymine, and H3-
thymine (7 uc/ml) were added to each culture, and a

O-~time sample was precipitated with 10% TCA. The cultures
were warmed quickly and incubated at 37° with shaking,
Samples were taken at 5, 10, 20, and 40 minutes and assayed
as in A. Note difference in scale of ordinate~~ to correct
for the difference in specific activity and cell number

in the two experiments ( A and B ), the results were
plotted so that the unirradiated controls have the same
slope in each experiment, '



13,000
(O“dose)

uvr (8u)

T

5 10 20

Time, minutes
A

)

- 120,000
(O’ dose)
uvs
ll
-82
”
. P
,/
,/
-7
o,”
o
&
//
P
gl
ﬂﬂ-'”v-a- ———————— -0 2/
20 40
Time, minutes
8

88



89
sufficient synthesis occurred that the criterion of a 1000~
fold reduction could not easily be met ( due perhaps te¢ in-
complete substitution or possibly to the fact that UV lesions
in 5-BU DNA do not complefely block DNA replication),

Boyce ahd'Howard—Flanders (184) have isolated a strain
( UV® ) of E. coli which is incapable of excising thymine
dimers., Swenson and Setlow\(181,182) have shown in a similar
strain ( Bs_l_) that the block to DNA synthesis produced by
UV-irradiation of these strains is permanent, Accordingly, a
thymineless derivatiye of UV® was made ( DF 69, see list of
strains, Chapter 2 ) and the incorporation of H3»thymine as
a function of time for various doses of UV was studied, The
results are shown in Figure 350 It is seen that two minutes
of irradiation is sufficient to reduce the incorporation in
40 minutes to the desired level., Hence, this female and this
dose were used in subéequent experiments,

B, Prevention of thymine incorporation by the male

Cells which do not require an exogenous supply of thymine
for growth incorporate little thymine even if the thymine is
present at high concentration in the growth medium (188),
Hence a thymine-prototrophic male cell should be suitable for
the present system, in which it is only required that the male
remain unlabeled during the period of'exposure of the mating
mixture to radioactive thymine. To this end, a thymine-
-prototrophic stréin (DF 20) was made, which if useful was to

be infected with F'Lac, In order to determine what the
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background incorporation in a mating mixture due to the male
alone would.be, the level of incorporation of H3~thymine into
DF 20 and DI’ 4 ( the thymine-~requiring parent ) after 30 mine
utes Qas measured ( see Table 6 ), Although the incorporation
in the prototfoph was considerably lower than the corresponding
value for a thymine~requiring cell { less than 1% ), this was
significantly greater than that which could be tolerated.

{ Since the DNA of F'lac amounts to ahout 1-2% of the DNA of
the chromosome and 25-80 % of the male cells transfesr F'Lac

in 390 ﬁinutes, if the background is to be less than 10% as
great as the label incorporated into F'Lac, then the level of
incorporation must be less than 0.1% of the amount incorporated
by a thymineless cell, ) Hence, it was necessary to iﬁterpose
an additional block to thymine incorporaticn in the male,

In order to accdmplish this, use was made of the fact ihat
cells containing the thymine an;log, 5~-BU, in their DNA are
extremely sensitive to visible light ( i.e., viability is
lost )} (155). However, when a mutagenized Thy+ stock was plated
on minimal agar plates containing 100 ug/ml 5-BU and these
plates were‘exposed to a 100 watt tungsten lamp for 24 hours, it
was possible to isolate colonies‘which survived this treatment.
This mutation we termed 5~BUr. Such mutants must either have a re-
- palir system whibh is not severely hindered by the presence of
5-BU in the DNA or more likely cannot incorporate 5-BU into
their DNA. Since 5-BU is an analog of thymine, it might be
expected in the latter case that ﬁhese mutants would also show

a reduced level of incorporation of thymine, Te test this,
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Hgmthymine incorporation ‘by one of the 5-BU" strains was
measured. This was found to be reduced to a tolerable level,
as shown in Table 6.

A few experiments were done to characterize the 5-BU
mutétiono Thevreduced incorporation of thymine might be a
result of impermeability of the cell membrane to thymine or
of some defect in the enzymatic pathway required to utilize
thymine, Kammen ( pers. commun; } has shown that the poor
utilization of thymine by thymine protqtrophs is primarily a
result of an inadequate supply of deoxyriboside compounds and
that this incorporation can be greatly increased by the addition
to the growth medium of a deoxyriboside such as deoxyguanosine
(dG) or deoxyinosine, If dG could restore the ability of the
5-BU" cellé to incorporate‘H3-thymine,‘the bklock in these cells
would probably not be a permeability defect. As shown in Table
7, dG does enhance incorporation, so thaf the defect is probably
in the biosynthetic pathway that converts‘thymine to thymidine
triphosphate. If the block results in impaired enzymatic activ-
ity of any of these steps, then even in the presence of dG,
the 5-BU" cells should still incorporate less than the sensitive
cells. However, as shown in‘Table 7, the level of incorporation
in both strains is the same, Hence, it is tentatlively suggested
that 5-BUT cells incorporate exogenous thymine to a lesser
extent than 5-BU° cells because they have an even smaller
intracellular pool of deoxyribose-containing compounds; This

will be investigated further,
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Table 6

Incorporation of'H3~thymine in Thy-, Thy+, and 5-BU° cells

Strain Genctype Incorporation in 30.minutesi cpm
DF4 Thy~ BU® 120,000
DF20 Thy+ BUS 410
DF87 Thy+ BUY 170

All samples were precipitated with 10% TCA and washed with
TCA, ethanol, and NaOH as described in Chapter 2,
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Table 7
Effect of deoxyguanosine on Hsuthymine incorporation in

5-BU® and 5-BUY cells not requiring thymine

Genotype Deoxyguanosine, pg/ml Incorporation in 30 minutes, cpm

5-BU® Thy+ ) 150
5-BUS Thy+ , 500 | 7300
5-BU" Thy+ 0 95

5-BU" Thy+ - 500 , 7780
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C. Prevention of chromosomal transfer by the male

Male strains carrying an autonomous sex factor such as
F or F'Lac transfer these factors with high efficiency in con-
jugation~-- up to 80% in 30 minutes, using‘the mating conditions
described earliero F+ cells also transfer the chromosome, al~
tho@gh with a much lower efficiency, 10-5~10m7 per male cell,
as a consequence of occasional attachment of the autonomous
F to the chromcsome, forming a ( sometimes transient ) Hfr,
An F°? particle; such as Ff'lac, which contains one or more
chromosomal markers, has an apparent affinity for the'correspondn
ing genetic loci on the chromosomé, and ié thereby capable of
chromosomal transfer more frequently than is an F particle-~
on the order of 1072 per male cell (87), While this secems to
be a small effect compared to the very frequent transfer of am
Fe, episomeé are in general much smaller than the chromosome,
1-2% in the case of F'Lac, so thatvan amount of chromosomal
DNA might be transferred by a small fraction of the population
which is comparable to that transferred as pure F'Lac DNA by
the entire‘male population. It has been shown,however, that if
the chromosome contains a deletion correspondiug to the markers
in the F'-merogenéie, the amount of chromosomal transfer is
markedly reduced (89,189). Although it is not known whether
transferred chromosomal matgrial replicates shortly after trans-
fer and prior to recombination ( that this is probably not the

case for at leaét 2 hours has recently been shown by Oppenheim

(190) ), it scemed desirable to reduce this transfer as much as



possible, To this end a deletion forrthé entire lactose
region was introduced into the male chromosome. As shown in
Table 8, this reduces chromosomal transfer to about 10“3 per
male cell, as‘measured by the appearance of recombinants for
an early marker ( proline).

B, Evidence that transfer occurs to UV-kilied females
with ca.normal efficiency

In order to reduce the level of ﬂs—thymine incorporation
in the female to a suitably low level, the ov® females were
giyen a large dose of UV, The dose chosen produces several
thousand lethal hits. Nofmally9 Ftlac transfer is assayed by
plating the mating mixture on dye indicator agar plates on
which the females which have received F'Lac produce colonies
with a characteristic color, waever3 in the present experiments
none of the UV-irradiated females can give rise to colonies,
so that some other assay preocedure is necessary. One might
expect that the UV-irradiation would not inhibit transfer
since, as discussed in Chapter l,Section 4, the female plays
no active role in bacterial conjugation. Irn order to he sure
that thesé heavily irradiated cells can serve as recipients,
it is necessary to look directly at the zygotes since an assay
cannot be done in any further generation., Since the damage
produced by UV;irradiation of the female is priﬁarily to the
female DNA (181), it might be expected that gene products of
DNA which was transferred by conjugation’after UV-irradiation

could still be synthesized in the female cytoplasm. Hence,
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Table 8
Relative frequency of transfer of a chromosomal marker by two

related F'Lac strains, one carrying a chromosomal Lac deletion

Strain Relevant characters Marker transfer, % Ratio Pro+/Lac+

del

Lac+ Pro+
DF73  F-Lac~(y-)Pro-Sm" |
DF18 Lac~(y-)Pro+Sm®/F'Lac+ 60 0.6 0.01
.-DF85 Lac .Pr0+SmS/F'Lac+ 83. 0,13 0.0015

Straing DF?73, DF18, and DF85 were grown in nutrient broth to
2 x 10° cells/ml. IEach male was mixed with the female in a
ratio of one male to two female cells and incubated for 30
minutes with very gentle shaking. Samples were diluted,
Vortexed for 30 seconds, and plated on MacConkgy Lactose agar.
plates containing streptomycin to assay Lac+Sm recombinants,
and onr . minimal proline plates containing streptomycin to
assay Pro+Sm recombinants. % marker transfer is expressed
as [concentration recombinants]/[concentration males, initiall
x 100, :
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it should be possible in the recipients of F'lLac to deteci the
presence of the Lac gene by measuring the ability of the female
to make one of the gene products, the enzyme, beta-galactosidase,
by inducing the mating mixture. However, since the male cells
are lLac+, it is necessary either to suppress enz&me synthesis in
the males selectively or to remove the males from the culture —
before making the assay. It is clearly simpler if the assay can
be carried out directly on the mating mixture, This can indeed
be accomplished if the males are streptomycin-sensitive (s5m°)
and the females Smr, by adding Sm to the induction medium, since
protein synthesis is inhibited by Sm in Sm° but not Sm" cells
(123), Table 9, column 2, shows the amount of beta-galactosidase
synthesized uvunder standard conditions as a function of the dose
of UV given to the females before mating. It can be scen that
the enzyme is made but at a reduced level with increasing dose,
s¢ that one might conclude that the amount of transfer decreases
significantly with dose. However, UV irradiation does itself
have an effect on protein synthesis ( cf,, Table 9, column 3 ),
partly dge to decreased productionrof meésenger RNA and partly
due to a deleterious éffect on the ﬁachinery for protein
synthesis (181). Hence, a more meaningful assay is to measure
the differential raté of enzyme synthesis, i.e., the ratio of
induced enzyme activity to total protein synthesis, Total pro=-
tein synthesisas a function of UV dose to the females was
measured by incorporation of Cl4~phenylalanine into TCA- precip-
itable material, as shown in the third column of Table 9, Unmated

males produced little or no enzyme, It is seen that the differ-
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Table 9
Differential rate of synthesis of beta-galactosidase by UV~

irradiated Lac- recipient cells after mating with a F‘Lac donor

Differential
UV Dose, Incorporation of activity,
ninutes 92420' corr.” cli.ga1la, cpm** normalized
) 378 217 1.0
2 0172 45 1.4
3 _ 2153 52 1.1

*corrected for scattering (determined by reading at 550 mp)
and for residual synthesis in the male in the presence of
streptomycin _

**corrected for residual incorporation in the male in the
presence of streptomycin

Strains 200P (Smf/F'Lac+) and DF4 (F-Sm"Lac-) were grown in
glycerol~casamino acids medium containing thymine ugtil in
exponential growth and at a concentration of 3 x 10 cells/ml,
S-ml aliquots of the F- cells were irradiated with UV for the
times shown, at 70 ergs/mmz/sec, and each mixed with 3 ml of
F'Lac cells in a 125 ml Erlenmeyer flask. The mixtures were
incubated at 37° with very gentle shaking for 30 minutes.

2 ml of each mating mixture was assayed for beta-galactosidase
induction and 1 ml for C14~pheny1alanine incorporation, each
in the presence of 100 ug/ml streptomycin to inhibit synthesis

by male cells, :
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ential enzyme activity does pot decrease with UV dose, lence
we can conclude that F'Lac is not only successfully transferred
to the UV-irradiated females, but that it is transferred with
an efficiency mot unlike that in a normal cross, and also that
it can function in the "dead! female cell, at least to the ex-
tent of directing synthesis of biclogically active protein., This
latter point is importamt since it reaffirms the hope that F'Lac
can become labeled by replication in the female after transfer,

E. Specific labeling of F'Lac during mating

Now that it has bgen shown that incorporatian of radic-
active label in both male and fewale cells can be preventadv
and that a functioning F'Lac can be (ransferred to the inhibited
female, the method of labeling by trénsfar of an unlabeled
Ftlac to a female in which 1t can replicate becomes a real
possibility.

Specific labeling of the F'Lac particles was accomplished
by méting, in the presence of Hs-thymine, the male strain,
DF 87, and the fewmale, DF 69, These strains have the following
properties:

DF 87 Llac, ,Thy+5-BU Sm"/F'Lac  Male

del
" s r -
DF 69 Lac~ Thy- UVA Sm” Fe- Female
The experimeni was performed as follows. Both strains were
grown in glucose-casamino acids medium; for the female this
was supplemented with 1 pg/ml of thymine. Yhen the female

culture reached a concentration of 5-6 x 108/m1,it was quickly

chilled, removed from the growth medium by centrifugation,
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resuspended in chilled medium lacking gluéose,Athymine, and
casamino acids, and irradiated in a thin layer for 2 winutes
( dose rate = 70 ergs/mmg/sec ) with rapid shaking to ensure
a uniform dose during the irradiation. The irradiated cells
were placed in a mating flask conlaining exponentially growing
males ( ratio males:females = 3 ), H3~thymine at 1 pg/ml final
concentration, and concentrated glucose and casamino acids to
bring the total medium concentration to the normal values. The
total cell concentration was usually 3-5 x 108/m.1o The mixture
was quickly warmed to 37° and_agitated gently for 30 minutes
at 37°, All operations were carried out under conditions which
Avoid exposure to photoreactivating wavelengths of light., in
parallel controls growth medium was substituted for either
the male or the female in the radioactive mixture, At the
end of the mating periecd,; the controls and an aliguot of the
cross were TCA-precipitated and later counted, The remainder
of the cross was chilled, Vartexed,'conCentrated 50-fold by
centrifggati@n, and resuspended in a solution of O.l M NaCl
containing 0.01 M versene, pH 8.0. This concentrate was stored

rozen to be used in sedimentatioh_analyses. A parallel non-
radicactive cross with unirradiated females was usually done te
measure fransfer'by plating., In geheral SO~80% of the females re-
ceived F'Lac in 30 minutes. ‘he results of several such radisactiv
matings are summarized in Table 10, It is clear that in each

case the incofpdration is very great compared to the male or
female alone which suggests that ihe excess radioactivity in

the cross is associated with the transferred F'Lac particle.
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Table 10
stthymine incorporation during mating of Thy+BUr/F'Lac and

UV-irradiated Thy-UV F-

Cell type cpm*
F'Lac 100-200
F- 10
F'Lac x F- (X) | 1000-2000
X - [F‘iac v F-] " 80-90%

*corrected for adsorbed soluble radioactivity and normalized
for cell number and spec1f1c activity. Results of many
experiments.

3 ml. of exponentially-growing F'Lac males (strain DF87) in
glucose~ casamlno acids medium were mixed with 1 ml of UV.-
irradiated UV® females (strain DF68) in 1X121, in a 125 ml
Erlenmeyer flask 1 ml of 2X glucose~casaminoe aclds medium
and 0.3 ml of H nthymine (1 me/ml, 15.7 ug/ml) were added.

In a 50 ml Erienmeyer flask were placed 0.6 mi of males,

0.2 ml of 1X121, 0.2 ml of 2X mediuwm, and 5 pl of H”~thymine;
this was the F'Lac control. In another 50 ml Erlenmeyer flask
were placed 0.6 mil of 1X medium, 0.2 ml irradiated females in
1X121, 0.2 ml of 2X medium, and 5 )l of H3-thymine§ this was
the female control. To each comtrol was added non-radicactive
thymine to 1 pg/ml total thymine. All three mixtures were
protected from light at all times. The three flasks were
warmed quickly in a 40-42° water bath for 1 minute and incubated
for 30 minutes at 37° with very gentle shaking. 1 ml of 10%
TCA was then added to each of the controls and a 50 ul sample
of the mating mixture was added to 0.1 ml of 10% TCA. The
TCA-precipitable material was collected on membrane filters,
washed as described in Chapter 2, and counted.
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In order to demonstrate that the incorporation observed
in Table 10 requiresvtransfer, the effect of conditions which
inhibit mating was examinéd° In the first case, the labeling
procedure was repeated using male cells which had been UV-
irradiated for one minute before mating. As shown in Table i1,
incergeration was completely eliminated, as was F’ﬁac transfer
in the plated cross with uwnirradiated females. In a second
experiment,; the mating mixture was shaken violently during
the 30 minute matiﬁg period. The resulting incorporation and
#'Lac transfer, as measured in a radicactive and a non-radio-
active mating, respectively, were both reduced to about the
same extent, as shown in Table 11l.

Before it can be concluded that this incorporation is
a result of F'Lac transfer, an alternative must be considered.

The position of the UV, marker is shown on the genetic map in

A
Figure 1, It is possible that this marker could be transferred
from the.male as a chromosomal marker in a small number of cells
- and that this would lead to repair replication in the female,
Frem Table 8 the number of DF 87 cells transferring chromo-
somal matefiai in 30 minutes is about 0.13%. Yhe time of entry
of the UVA marker (191) is from the map about 22 minutes., Hence,
because of the time spread in marker transfer, by 30 minutes
fewer than about 0,02% of the female cells should have received
this marker and in these there has been.little time for repair
replication to occur ( see Table 550 Hence, we can tentatively

conclude that most, if not all, of the excess radioactivity is

a result of replication of the transferred F'lac in Lhe female.
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Table 11
Simultaneous inhibition of F'Lac transfer and Hsnthymine

vinaorporation in a mating such as that of Table 10

Incorporation, cpm**,

Treatment % Transfer® X - [F'Lac + F-]
None 75 1240
Violent agitation 16 320

during mating

UV-irradiation of 0 ' s}
F'lac cells

* [concentration Lac+Sm’ recombinantsl/[initial concentration males]
**corrected for adsorbed soluble radicactivity
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In the next section direct %xperiments which confirm this

» ¥
. -

conclusioh will be given; .
F. Determibation of the fraction of‘radioactivity
contained in F'lac DNA
In order to demoﬁstrate directly thét\the éxquS'incorpord—
tion observed in the labeled mating is F'Lac DNA, the abil;t&

to hybridize specifically to known F'Lac DNA was tested using

an agar-gel column (171). These columns consist of denatured

‘DNA of known type trappéd in agar. The DNA to be tested is

- first dénaﬁured and fragmented and added to the column matérial9

the mixture is incubated under renaturing conditions { usuatly
' . N :

16 hours,. 60°, 0.4 ionic strength ), and the amount of test

DNA which has hybridized with the trapped DNA.is'then deter-

'miued by measuring the amount of label bound to the agar ( i.e.,

AresiStant to washing at 60°, ionic strength 0.4 ). Homologous

DNAvbinds.to the DNA agar (171, and see Materials and Methods ),
whereas an'ﬁnrelated DNA does not., That the binding involves
specific hybridization is indicated by the fact that bound

material @an be released by denaturidg conditions and that a

melting profile determined by stepwise elution. from the.coiunmn

is nearly the same as that found for ‘the irreversible dehatura—
tion of.native‘DNA of the séme type ih soiution. ?urthermore,,
if é fractioﬁ which.elutes from tﬂe(column at a particular
temperg@ure is reannealed, it will again.elute,at the same
temperéture ( Freifelder, pers. commun,),‘Alsotif’a mixtufe of

dissimilar. labeled DNA's is fractionated by differential tempera-

ture eiution, each fraction then binds preferentially to agar
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containing DNA with the appropriate melting temperature (129),
In order to detefmine thé fraction of the radioactive
material derived from a labeled mating which is F'Lac DNA,
the extent of hybridization to DNAvisolated from a strain of

Proteus mirabilis PM=-I which contains an E. coli F'lLac particle

was measured in the agar-gel. The background of non-specjfic

binding to the column was determined using a column containing

DNA from the same strain of Proteus but which lacked F'Lac.

The results of this analysis are sﬁown in Table 12, which

summar;zes datq from several duplicate experiments,
‘For'fechnical reasons ( of which, fér exahple, thermal

degradation of the agar-gel, release of the column DNA during

the renaturation, and self-renaturation of the test DNA are

the most important (171) ), the maximum efficiency c¢f binding

even of completely homologous material ( e.g., E. coli to

Es Eﬁli ):is about 80%. This efficiency is rarely achieved

and is not reproducible, A more usual value for "opiimum"

conditions is 50-60%. Hence the percentaée of homologous material

in a given Sample is at least 1,2-1.5 times the observed percent-

age bound., In @any experiments this correction may be even

greatgr since the efficiency of a column depends strongly upon

the ratio of the volume of the liquid to the volume of the

agar (171) and it is difficult to control or to measure precisely

the amount of liquid retained by the agar-gel. Hence, the data

given in Table 12 state that in general at least 35-85 % of the

radiocactivity is in F'Lac DNA. To obtain a more precise value
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Table 12

Binding of labeled presumptive-F'Lac DNA to various agar-gel

columns
DNA in agar : % Test DNA bound*
Proteus F'Lac _ 30-70
Proteus F- 0-2

* Results of several experiments
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it is necessafy to determine the efficiency of each column,
This can be accomplished by the addition of an internal
standard, for instance, by adding Proteus DNA labeled with a
different radioisotope. |

This was at first done with C;4~ProteusvDNA but bécauge
of difficulties involving quenchihg, a more energetic isotope
was used. P32 wasbchosen for its high sbecific activity and
ease in dual channel scintillation counting since quenching is
nof severe, po2. Proteus F!'Lac DNA and H3-mating—1abeled DNA.
were incubated'together with Proteus F'Lac DﬁA agar. If the
efficiency of selection.of free P32—Proteus DNA .is the same
as that of free H°-F'Lac DNA, then the percentage of P°2 which
is bound should be §=measure of this efficiency whereas the
perben%ége of H3 which is bound should reflecttﬁis efficiency
muitiplied by the fraction of the Ho-labeled material which
is F'Lac DNA; in other words,

3.
%Hbound

= (%Pg2 d,i.e., column efficiency) x . F'Lac
; bound . Total H° material

or

¢ - FlacDNA _ %H> bound
' H3 DNA %P>2bound

Table 13 gives the results for both the C'* and P°? label.

14, f was

For the P32 case f w;s fouhd to equal 0,66; for C
equal to 0.50, Thus, F'Lac constitutes 50-66% of the labeled
material, However, ;his is probabiy also an undereétimate, since
the“P32 or C14 F'Laé DNA was present in a much higher concen-
tration than the H3‘DNA and probably renatures with higher

efficiency. A more serious problem is that in the 75° eluates

v

e
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Table 13
Binding of labeled Proteus and F'Lac DNA to a Proteus

DNA~agar-gel colummn

14

¢ 14 |
%C Proteus bound 61
%ﬂ3 F'Lac bound ' 31

£ = u3/ct? - 0.50

P32 2 : _
%P Proteus bound 23
%H3 F'Lac bound 15

£ = B°/P%2 = 0.66

"In each case the DNA-agar contained Proteus F'Lac DNA,
Both labeled F'Lac and Proteus DNA were added to the
agar~-gel, the mixture was incubated overnight at 60°
in 2XSSC, and the % of each labeled material which
was bound was determined. The Cl4 and P32 cases repre-

"sent two distinct experiments, ‘
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(which measures the bound material ) some agar is released
which is TCA-precipitable and which quenches the 83, The

higher energy P32 or C14 is much less quenched so that fewer

of the H3 counts are seen without a proportional loss of P32

or 014 counts, A quenéhing correction can be done when only'
one isotope is present and if the quenching is not too severe,
‘However, this is not possible in the present situwation, This
quenching has a large effect on the experimental data since

the first high temperature fraction ( i.e., the most quenched )
contains about half of the observed bound radioactivity.

Heﬁce, FfLac probably comprises more than 60% of the Hs-labeled
material and if an estimate is made from the quenching seen

in several expgriments uéing single isotope labeling, we could

say that this 60% value should probably be corrected to some

vaiue~gr¢ater than 80%.
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Chapter 5-~ Physical properties of F'Lac DNA

Some physical properties of macroﬁolecules can be
dete;mined using tracer quantities of material, Now that
F'Lac has been successfully labeled with rédioactivity, it
becomes possible fo carry out some of these measurements,

In particular, studies of (1) the molecular weight,

(2) denaturatioﬁ characterisfics,.and (3) buoyant density of
F'Lac DNA will be described using the techniques of zonal
sedimentation through a sucrose gradient, agar-gel column
chromatography, and.CsCl densify gradient centrifu.gation9
respectively,

A. Molecular weight measurements: sedimentation stddies

The molecular ﬁeight of the DNA derived by phenol ‘ex-

traction from F'Lac was measured by determining the sedimenta-

tion coefficient by sucrose gradient centrifugation and com-

paring this value to a DNA standard of known molecular weight,
Cells from a Hs-labeled mating, prepared and concentrated

as described in Chapter 4, were lysed in versene with lysozyme

"and SDS and extracted with phencl., At all times precautions

to avoid hydrodynamic shear degradation of the DNA were taken,
The aqueous layer of the phenol extract ( 50-100 ul ) was
layefed'on a 5 ml 5-20% sucrose gradient ( buffered at pH 7.8
with phosphate and containing O°5'M NaCl ) and ceﬁtrifuged
for 2 hours at 35,000 rpm in a SW39 rotor in a Spinco Model L

ultracentrifuge. ( The high ionic streﬁgth, 0.5., was chosen
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to avoid spurious protein-DNA aggrégates.) . ct*_labeled DNA
obtained by heat release from phage T7 was usually added as
a sedimentation velocity standard. After centfifuggtion the
tube was fractionated by drop'collection, carrier DNA was added
to each fraction and the samples were TCA-precipitated, and
then counted in a liquid scintillation counter, Thé boundary
profile of a typical sedimentation run is Shown in Figure 4,
Figure 5 shows a boundary for a phenol preparation of the DNA
from phage T7 fof coxﬁparison° The positiﬁn of the T7 DNA
boundary is also shown in Figure 4, The averagé value of the
sedimentation coefficient (S) determined from several such
runs is 39 * 2, From such a sedimentation run it is possible
to calculate the molecular weight of a DNA molecule by com-
paring the relative distances moved by the DNA in question and
a DNA of known molecular weight (e.g., T7 ) ﬁsing an empirical

equation derived by Hershey, Burgi, and Ingraham (192):

0.35
El _ vMOloIWtol
D, Wol. wt.,

Howeier, béfore proceding with the determination of moleéﬁlar
weight from sedimentation studies, it muét fifst be ascertained
thaf the DNA has not been degraded by hyarddynamic shear.,
Secondly,iit would be premature to use any sé&imentgtion data
derived frbm iﬁﬁure systems ( i.e., crudéicell extracts 5 or
from- studles of’ radloactlve molecules without first asking
 whether the S is constant with increasing age of the prepara-

tion,.i.e.,whether degradation is occurring due to either



Figure 4-- Sedimentation of Hs-labeled F'Lac DNA

F'Lac DNA was specifically labeled with H3~thymine,
as described in the text., The cells were lysed with
lysozyme and SDS and extracted with phenol. The extract
was layered on a 5 ml sucrose density gradient containing
an 0.1 ml "shelf" of 70% sucrose at the bottom and
centrifuged for 2 hours at 35,000 rpm in-a SW39 rotor
in a Spinco Model L ultracentrifuge. Ten drop fractions
were collected and assayed for TCA-precipitable radio-
activity., The centrifuge tube bottom (TB) was cut off and
counted also. Because of severe quenching, the TB value
is underestimated. The corresponding position of T7 DNA
is indicated by the arrow. This comes from Figure 5.
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Figure 5-~= Sedimentation of T7 phage DNA

T7 phage labeled with Cl4—thymine was mixed with
 bacteria ( ca. 109/ml ) and sibjected to the procedure of
cell lysis with lysozyme and SDS followed by phenol
extraction, as described in Chapter 5., The extract was
layered on a 5 ml sucrose gradient with a 0.1 ml "shelf"
of 70% sucrose on the bottom, and centrifuged in a SW39
rotor in a Spinco Model 'L ultracentrifuge for two hours
at 35,000 rpm. Ten drop fractions were collected and
assayed for TCA-precipitable radioactivity. The position
of this boundary is also shown in Figure 4,

113



114

UOI}DJUBWIPAS JO UOI}IAUN(] — >
jaquinu agn| -
vmmmommm o_m WN N_m o.m w~_ M_ v__ N_o_mwvmm._.

Looor 3
002!
L 00b |
-009!
008
Fo002

2
d
%

s10

]
_
|
_
_
_
|
|
_
|
_
_
_
_
_
_
_
-
_

b
_
_

I
_

L1l



115
enzymatic action or radiocactive decay. In addition, use of
this equation requires that both DNA's,héve the same shape
and density, two points which must be carefully considered.

In order to determine whether ﬁhe isolated DNA was a
degradation product of hydrodynamic shear forces, T4 DNA
( mol. wt, = 120 x 10° (193) ) was subjected to the same shear
conditions as in the lysis procedure ( i.e., mixed with
bacteria which were then lysed and phenol extracted ) and
sedimented under_the same conditions. The resulting boundary
was compared to that obtained by sedimentation of T4 DNA
extracted by the standard technique, as shown in Figure 6. The
poéition'and shape of the T4 DNA boundary in the two experiments
are nearly the same; a small amount of DNA has, in fact, been
sheafed, that in fractions 13-17, but little of the material
hés an S lower than that of the F'Lac DNA, It is unlikely that
the,F;Lac boundary represents a degradation product since the
shea; forces are apparently not grgat enough to cause significant
breakage of a molecule more than twice its size, The near
identity of the two boundaries also shows that the sedimenta-
tion of the T4 DNA and therefore probably of the F'Lac DNA is
unaffeéted by the high concentration of bacterial protein and
' nqéleic acids present in the lysate, lhis latter point has
been confirmed in a similar experiment with T7 DNA,

The possibility of radiation damage or enzymatic degrada-
tion will be considered next.

Because éf the.small size of F'Lac DNA; in order to get

suffiéient radioactivity into the DNA to be abie to.locate it
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figure 6-~ Effect of cell lysis procedure on the sedimentation

of T4 DNA

T4 phage labeled with Cl - thymine was either mixed
with unlabeled E. coli bacteria (.2 x 108/ml ) and
subjected to the procedure used to isolate F'Lac DNA
(dashed line)or the DNA was released by phenol extraction
from the phage alone (solid line)using a method which.
avoids shear degradation of T4 DNA (195). Each extract
was layered separately on a 5 ml sucrose gradient
containing an 0.1 ml "shelf" of 70% sucrose and centrifuged
in a SW39 rotor in a Spinco Model L ultracentrifuge for
1 hour at 35,000 rpm. Fifteen drop fractions were¢ collected
and assayed for TCA-precipitable radioactivity, The
positions of T7 DNA and F'Lac DNA are 1nd1cated ( from
Figures 4 and 5 ),
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accurately in the gradicni,vif was necessary to use a very
‘high specific activity of thymine-- 5-8 mc/uM. This mcans
that a DNA molecule of 53 million molecular weight‘( antici-
© pating the resﬁlt ) experiences ca, 1.5 decays per day or,
as in the présent'case it is likely that only one strand is
labeled, 0.75 decays per day. ‘Whereas the ﬁatufe of.the méleculaf
damage to DNAvby H3 decay haé not been reported, it i known
that some moleculaf alterations occur in solufions'of H3-thymine
R aﬁd‘that chemiéal products other than thymine arise (detailed:
information supplied by manufacfurer). The precise effect that
this damage wou;d have on or in a DNA molecule is not known,
but it sééms likely that somé instability of the thymidylate
residue would result, possibly leading to eventual depyrimidina-
tion and ultimately a break in that single strand of the DNA.
There is'evidence that a missing base in a DNA moiecule results
'in a labile and easily hydrolysable phosphoester bond (195,196).
Furthermore it is kﬁown that H3 decay in DNA-resulfs in inact-
ivation of bacteria and ﬁhage (197,198). It is also possible
that ionizations produced by the H3 decay could result ip the
pro&uction of free radicalé or other radiﬁchemical intermecdiates
which.could cause indirect damage to the DNA. Indeed, indirect
effects in radiabiology arc widespread (199).

Theréfore, we would assume that in any_but the freshest
preparations, many of the F;Lac DNA molecules will hgve sus-
. tained some type of damage which may alter the sedimentation

properties. For instancc, suppose F'Lac DNA were originally
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in the form of a supercoiled ( twisted ) circle such as is
found in.the caée of polyoma virus (200) and certain intra-
cellular forﬁs of phage A DNA (201), a single-strand break
would release this coil which would result in expansion of the
ﬁolgcule to form a circle and reduétion of S, With time, accumu-~
iatién of single~strand breaks would eventually produce matched
pairs;'equivalent to double-strand breaks (170). If this were
to occur in a circulér mofecule, a linear molecule having a
reduced S would result; in a linear molecule, the result would
5e linear fragments of smaller molecular Qeight; the average
molecular weight of the total preparation decreasing with time.
To inVestigate the possible effects of Hs-decay, the S of the
labeled material was measufed after various periods of frozen
stor#ge, ranging from one day to two weeks., It was found that
indeed the S decreased with time ( see Table 14 ), The smallest
S observed ( after two weeks ) was about 40% of the initial
value, indicating about a 20-fold decrease in molecular weight,
if the molecule were linear at the time the first measurement
was. done (202). It is evident that some sort of degradation
occurs in these samples, yet from the calculations given above
concerning the number of decays per day, the ratc of degradation
seems to be too rapid tuv be a consequence of direct effects
of H3 decay.

To test directly whether the degradation is a result of
> decay, the rate of change of S ( with time of storage at
~-15°) was measured as a lunction of the spcecific activity of

the Hs—thymine.VWhen the specific activity was increased 3-fold



Table 14

120

Change of S of H3~ F'Lac DNA with time of storage

Storage time,days Distance sedimented, fractions "
0 17 £ 1
1 15,5
4 12
8 7
10 7

*average of several experiments



( to 25 mc/uM ) or decreased to half, tﬁe degradatibn
occurred at nearly the same rate as for the original activity
used. Therefore, a direct effect of Hs-decay is not likely to
be the source of the degradation. However, when bacteria are
treated with ionizing radiation ( e.g., X-rays or gamma rays ),
it is known that after irradiation, there is a massive degrada-
tion of DNA with an appreciable amount of the DNA being converted
' to soluble nucleotides (203,204). Since this does not occur
when free DNA is irradiated (170), it seems more likely that
this is an enzymatic degradation, It is possible then that some-
how the internal H3~decay triggers this enzymatic system, thué-
resulting in breakdown of the F'Lac DNA. Since frozen prepara-
tibns were thawed from time to time to take small samples, it is
péssible that the degradation occurred only during the higher
temperature period. in fact thefe is some preliminary evidence
thaf this is the case in that if two preparations are compared,
one of which has been stored for four days Qithout thawing and
the other of which has been thawed several times, the one which
has been thawed seems to show greater degradation. It is clear
that this phenomenon deserves further inyestigationo

. It should be pointed out that in the present work all S
measurements for molecular weight determinations were made as
quickly as possible after labeling. In general about three
hours elapsed betwegn initiafion of labeling aﬂd completion
of centrifugation.,

———

In order to use the empirical equation. of Heréhey el al,



it is required that all phyéical parameters, i.c., buoyant
density and shape, be the same. In general, buoyancy is a

very small effect in sedimentation studies unless the density

of the macromolecule is near that of the solution. Since free
DNA has a density of approximately 1.7 gm/ml (205), this factor
is usually not important. However, if the F'Lac DNA were
associated with other éubstances, e.g., protein, lipid, or
polysaccharide, the density could be very much lower. However,
it is unlikely that there is an appreciable density effect

since the ratio of the distances sedimented through a density
gradient by F'Lac DNA and T7 DNA is constant for different

times of sedimentation. There is no definitive evidence at .
present concerning the association of these substances with
F'Lac DNA ( see Discussion, Chapter 7 ). Also, in these gradients
because of the high ionic strength, 0.5, nothing will be associ-
ated with the DNA by salt linkages.,

It is possible that there is a difference in configuration
betweep the DNA in the F'Lac boundary and T7 DNA since the.
sedimentation boundary of F'Lac DNA is somewhat broader than
that of T7 DNA. This would not be expected if F'Lac were a

~simple, linear molecule. First, it should be remembered that

the DNA is isolated from a replicating system. Iven though the
time required to replicate F'Lac DNA is probably short compared
to the duratiom of the matihg, so that it would be expected

that only a relatively small number would be engaged in replica—

tion at the time of isolation, nonetheless such molecules



probably are present; these would contain extra DNA and
therefore would tend to sediment more rapidly., It is also
possible that these components or evén the total collection

of molecules in the boundary are replicative forms, which in
analogy to other systems (206) would be more compact. Both of
these effects would contribute to the breadth of the boundary.

Furthermore, the isolated DNA may be a highly compact molecule

( esg., supercoil or circle ) so that the breadth of the
boundary would merely be the result_of a very high diffusion
coefficient compared to that of a linear DNA molecule,

Some properties of the degradation discussed above give
some information concerning the likelihood that more compact
forms of DNA are present. It should bé emphasized that the
question at present is not whether the '"real" form of F'Lac
DNA is a compact structure but what the structure is of the
component observed in the sedimentation boundary.

When a supercoil sustains a single-strand break, the §
decreases discontinuously by approximately a factor of two
(200,201), i.e., intermediate formé are not seen. However, the
decrease with time of the S of the F'Lac DNA is a continuous
précesé so that the material being»sedimented clearly ¢annot
be a supercoil. The S of a circular molecule is only slightly
greater than that of a linear molecule with the same molecular
weight (200,201). In fact, circular and linear molecules of
phage A DNA cannot easily be distinguishéd when co-sedimented

in a sué¢rose gradient (201) but merely result in a broader
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boundary. Hence, the boundary shown in Figure 4 coﬁld congist
of circles, linear molecules, partially replicated linéar
molecules, or a mixture. At present there are no experiments
to elucidate this point.

If the boundary does not consist wholly of linear
molecules, the equation of Hershey et al would not be applicable,
since the shape of the molecule would be different from the
linear standard ( T? ). However, the expefimental error in
determination of S is already such that this would not incregse
the error to greater than the limit already imposed on the
mean value,

As a result of thé above considerations, it is felt Lhat
the equation of Hershey et al can be applied to the present
situation, with appropriate indication of the limits of
accuracy, In so doing, taking 25 x 106 as the molecular weight
of T7 DNA (164,207,208,209), we obtain:

Mol. Wt. (F'Lac DNA) = 55 & 8 x 106

The probable error derives principally from the uncertainty
in the S measurement,

Falkow and Citarella (129) havé determined the molecular
’ wéiéht of fhe DNA of an F'Lac episome derived from the larger
F'izs in terms of the percentage of the size of the E. coli
genome, by a quite different method., They isolated the F'Lac

DNA from a strain of Proteus mirabilis harboring the episome

and determined the amount required to saturate an agar-gel
column containing a known amount of DNA from a lac+ Hfr strain

of E. coli. They found a value of 2,5%. Using the Cairns



o
[
[¢:]

value (45,131) for the molecular weight of the E. coli
genome ( 2.2 - 2.8 x 10° ) this yields a value for the
molecular weight of their F'Lac DNA of 55-70 x 106, in
good agreement with the above. As pointed out in Chapter 1,
Section 3.E., it is likely that the agar-gel method over-
estimates the value,

Anticipating the future when an attempt will be made to
isolate and purify the DNA of F'Lac, one experiment wQs done
to determine the extent to which the region 6f the gradient
containing the F'Lac DNA is contaminated with bacterial DNA
(unlabeled). Male and female bacteria were uniformly labeled
in their DNA by growth for several generations in 014' and
H3— thymine rgspectively. The females were UV-irradiafed, the
bacteria were mixed, and the DNA extracted immediately using
the procedure employed for F'Lac DNA., The bacterial DNA was
found to sediment well ahead of the position of the FfLac DNA
boundary; in faet, a considerable amount.of the DNA was pelleted
on ihertube bottom, This probably explains why no male DNA is
seen in F'Lag gradients even though wevknow from labeling
data that labeled male DNA is present. It was calculated
that §hé'amount of unlaheled bactefiaIFDNA in the F'Lac
boundary was appfoximately‘eqﬁal to thé amount of F'Lac DNA,
Hence this sedimentation procedure may be useful as a'method
for partial purification.

B, Denaturation characteristics of F'Lac DNA

When denatured DNA is renatured, fhe renatured DNA has a

melting curve similar to that of the original native DNA (210).
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This fact makes it possible to measure a melting curve by
aga{fgel chromatography. Although this technique lacks the
precision obtainable by the usual optical methods (211),it is
sufficient to determine whether there is anything out of the
ordinary about the base composition of a given DNA preparation.

This melting technique, first used by Falkow and Citarella
(129) to determine the melting curve of the F'Lac DNA isolated

from Proteus mirabilis, involves first renaturation ( in this

case, the labeled DNA obtained from a mating ) with F'Lac-
containing DNA in an agar-gel column, as described in Chapter 2,
Section V, washing at high ionic strength, and then measuring the
temperature range over which the bound material is removed or
"melted out' from the column. This is done by using an inter=~
mediate ionic strength and a series of temperatures, increasing
a few degrees af each sfep, and measuring the amount of label
which is eluted at each step; High ionic strength eluents cannot
normally be used since'temperatures high enough to melt the
agar'wbuld be required to remove all of the bound DNA., 0.1 X
SSC has been chosen for this reason. If the amount of eluted
material isAplotted as a cumulative sum against temperature
(i.e., at each temperature, the total amount eluted at that
vtemperature'plus all lower temperatures'is plotted ), a melting
curve can be obtained. The temperature at which 50% of the bound
material is eluted is by definition the melting temperature,.Th.
It should be pointed out that this type of melting curve
is in principle different from standard optical melting curves.,

As discussed in detail by Geiduschek (212), melting curves are



of two types, reversible and irreversible. A reversible
melting curve is roughly a measure of the amount of hydrogen
bond breakage and is obtained by reading the optical density
at the temperaturé to which the DNA has been heated. This is
the type of curve normally describéd. If the DNA is raised to
various temperatures, Ti’ bpt always cooled to a lower tempera-
ture (usually 25°) before reading the optical density, a melting
curve can be obtained by plo@ting the optical density versus
Ti; this ‘is called an irreversible melting curve. This curve
essentially measures the number of hydrogen‘bonds remaining
broken after cooling. It is an irreversible curve since if all
of the hydrogen bonds in a DNA molecule are not broken at a
givén temperature; updn cooling all of the broken bonds will
reform (213). Thus, the irreversible curve tells us something
about the temperature at which single strands separate. Re-
versible and irreversible curves are clearly different, the
irreversible one having the higher melting temperétureg

The melting curve determined with agar-gel columns is
‘clearly an irreversible curve so that the Th so obtained might
‘be expected to be higher than the reversible curve obtained
_opticaily, However, it shouid be remembered that DNA must be
fragmeﬁted to small pieces, 700-1000 nucleotides, before appli-
cation to the column (171). It has been shown that, as ﬁight
be eXpected, reversible and irreversiple assays are not very
different when the size of the DNA is small (212). The control,

of course, must be to compare a Tm determined by this technique
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with the Th obtained for the same DNA by the standard optical
technique, e.g., E. coli with a column of E. coli DNA-agar.,
This control, to be discussed in the next paragraph, has been
done and is shown in Figure 7A. |

The results of the determination of Tm for F'Lac DNA by
the agar-gel technique are shown in Figure 7A. The source of
standard F'Lac DNA ( i.e., the unlabeled DNA in the gel ) was
Proteus F'Lac., It should be remembered that H3—labeled F'Lac,
prepared by the specific labeling procedure does not bind to
Proteus DNA ( see Chapter 4 ), Figure 7A shows two melting
curves obtained with ditferent labeled samples on different
days. The reproducibility of this measurement should be noted.
The Tm so determined is approximately 71°, If the agar contained
DNA from E. coli strain DF3 ( a F'Lac male ) instead of ﬁroteus
F'Lac DNA, the melting curves were identical. For comparison,
a curve obtained for totally labeled E. coli 'DNA and agar
containing E. coli DNA is given. The two curves are not dis-
tinguishable. ®ince the resolution of these curves is about
£1° for the Tm’ it can be concluded from the relation that
T = 69.3 + 0.41 (%GC) (214) that the base composition of the
uF'Léc DNA is not different from that of E. coli by more than
2,5% GC, i.e., ithhe GC-content of F'Lac is 50 * 2.5% ( seé next
section for amplification of this point ).

In an effort to see if some informatioh could be obtained
abopt the base composition of F itself or of the Lac gene, two
ofher experiments were done. in the first, the melting curve

of the F'Lac DNA homologous to strain w4032 ( Hfr, L-acd )

el
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Figure 7-- Melting curves of H3-1abeled F'Lac hybridized

with various DNA's in agar-gel

Agar-gels containing DNA from Proteus mirabilis
F'Lac and from E. coli strains DF3(F'Lac), DF4(F-),
and %4132(F-Lacgel), were prepared as described in
Chapter 2. Cells from a labeled mating were lysed with
lysozyme and detergent and extracted with phenol. The
extract was boiled for 15 minutes and X-irradiated to
denature and fragment the DNA in preparation for
hybridization in agar-gels. 0,2 ml aliquots of the
labeled DNA were added to 0.5 gm of each of the agar-
gels, placed in small screw-cap vials, and incubated
overnight at 60°., Bach mixture was then placed into a
sintered glass eluting tube, washed 20 times with
2XSSC at 60°, and eluted with 0.1 X SSC at a number of
temperatures, increasing from 54°, The results of the
elution are plotted as a cumulative sum; that is, the
ordinate of each point equals-the amount of label eluted
at that temperature plus the total amount eluted at all
lower temperatures, expressed as per cent of total bound
material-- i.e,, material not removed by the 60°, 2XS5C
wash,

A, Three experiments are shown. The solid and open circles
refer to duplicate experiments in which H3-F'Lac DNA was
melted from a Proteus F'Lac column. The triangles refer to
melting of Hs—g. coli DNA from an agar-gel containing

E. coli DNA also. The melting temperature (T ) defined as

the temperature at which 50% of the materialmhas been released
from the column is given for all three experiments,

B, This shows the melting curves for H°- F'Lac DNA melted
from agar-gels containing either DF4(F-~) DNA or w4132
(F-Lacy ,) DNA, The T is ca. 73°, The dashed curve is

le . m —~—
the curve shown in A, ‘
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was#determined. This was indistinguishable from that obtained
against DF3 or Proteus F'lLac. This is presumably a result of
the fact that the Lac operon probably has a molecular weight
of no more than 2 x 106 and therefore comprises only a small
part of F'Lac, Hence, nothing can be said about the base com-
position of the Lac gene. In the second.experimeny, the agar
contained DNA from either DF4 ( a female ) or W4132 ( femalec,
Lacdel ). As shown in Figure 7B, the'melting curve so cobtained
has a higher T_ (73°) than that of the total F'Lac DNA and
in particular lacks a large portion melting at low tcmpefature.
. From this it can be concluded that F probably has a base com-

position perhaps 5-10% GC less than E. coli ( i.e., 40-45 % GC ).

This agrees with a similar finding of Falkow and Citarella (129)
that 10% of their F'Lag DNA haé a mean base composition of
44% GC. Experiments to determine the base composition of'F
directly will be carried out in the future,

C. Détermination'of the buoyant density of F'Lac DNA

H°-labeled F'Lac DNA was banded in CsCl to determine the
buoyant density, using DNA from phage T7 as a density marker.
The result of such an expériment is shoﬁn in Figure 8, It can
be seeh tﬁut the‘deﬁsityvof F'l.ac DNA is siighflyvlcss thun
that of T7 DNA, Ffom determinations of the density gfédient
and bearing in mind the limited resolution of these bands
(peaks separated by about one fraction ),_it can be aaid;(hat
the density of F'lac DNA is about 0.002-0.003 gm/ml less than

that of T7 DNA, which has the sume density as E. coli DNA (:15).



Figure 8-~ Equilibrium sedimentation in a CsCl density

gradient of H3—F'Lac DNA obtained from a labeled mating

Cells from a H3~labeled mating were lysed with lysozyme
and SDS and extracted with phenol. The extract was added
to a concentrated CsCl solution and adjusted to a final
density of approximately 1.700, Cl4-labeled T7 DNA was
added as a density marker. The mixture was centrifuged for
48 hours at 38,000 rpm in a SW39 rotor in a Spinco Model

L ultracentrifuge, Fractions were collected, TCA-precipi-
tated, and counted.
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Using the equation

buoyant density = 1.660 + 0.00098 (%GC) (215)
the base composition of F'Lac DNA would be 2-3% GC less than
that of E. ggli DNA , or 47-48% GC, Suéh a difference wpuld
bresult in a decrease in Th of 0.8-1.2° and would pr6bab1y
not be detectable using the agar-gel melting techpidue”of'the
preceding section. Thus, the CsCl value for the béSé,coﬁﬁ¢si—
tion is probably more rel%able than the other;

D, Summary of physical properties of F'Lac DNA 3'

Molecular weight 55+ 8 «x 106
T, (0.1 X Ss8C) 71°
Density 1,707-1.708 gm/ml

% GC , 47-48
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Chapter 6-- Experiments with F

It was expected that the specific labeling technique would
be applicable to the study of any transferrable episome capable
of replicating in a UV-irradiated female,

Preliminary studies have beén carried out with‘F° An in-
vestigation of F has the weakness that an experiment equivalent
to the beta-~-galactosidase éssay, in the F'Lac case, cannot be
done since no gene product of F is known which can selectively
be assayed in a UV-irradiated female without interference by
the males already present. Consequently the identity of the
label produced by the specific labeling technigue has been de-
termined only.by measuring the homology to an internally stan-
dargized agar?gel column, A determination of the molecular |
weight of the DNA by sedimentation velocity has also been made,

 Specific labeiing was carried out as described in Chapter
4 ﬁsing the same female (DF69) but an F+ male strain, DF85,
which has the genotype, SmsLacdelThy+5—§UrF+ ( the Lac, , locus
is not relevant ). Since the transfer of chromosomal material
by F+ cells is alreédy very low ( at least 1000-fold less than
by F'Lac cells ), the possible contribution of replicating
chromosomal DNA to the label, as discussed in the F'Lac case,
has been ignored. The results of such a mating in the presence
of Hs-thymine, as well as the male and female controls, are
shown in Table 15. As in the case of F'Laé, the incorporation
in a mating is significantly iﬁ excess of the combined incorpor-

ation by the males alone and by the females alone., 1f the mating
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Table 15
H3-thymine incorporation during mating of Thy+BUr F+ and

UV-irradiated Thy-UV® F-

Cell type Incorporation, cpm*
F+ 140
F- 40
F+ x F- 400
F+ x F-, 150

shaken violently
during mating

* corrected for adsorbed soluble radioactivity and for
relative cell number and specific activity

Strains DF89 (Thy+BU'Sm® F+) and DF69 (F-Thy-UV°sSm") were
grown in glucose-casamino acids medium containing 1 pg/ml
thymine. When both cultures were in exponential growth, the
.female cells were irradiated with UV for 2 minutes, and

0.5 ml of females was added to 1.5 ml of males in a 50 ml
Erlenmeyer flask. 1 ml of males and 1 ml of irradiated
females were each placed in a 50 ml Erlenmeyer flask.

5 ul of H3-thymine (1 mc/ml, 15.7 ug/ml) was added to each
of the three flasks. The mixtures were protected from light
and incubated at 37° with very gentle shaking for 30 minutes.
A parallel mating mixture was made up exactly as the first
flask but subjected to violent agitation during the mating
period., At the end of the mating period, an equal volume of
10% TCA was added to each flask. Each TCA precipitate was
collected on a membrane filter, washed as described in
Chapter 2, and counted.
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mixture ﬁas shaken violently during the mating to prevent
formation of or to break up mating pairs, or if the male was
UV-irradiated, incorporation was eliminated, as was found also
for the F'Lac case. Thus, according to these criteria, this
excess label is specific to the transfer of F.

DNA isolated from these cells after such a mating was
fragmented, denatured, and incubated with an agar-gel contain-
iné Proteus F'Lac DNA, in the presence of 014— or Psz-labeled
Proteus F'Lac DNA as an internal standard. The results of two
such measurements are.presented in Table 16, It is seen that
at least 30—40% of the Hs—labeled material must be F DNA, This
again is probably an underestimate for the reasons given in

Chapter 4, i.e., greater quenching of eluted H3 than of C14 or

P32.

1.he'sedimenta_tion coefficient of F DNAvwas measured by
sucfose gradient sedimentation of DNA extracted by phenol_from
a }ysozyme—dgtergent lysate, using C14 7 DNA as a sedimeﬁtation
marker, The sedimentatipn run was done on the day of the mating
to avoid the degradation discussed earlier., F DNA was found to

have an SéOAW of 34 £+ 2 from which the molecular weight was
v . .

.calculated by the equation of Hershey et al (192):

Molecular weight of F DNA = 35 % 7 x 10°

Again the margin of error indicated derives from the uncertainty
in the determination of S. The same arguments concerning the |
moleéular'configufation of F'Lac applyvto F also.

" Herman and Forro (115) showed by quantitative autoradio-:
graphy.that F contains an amount of DNA equal to 1,0-1,8% of

o
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Table 16
Binding of labeled Proteus DNA and presumptive F DNA to

a Proteus DNA agar-gel column

14

C Proteus label:
14
% C°~ (Proteus) bound 63
% H> (F) bound 27

£ = w3/ctt - 0.43

P32 Proteus label:
32
% P (Proteus) bound 24

% H° (F) bound ‘ 7.5

£ = B3 /P°2 - 0.31

In each case the DNA-agar contained Proteus F'Lac DNA,

Both mating-labeled F DNA and labeled Proteus F'Lac DNA
were added to the agar-gel, the mixture was incubated
overnight at 60° in 2XSSC, and the per cent oflgach labgled
material which was bound was determined. The C'® and P32
cases represent two distinct experiments.



Figure 9-- Sedimentation of Hs-labeled F DNA

F DNA was specifically labeled with Hs-thymine,‘as
described in the text. The cells were lysed with
lysozyme and SDS and extracted with phenol. The extract
was layered on a 5 ml sucrose gradient containing an
0.1 ml "shelf" of 70% sucrose .at the bottom and
centrifuged for 2 hours at 35,000 rpm in a SW39 rotor

138

in a Spinco Model L ultracentrifuge. Ten dropvfractions'

~were collected and assayed for TCA-precipitable
radiocactivity., The centrifuge tube bottom (TB) was

cut off and counted also. The corresponding position of
'T7 DNA ( see Figure 5 ) is indicated by the arrow.
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the E. coli genome. From the Cairns value for the molecular
weight of the E. coli genome (45,131), this gives 22-50 x 106,
in good‘agreement with the above,

Using the agar-gel technique Falkow and Citarella (129)
showed.that the amount of DNA in F is 70% that of F'Lac, or
38 x 106, in excellent agreement ﬁith the present determination,
In Chapter 5, section B, data were given which suggest
that F should have a melting temperature less than that of
F'lLac. Direct measuremeﬁt%of these valyes have not yet been

carried out; it will first be necessary to increase the purity

of the label,
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Chapter 7-~ General discussion and future proposals

In this work a technique for specific labeling of the

F'Lac particle has been developed and evidence obtained that
the majority of the labeled material. is in fact F'lLac DNA, It
is expected that this technique will be applicable to any DNA~
containing element which can be transferred in a mating and
which is capable of.replication in a UV-irradiated femalg cell,
At present F is the only other element which has been attempted,
vihis’labeling has.been‘successful but the percentage of labeled
."uninteresting" DNA is higher than in the case of F'Lac, pre-
su@ably due to the smaller size of F.

| This labeling procedure should prove to be a basis for
numerous chemical and physicochemicél experiments since it
provides é solution to tﬁe principai_problem encountered in
the study of any cellular constituent, that of an assay. The
few bhysicochemical experiments described herein, i.e.,vthe
measurement of moiecular weight, banding density, and the melting
curve, have in fact depended entirely oh the.ability to detect
a very smali quantity of DNA ( usually 0.002 ug in each experi-
ment ) against a background of 100 times as much DNA and several
thousand.times as much géneral cellular material. The principal
limitation of the method in its present form is that the label
is not 100% pure, tﬁe contamination always being male chromo-
.somél DNA. In the sedimentation experiments this is probably
not of much importance since chromosomal DNA tends to pellet

on the tube bottom and is thereby lost, However, in other
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procedures, ¢.g., CsCl banding dr agar-gel chromatography,
these counts are present and not locatable. In the case of
F'Lac, the contaminatioﬁ was sufficiently small to be negligible
but this was not true when it was attempted to obtain a melting
curve for F. There are several possibilities for eliminating
these spurious counts. First of all, when selecting cells resist-
ant to 5-BU, mutants with varying degreeé of resistance were
found. The onevused_in these expériments was the best of eight
such muténts studied. It is possible that the isolation ofvmu~
tants reSistant to higher concentrations of 5-BU or possessing
additional resistahce to S-bromodeoxyuridine or thiothymine
.might alleviate the éituation° Secondly, the male cells could
.be eiiMinated from the mating mixture by l&sis—from-without
prior to lysis of the femaleso

A second limitation of the procedure is the small amount
of méterial obtainéda A detailed study of the’F'Laqvparticlé
or other F!ﬁparticles will undoubtedly at some time necessitate
scaling up the technique so that amounts of material are ob-
tainabie which can bé studied chemically and eléctfon micro-
scopically. For example, with sufficient amounts other précedures
tbecéme,féaéiblé_suchvas sedimentation analysis‘bj high resolu~
tioh uv absorpfion techniques aﬁd chemicalvinvéstigation of
the particle structure. Conceivablyvthis DNA could even be used
forjproduction‘of messenger RNA of a single kind by in vitro
transcfiption of the merogenote, waever, the system cannot be

scaled up simply by mating larger and larger numbers of cells;
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what is required is to isolate the particlé'difectly from
male cells. This was the hope when these experiments were
initiated three years ago but in fhe absence of an assay sys-
tem, the hope could not be fulfilledo'ﬂowever, how that the
sedimentation coefficient of the DNA is known ( presumably, in
the future the S of the Qarficle will be known ), it is possible
to design an isolationvproéedure using sedimentation as the
principal means of ffactionationo Perhaps a start has already
been made in that direction, if we recall one of the procedures
that failed that was described in Chapter 3., In method 4 a
-thyminé—containing component was found ( irreproducibly ) in
SDS extracts of male cells (F'Lac) which had an S slightly
.gréater'(43) than that of F'Lac DNA (39), as determined in
Cha'pter_so Whether this component contains F'Lac DNA remains
to be demonstrated; its higher S suggests that, if so, it is
either more compact or contains some associated material, It
should be remembered that phenol extraction was not employed
in this early procedure. This must cléarly be investigated
further, |

In investigating the properties of the F'Lac particle,
‘thus far only tbe DNA has been stgdied-- in particular, a DNA—
"7 containing element isolated from a lysozyme—detergent lyégte
by phenol extraction., Since the originai aim was to charécteriZe
the entire.particle,.itvwas at first attemptéd to avoid the
use 6f deproteinizing agents such as phenol. However, the
sedimentation pattefns were not reproducible, When ;ysozyme

and SDS lysis without the aid of phenol was used on cells which
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had beeﬁ grown and mated the same day or .even the day before,
in about ten attempts, most of the labeled material was loSf
as a bellet on the bottom of the centrifuge tube, except for
a small fraction sedimenting with a broad boundary with an
S range of about 60-100 (this may have been bacterial DNA ).

‘ If'thé'preparation_was two days old or more, DNA was efficiently
released from the pellet but by this time, the degradation
_descriﬁed in Chapter.s had set in so that little information
could be gained from such experiments. After many attempts,
none of which led to any understanding of the causes of this
difficulty, it was decided to concentrate effort, for the pre~
sent, oﬁ tﬁe DNA itself; reserving studies of the“intact
'particle for the futufeo Since the preéent work hés been
completed, some newly developed lysis prbcedures have become
available which should aid in the solution to this problem,
Thévpossibility that the difficulty is a result-of.association
with a rapidly sedimenting membrane cémponent, as hypothesized
in Chwpter 1, Section 4, must not be ignored,

These ;tudies on the DNA nonetheless provide a basis for
the invesfigaiion of the intact particle sinée the DNA label
pérmits'eésy identification in extracts prepared in ways which
bwould.ﬁog remové:asséciated protein or otﬁer cbmponents; if
such were present, In fact, a few, rather simple observations
could give valuable information about the structure of F'Lac,
For example; the existence of species with different sedimenta-~
tion characteristics, such as that described above and termed

a "difficulty", strongly suggests either that F'lac is not
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just a piece of DNA but 'has a definite structure or that it
o paserinted with Aumﬁ vmllnlnr‘v"mvnn#n!ﬁ s theprmore, §f
phystcochemt cal or .e:uz."ym.u te treatmculs can be tound which
vcou]d convert one sedimenting species Lo another, some elcments
of fhe strucﬁurevshould be ciarified° The technique of |
co—sedimentation with>a second label permits several experiments
to be done. For'example,>the question of protein or any other
substance being associated with the DNA can also be invesfigafed
by labeling cellular’protein and looking forbéosedimentation
of this label with the DNA radioactivity. Similarly the
possibility of cell wall association can be inVestigated using
labéled cell wall éonstituents such as muramic acid or diamino-
pimelic‘acido

We must not neélect thé fact that many things can be
leérned from sedimentation studies of the DNA alone, For
exémple,.the physical length of_the DNA.of a number of F!
factors which carry various groups of genetic markers (Table 1)
cbuld,be'determinéd and, éftgr correcting for the size éf
the F compoqent, these lengths could be. compared with the
genetié length of the merogenote., “uch studies could provide
some badly needed‘informationvabout the relation between the
physical and genetic length of the bacterial chromosome, It
would of course be of particular interest to determine the
change in molecular weight resulting from prophage insertion:
'.e.g., by lysogénjzing with A the F'Gal parviiele which contuins
the attachment site for A and several other temperate phages.

A genctic map of I' itsel ! does nol exist so Lhat we do
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not possess a minimum estimate for the number of functions
possessed by F, Thus, in this case the heuristic value of the
molecular weight determination of F becomes apparent: from the
moiecular weight of the DNA we can estimate that there should
be 25~-50 cistrons. At present only a few of these functions.
are knownvand it is clear that a lafge number remain to be
found,

A cautionary note should be added with regard to any con~
clusions dréwn from studies of episomes labeled by the specific
labeling technique described in this work. We have of necessity
studied primarily recehtly transferred and newly replicated
F'Léé particles and it is conceivable that such particles depart
in some way from the properties of F'Lac factors in an hnmated,
exponentially growing or stationéry pépulation of F'Lac cells.
For‘instance, there may be a transition from circﬁlérity to
1inearity associafed with transfer and circularity may not be
re-established immediately after transfer. Also, at the moment
that the cells are chilled énd deprived of an energy source
prior to lysis and centrifugatioﬁ, the F' particles may be in
various stages of replication and a paftially replicated mole-

.éﬁle wéuid_sedimént\differently from a single;compiéted one,
As discuésed in some detail in Chapter 3, thevsedimentation
peak observed ﬁas defini.ely broader than that of T7 DNA yet
not as broad as might be expected if.there.ﬁere a complete
and random distribution of stuges ol replication; thus it
seems likeiy that many of the particles were in a similar

state at the fime of lysis. This would be expected if tLhe
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total time engaged in.replication was shott cémpared fo the
mating time. However, the possibility of some fariation'can
ceftainly not be excluded and the "majorityﬁ or éverage‘state
neéd not be one of complete replication, Kinetic siudies should
shed ‘some 1ight'on these questions. If F' particles could be
extractéd froﬁ stationary phase cells, in-wﬁich it is probable
thatvfew of them have recently réplicated, their siée and
structure could be compared to tﬁat of the newly replicated
particles. |

A variation of the specific labeling fechnique can be
-devised which may avoid some of the problems of degfadation
which have arisen. In this‘procedure the F! parficles would
be labeled, not during mating, but aftér cold storage of the
celis‘containing the tfansferred F'. To accomplish this, it is
nécessary to prevent reblication of the transferred parficle
in the female cell, since it is likely that nérmally in the
specific iabeling technique it replicates rapidly after
transfer until reaching the limiting number p-er‘cello It is
propoéed to prevent replication of the transferred F' in the
female cell by using a female strain requiring both thymine
| and adéniné, and carrying out the mating in the absence of
- both of these substances. Starvation for thymine and adenine
is known to result in.complete blockage of DNA synthesis without
‘thymineless death ( D.. Freifelder, pérs. commun. ) Otherwise
the'systém would be the same, By subsequent addition.bf

adenine and lubeled Lhymine, the ' particle could be Paboled
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at any desired tiheo Also, thebmales coﬁld héve previously
been removed by lysis-from without. With this.techhique the
kinetics of labeling could be followed independently of the
" kinetics of mating. By employing a density label simultaneously
with the thymine, the replication time of the F' particle could
be méasured by the method of Méselson and Stahl (130): i.c.,
samples would be—taken.at vérious times after addition of the
radioactive and density labels and by banding in CsCl, the
time at which the thymine label reaches hybrid density and then
double~heavy density could be determined, It should be noted
thaf intact, partially replicatéd DNA could be igolated_

preparatively in this way for studies of replicating forms.
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