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Abstract

Part I.

Mutants of the bacteriophage ¢X174 have been isolated that are
less dense than wild-type ¢X phage particles in CsCl. When viral strands
from the mutants are hybridized with wild-type complementary strands,
‘the resulting duplex molecules have single-stranded loops characteristic
of wild type-deletion heteroduplexes. The mutant phages fail to comple-
ment ¢X amber mutants in cistron E, but they do complement mutants in
six other cistrons. Based upon contour measurements of phage DNA and
duplexes, and the buoyant density of the particles, it is estimated that
the mutant viruses have deleted approximately 7% of the ¢X genome in the

region of cistron E.

Part II.

The formation of circular, double-stranded RF (replicative
form) DNA in cells has been observed in the period from 15 seconds to
20 minutes after infection with the SS (single-stranded) DNA bacterio-
phage ¢X174. The kinetics of appearance of RF during the first few
minutes lead to the conclusion that the new, complementary DNA strand is
polymerized in less than 10 seconds (viz. about 600 nucleotides per
second).

The structure of RFII (a circular duplex with at least one SS
break), RF made after infection with UV damaged phage, and nascent RF
(extracted 1 minute after infection) were determined by sedimentation

analysis and observations made with the electron microscope. They led
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to the following generalizations: (a) Normal RFII molecules usually
have intact circular viral strands and unit-length linear complementary
strands. (b) RF made on UV damaged templates also have circular viral
strands, but the complementary strand is shorter than unit-length and
regions of SS template are evident. (c) The new complementary strand
contains many discontinuities immediately after its synthesis, but
these are eventually sealed. (d) The viral strand in nascent RF also
appears to be broken. These conclusions are incorporated into a pro-

posed mechanism for the synthesis of the first complementary strand.

Part III.

Parental RF molecules were pulse-labeled with [3H]thymidine
under conditions expected to label the parts of the new complementary
strand which are synthesized last. The RF were analyzed by digestion

with a restriction enzyme isolated from Haemophilus influenzae. The

pattern of 3H label in the resulting fragments led to the following
conclusions: - (a) Synthesis of the complementary strand is ordered and
begins at one or two specific initiation sites. (b) One initiation

is located in or near cistron A. A second initiation near the junction
of cistrons G and H may also exist. (c) Synthesis of the new strand
is counter-clockwise on the genetic map, in the 5' - 3' direction cata-

lyzed by the known DNA polymerases.
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GENERAL INTRODUCTION
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Bacteriophage ¢X174 is a minute icosahedral virus which pos-
sesses a small, circular, single-strand of DNA as its only genetic in-
heritance. How this virus propagates in a biological universe dominated
by double-stranded DNA has been a subject of research since 1959, when
its physical properties were first reported (Sinsheimer, 1959a, 1959b).
This introduction to a study of the initial stage of ¢X174 DNA synthesis
will primarily review the early steps in the ¢X174 infection. Reviews
of the entire infectious cycle should be consulted for details of other
stages of virus multiplication (Sinsheimer, 1968, 1969).

The synthesis of ¢X DNA which occurs after the appearance of
the viral genome in a host cell has been divided into three stages,
briefly summarized below (Sinsheimer et al., 1962; Yarus & Sinsheimer,
1967; Lindqvist & Sinsheimer, 1968; Knippers et al., 1968; Komano et
al., 1968; Sinsheimer et al., 1968; Knippers & Sinsheimer, 1968;
Dressler § Denhardt, 1968).

(a) Synthesis of the complementary strand

Immediateiy after its entrance into the cell the viral single-
strand ring is converted into a double-stranded ring. It is this step,
in which the virus adjusts to the reality of a biological environment
geared to double-stranded DNA, which is the subject of this thesis. The
conversion is accomplished by host enzymes which synthesize a new
strand of DNA, the ''complementary' strand. The resulting double-
stranded DNA ring is called the parental replicative form, or ''parental

RF," because it contains the original fparent) viral DNA strand.
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(b) RF replication

) After its completion, the parental RF molecule becomes attached
to a special site within the host and there serves as a template for'the
manufacture of 10 to 20 new double-stranded rings called '‘progeny REF."
The immediate products released from the replication site are RFII mole-
cules: circular duplex DNA molecules with one or more single-strand
breaks. Each is rapidly converted into RFI: a DNA duplex with both

strands covalently closed. The replication process requires, in addi-

tion to host enzymes, a protein specified by one viral cistron.

(c) Single-strand synthesis

About 12 to 15 minutes after infection at 37°C, most of the
progeny RFI molecules which have accumulated in the cell are converted
to RFII. These begin an asymmetric DNA synthesis which produces single-
stranded DNA of the kind which emerged from the original infecting
virus. This stage requirés, in addition to host enzymes, the presence
of five viral proteins, three of which are found in the mature virus
coat. The new single-stranded circles first appear in progeny virus
particles within the host. 15 to 25 minutes after the infection started,
they are released into the growth medium by the disintegration of the
cell. |

The synthesis of the first complementary strand, in making a
parental RF, is preceded by interactions of the phage particle with the
cell surface. These have been divided into three stages: adsorption,

eclipse and injection.
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The first stage involves a direct association of the phage
with the cell wall of a susceptible host cell (Stouthamer et al., 1963).
This attachment requires the presence of divalent cations (Sinsheimer,
1959a; Fujimura & Kaesberg, 1962) and occurs at a rate of 8 x 10—9 ml
per minute per bacterium at 37°C in nutrient medium (Newbold §
Sinsheimer, 1970b) and 6 x 10.9 ml per minute per bacterium in 0.1 M
CaCl, (Fujimura & Kaesberg, 1962). The attachment is reversible in that
all of the adsorbed phage elutéd from the cells by repeated washing with
borate-EDTA are fully infective (Newbold § Sinsheimer, 1970a). Attach-
ment has been shown to be the result of an interaction between the phage
and lipopolysaccharide components of the bacterial cell wall (Incardona
& Selvidge, 1973). Three ¢X capsid proteins, found at the 12 vertices
of the phage coat (Edgell et al., 1969) are considered to be the viral
organelles of attachment (Edgell et al., 1969; Brown et al., 1971).
Adsorption will occur at temperatures below 15°C (Newbold & Sinsheimer,
1970a, 1970b) and it may be limited to zones of the cell surface where
the membrane is firmly attached to the wall (Bayer, 1971).

The next step, eclipse, occurs at temperatures above 17°C
(Newbold & Sinsheimer, 1970b) and is considered to be a direct inter-
mediate in the penetration of the cell wall by viral DNA. The kinetics
of eclipse at 37°C are biphasic (Rueckert & Zillig, 1962). About 85%
of the adsorbed particles eclipse at one rate (Ke = 0.86 min_l), and
the remainder at a lesser rate (Ke = 0.21 minﬁl) (Newbold & Sinsheimer,
1970b). An irreversible conformational change occurs at eclipse since
eclipsed phage, detached from the cell either spontaneously or chemi-

cally, are no longer infective and have viral DNA protruding from their
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protein coats (Newbold & Sinsheimer, 1970a). Though phage are more
difficult to remove from the cell after eclipse (Newbold § Sinsheimer,
1970a), they still appear to be associated with some outer layer of
the cell wall (Knippers et al., 1969a).

The '‘told-sensitive' mutants isolated by Dowell (1967) fail to
eclipse at 26°C, but eclipse normally at 37°C. These mutants map in
the ¢X cistron known to code for the main structural component of the
phage coat (Hutchison, 1969). Unpublished data cited by Sinsheimer
(1968) indicate that the formation of parental RF could be observed at
temperatures as low as 2°C when a cold-sensitive mutant was used to
synchronize infection.

In the final step, the viral DNA penetrates the cell wall.
Knippers et al. (1969a) found that the single-stranded DNA entered the
cells of a starved, thymine auxotroph when growth medium, without
thymine, was provided. The detection of parental single strands within
the cell in this experiment eliminates the possibility that the DNA is
"pulled" into the cell by the synthesis of the complementary strand.
This result could be interpreted to mean that active cell metabolism is
necessary to uncoat the DNA or allow its penetration. However, double-
stranded parental RF molecules are formed in cells even after exposure
to lethal concentrations of potassium cyanide (Benbow et al., 1974) or
sodium azide (unpublished results, see Knippers et al., 1969a). There-
fore, it seems that starvation itself causes a condition which prevents
¢X DNA injection. The condition is reversed by a short exposure to

growth medium.
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The fate of all the capsid proteins of the infecting phage
particle remains an active topic of study. Newbold & Sinsheimer (1970a)
reported that the phage coat remains outside the cell since all but 2%
of the protein label could be removed from the cell by seven washes with
borate-EDTA. Brown et al. (1971) have reported that 15% of the parental
coat proteins remained associated with the infected complexes after the
cells were converted to spheroplasts by lysozyme-EDTA. The sedimenta-
tion properties of this residual protein indicated that it was in units
much smaller than an intact phage coat. Electrophoresis of the protein
remaining with the spheroplasts revealed that all of the capsid proteins
were represented. They also reported that 7% of the proteins from the
capsid of the parental phage with density-labeled DNA appeared in prog-
eny phage particles containing unlabeled DNA. When T4 phage was used
to superinfect ¢X infected cells, no ¢X parental protein label appeared
in the T4 progeny. Brown et al. (1971) concluded that the parental coat
proteins were not degraded to individual amino acids, but were preserved
as intact polypeptides in the host cytoplasm and then incorporated into
new phage particles.

Jazwinski et al. (1973) cite unpublished data which indicate
that one or a few molecules of a unique phage coat protein remain asso-
ciated with the injected viral DNA even after its conversion to RF.

They speculate that, in analogy to the case of the filamentous phage
M13, the coat protein may be essential for the syntheéis of parental RF.

Formation of parental RF of :X174 does not require synthesis

of any new proteins. Neither high levels of chloramphenicol (Tessman,

1966; Stone, 1967) nor starvatiorn of an auxotrophic host for an
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essential amino acid (Greenlee § Sinsheimer, 1968; Knippers § Miller-
Wecker, 1970) prevents it appearance. These observations have led to
the conclusion that the complementary strand is synthesized by pre-
existing host enzymes, although the role of capsid proteins which may
enter with the viral DNA has not been elucidated (see Jazwinski et al.,
1973).

Starvation for energy sources or for thymine (Benbow et al.,
1974), high doses of ultraviolet light (Newbold & Sinsheimer, 1970a),
high caffeine concentrations (Hess et al., 1973), and the thymidine
antagonist fluorodeoxythymidine (Sinsheimer et al., 1962) are treatments
known to prevent parental RF formation.

Though the rate of conversion of infecting single strands to
parental RF has not been measured directly, Knippers et al. (1969a) in-
ferred that the synthesis of one complementary strand may take only 12
seconds on the basis of the number of parental RF found in cells early
in the infection.

Direct observations of the conversion of viral DNA into RF have
been hampered by the lack of effective means of synchronization (see
Sinsheimer et al., 1962) and by the rapidity of synthesis. The starva-
tion and cyanide synchronization procedures (Denhardt & Sinsheimer,
1965a) permitted the first studies of parental RF appearance. Denhardt
& Sinsheimer (1965b) observed RF in cells 4 minutes after an infection
synchronized by starvation. The incorporation of radioactive label into
the complementary strand indicated that the new DNA was polymerized de

novo from materials found in the medium at infection, rather than from
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E. coli DNA made earlier. No free parental single-stranded DNA was
observed in the cells.

Sinsheimer et al. (1965) reported that parental RFI molecules
were present in cells 2 minutes after the removal of a cyanide block.
However, since synthesis of the first complementary strand is not pre-
vented by cyanide (Cairns & Denhardt, 1968; Denhardt § Sinsheimer,
1965b) their time estimate is invalid.

The double-stranded character of ¢X RF has been characterized
by the hybrid density of molecules which are formed when cells in
"light'" medium are infected with 'heavy,' isotopically labeled phage
(Sinsheimer et al., 1962) or when cells in 'heavy' medium are infected
with "light" phage (Stone, 1967). The infectivity of RF is ten times
more resistant to inactivation by ultraviolet light than are single
strands. In host cells which lack a UV repair enzyme ngf) the UV
resistance of RF is only twice as great as that of single strands
(Jansz et al., 1963; Yarus § Sinsheimer, 1964). The base composition
of RF also suggests that it is double-stranded (Siegel § Hayashi, 1967).

Evidence that the parental RF becomes associated with a
specialized site within the cell was first presented by Denhardt §
Sinsheimer (1965c). Highly radioéctive 32P phage were used to infect
cells synchronized by starvation. During the first 15 minutes of the
infection, portions of the culture were rapidly frozen in liquid nitrogen
and stored at -196°C to allow Sip decay. The survival of the infected
complexes was compared with the survival of purified 3ZP phage prepara-
tions. As expected, conversion of the infecting single-stranded DNA to

a double-stranded form during the first few minutes caused a 5-fold
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decrease in the inactivation of the complexes by 32P decays. However,
it was observed that from 4 minutes to the end of eclipse (about 10
minutes) the inactivation rate did not decrease any further, in spite of
the proliferation of progeny RF molecules in the cells during this
period. A special functional role for the parental RF molecules, which
could not be performed by the progeny RF, was proposed. It was suggested
that the parental RF occupied a unique site which existed in previously
starved cells. This hypothesis was supported by the work of Salivar §
Sinsheimer (1969) which showed that even at high multiplicities of in-
fection, only one or two of the infecting genomes participated in the
formation of progeny phage in previously starved cells.

Yarus § Sinsheimer (1967) infected cells with four phenotypi-
cally different mutants simultaneously and assayed single-cell bursts
to determine the number of mutants of each type which were released.

In starved cells, over 70% of the bursts released only one mutant type
and the remaining bursts released two. On the basis of the multiplicity
of infection with each mutant, nearly all of the bursts were expected

to produce phage of at least three different phenotypes. The limited
number of functional sites in starved cells was considered responsible
for the discrepancy.

Indirect evidence has shown that association with the site is
necessary for an RF to be replicated or transcribed. After starvation,
only a small fraction of the cells in a culture are capable of producing
two types of progeny phage; most produce one type. However, complemen-
tation between phage mutants was observed only in those cells which

generated two phage phenotypes, even at multiplicities which assured
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that most cells received both mutant parents (Hutchison, 1969).

Knippers & Sinsheimer (1968) found that parental RF preferen-
tially sedimented with a cellular component in gentl& lysed cells,
whereas the numerous progeny RF in the cells'sedimented as free mole-
cules. The authors speculated that some parental RF were bound to a
membranous cellular site which contained the replicating enzymes or
which aided in unwinding ¢X RF during replication.

The rep mutation of E. coli (Denhardt et al., 1967) allows
the synthesis of ¢X parental RF but does not permit RF replication; The
nature of the defect in this mutant has not been identified, but it has
been suggested that the essential membrane site needed for ¢X replica-
tion has been altered (Sinsheimer, 1968).

Several workers have studied the parental RF which accumulate
when its replication is inhibited. Levine § Sinsheimer (1969) were able
to isolate parental RF when cells were infected in high concentrations
of chloramphenicol or when non-permissive host cells were infected with
¢X amber mutants in cistron A. Under both conditions, the parental RF
appeared to be associated with a membranous cell component and they
were largely RFII.

Francke § Ray (1971) observed that more than 90% of the parental
RF were RFI, independent of the multiplicity of infection, when the
cistron A protein was absent. The small proportion of molecules which
were RFII appeared to Be non-specifically nicked in either strand. How-
ever, when parental RF were made in the presence of the cistron A protein
(by am3 infection of rep3 host cells) a constant number of molecules per

cell were RFII. At high multiplicities of infection, the excess phage
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DNA were converted to RFI. Furthermore, the structure of the parental
RFII isolated under these conditions was highly specific.
The complementary strand was invariably closed, and the viral strand was
open. When complete synthesis of the first complementary strand was
prevented by UV damage in the infecting strand, an open viral strand was
not observed, even in the presence of cistron A protein. They concluded
that after the synthesis of the complementary strand is completed the
A gene product causes or maintains a break in the viral strand.
At least four conditions are essential for ¢X RF replication,
the stage which follows parental RF formation:
(@) The DNA replication machinery of the host cell must be
intact. UV irradiation of the host prior to infection, for
example, inhibits RF replication (Sinsheimer et al., 1968).
Various genetic alterations in the host DNA synthesizing capacity
also effect ¢X RF replication (Dumas § Miller, 1973; Loos §
Saiivar, 1971; Greenlee, 1973; Taketo, 1973).
(b) The parental RF must be associated with a functional
replication site on the membrane.
(c) Functional protein from the phage cistron A must be pre-
sent in a cis configuration (Francke & Ray, 1972;-Tessman,
1966).
(d) One of the strands must be open to allow strand separation.
The fulfillment of condition (c) may satisfy this requirement,
since it has been suggested that the effect of cistron A protein
is to cause the appearance of a nick in the viral strand of some

parental RF (Francke § Ray, 1971, 1972).
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A controversy currently exists in the literature as to which
of the two strands in the parental RF remains at the site of replica-
tion and which is displaced by each new round of synthesis. Some work-
ers report that the viral strand remains circular while the complemen-
tary strand is nicked, elongated and eventually displaced into a progeny
RF molecules (Knippers et al., 1969b; Knippers & Miller-Wecker, 1970).
Others have described the complementary strand as being circular
(Dressler & Denhardt, 1968; Dressler § Wolfson, 1970). All the reports
agree that one of the two strands remains at the site of replication
and is used as the template for successive rounds of synthesis. The
displaced strand becomes double-stranded and eventually appears in the
cytoplasm as an RFI molecule.

In this thesis, direct observations of parental RF synthesis
are described. The structures of the molecules which accumulate when RF
replication is inhibited by chloramphenicol and those which are made on
UV damaged viral templates are investigated. A mechanism for the syn-
thesis of the first complementary strand is proposed consistent with
the structure of nascent parental RF molecules. Data which support the
hypothesis that the new complementary strand has specific initiation
site(s) are also presented. The isolation of a specific class of ¢X

deletion mutants is included.
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Part I: Isolation of ¢X174 Mutants for Use

as Markers in Electron Microscopy

Portions of this section have been published under the title
'"Deletion mutants of bacteriophage ¢X174' (Zuccarelli, Benbow §

Sinsheimer (1972). Proc. Nat. Acad. Sci. U.S.A. 60, 1905-1910). The

Introduction and Materials and Methods have been expanded to accommo-

date the discussion of ¢X174 insertion mutants.
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Part I: Isolation of ¢$X174 Mutants for Use

as Markers in Electron Microscopy
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I. 1 Introduction

Genetically characterized deletions have been used as physical
markers in the heteroduplex mapping of the genomes of bacteriophage A,
T4, and ¢80 by electron microscopy (Davis § Davidson, 1968; Westmoreland
et al., 1969; Kim & Davidson, 1971; Fiandt et al., 1971). The loss of
a region of DNA 100 nucleotides in length is detected as a single-strand
loop with this technique (Davis § Parkinson, 1971). Genetically defined
deletions and insertions of 100 or more nucleotides of bacteriophage
$X174 DNA would be valuable tools for determining the locations of such
structural features of the ¢X174 DNA molecule as the specific nick in
the in vivo replicative form (Knippers et al., 1969), the initiation
sites of complementary and viral DNA synthesis, the non-homologous re-
gions in heteroduplexes with ¢X-like phages (S13, ST-1, a-3) and the

binding sites of Escherichia coli RNA polymerase. The contour lengths

of the DNA molecules from deletion or insertion mutants as measured by
electron microscopy would distinguish them from normal-length molecules
in genetic experiments involving mixed infections (Benbow et al.,
1972a). In addition, deletion and insertion mutants may provide a
means for generating specific fragments of ¢X DNA for nucleotide
sequencing.

Since the genome of ¢X174 has been extensively mapped (Benbow

et al., 1971), and recombination frequencies are proportional to
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physical distances over much of the genetic map (Benbow et al., 1972b),
a correlation could be made between the physical location of each
structural feature and the known ¢X cistrons.

A deletion is a nonsuppressible genetic defect; such mutants
are viable only if the lesion is limited to an untranslated region or
to dispensible viral functions. Of the nine known ¢X174 cistrons
(Benbow et al., 1971) only E is not essential to the production of in-
fective viral particles (Hutchison § Sinsheimer, 1969; Hutchison, 1969).
Mutants in cistron E are impaired in the lysis function. They produce
large numbers of apparently normal virions which remain trapped with
the walls of an intact nonsuppressing bacterial cell (Hutchison, 1969).
This property has been exploited in this work to enrich phage stocks
for deletions in the cistron E region of the genome. Further selection,
based upon the buoyant density of mature virus particles, was done to
obtain mutants that had lost an appreciable amount of DNA. Some of the
physical and genetic characteristics of a virus stock obtained by these
means are described in this report.

The insertion of several hundred nucleotides of extraneous
DNA into a cistron would usually be expected to destroy the function of
the cistron. For this reason, most insertions outside of cistron E,
like deletions, would be incapable of generating infective phage par-
ticles. However, a small subclass of these mutants in which DNA has
been inserted into untranslated regions (possibly between cistrons)
would preserve all of the genetic information intact. In principle,
insertions at several locations on the genome would be genetically

complete. Transcriptional continuity and the structural limitations
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of the phage capsid would determine their ability to produce infective
phage particles.
Assuming that some insertions can have all of the normal
phage functions, their isolation would depend entirely upon the change
in buoyant density expected for a particle with an enlarged genome.
One section of this report describes an attempt to isolate such inser-

tion mutants.

I. 2 Materials and Methods

(a) Bacterial strains

(i) Escherichia coli C, BTCC No. 122 (Sinsheimer, 1959a) is the stand-

ard wild type, (hng) nonpermissive host for ¢X174.

(i) E. coli HS502 is a thy , uvrA (hcr ), endo I, su host strain

constructed by Dr. Hoffmann-Berling.
(iii) E. coli HF4714 is a C-K12 hybrid (Godson, 1971) with the multi-

ple auxotrophic requirements arg , his , leu , thr , pro . It is §91M£

and suppresses most ¢X amber mutants.

; . . ] +
(iv) E. coli SuZOCh 1s a double suppressor EB-UAG, UAA (Person §&

Osborn, 1968) with the genotype thy , cyt , met , pro , trp from its

parent strain WWU (Person & Bochrath, 1964).

(v) E. coli CIT103 suppresses ¢X174 opal mutants and has the genotype
EEfUGA’ lac”, str’ (Hutchison, 1969).

(vi) E. coli C-110 is a EEX: mutant of E. coli C (bng) (Lindqvist &

Sinsheimer, 1967a).
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(b) Bacteriophage strains

(i) ¢X174 wt is the wild-type virus characterized by Sinsheimer
(1959a).
(i) ¢X174 am3 is a lysis deficient mutant which maps in cistron E

(Hutchison, 1969).

(c) Other materials

1) L-[14C]1eucine (316 c/mole), L—[4,5-3H]1eucine (2 c/mmole),
[2-14C]thymidine (50 c/mole), [methyl—SH]thymidine (10 c/mmole),
[methyl-SH]thymine (16 c/mmole), sucrose (density gradient grade,
ribonuclease free) and urea (ultrapure grade) were purchased from
Schwarz/Mann, Orangeburg, N.Y.

(ii) Acrylamide, N,N'-methylene-bis-acrylamide, N,N,N',N'-tetramethyl-
ethylenediamine (Temed), ammonium persulfate (all electrophoresis
grade), Dowex 50W-X2 cation exchange resin (100 to 200 mesh, hydrogen
form), and Bio-Gel A-1.5m agarose beads (100 to 200 mesh) were pur-
chased from Bio-Rad Laboratories, Richmond, Calif.

(1ii) Lysozyme (egg white, 3x crystallized), porous glass beads (pore
diameter 240 K + 10%, mesh 120 to 200), pyruvic acid (type II, sodium
salt), tris (hydroxymethyl)aminomethane and tris (hydroxymethyl)amino-
methané hydrochloride (Tris-OH and Tris-HC1, respectively)Awere pur-
chased from the Sigma Chemical Co., St. Louis, Mo.

(iv) Propidium iodide (A grade) and cytochrome C (equine heart, salt
free, A grade) were purchased from Calbiochem, San Diego, Calif.

(v) Platinum-paladium wire (80:20) and copper grids (300 mesh, 3 mm

diameter) were purchased from the Ted Pella Company, Tustin, Calif.
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(vi) Cesium chloride (optical grade) was obtained from the Harshaw

Chemical Company, Solon, Ohio.

(vii) Mitomycin C (with NaCl carrier) was purchased from Nutritional
Biochemicals Corporation, Cleveland, Ohio.

(viii) Disodium dihydrogen ethylenediaminetetraacetate dihydrate (EDTA)
was purchased from the G. Fredrick Smith Chemical Company ,A Columbus,
Ohio.

(ix) Sodium lauryl sulfate (SDS, specially pure) was purchased from
BDH Chemicals Ltd., Poole, England.

(x) NCS tissue solubilizer was obtained from the Amersham/Searle Cor-
poration, Arlington Heights, Illinois.

(xi) Liquifluor and Aquasol were purchased from the New England
Nuclear Corporation, Boston, Mass.

(xii) Formamide (99%) was purchased from Matheson Coleman and Bell,

Norwood, Ohio.

(xiii) 2-mercaptoethanol was obtained from the J. T. Baker Chemical

Company, Phillipsburg, N.J.

(d) Media
KC broth (Sinsheimer, 1959a), plating agar (Dowell §&
Sinsheimer, 1966) and TPG medium (Lindqvist & Sinsheimer, 1967a) have

been described.

(i) TPA medium was made by the addition of 0.3 g of each of 20 indi-

vidual L-amino acids to 1 liter of TPG.

(ii) TPA-Leu is TPA medium from which the amino acid L-leucine was

omitted.
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(iii) Borate dilution buffer contains 0.05 M sodium tetraborate.

(iv) Borate-EDTA contains 0.05 M sodium tetraborate and 5 mM EDTA.

(e) Virus stocks

The preparation of genetically pure stocks of ¢X174 amber
mutants was described by Benbow et al. (1971). [°H]leucine [ H]thymi-
dine labeled phage particles were prepared in H502 host cells growing
in TPA-Leu medium with 2 pg/ml of thymine. DNA was extracted from
purified viruses by the procedure of Sinsheimer (1959b). Rabbit serum
against ¢X174 was prepared by Robert G. Rohwer by the procedure of
Rolfe & Sinsheimer (1965).

(f) Isolation of ¢X wt complementary strands

Double-stranded ¢X replicative form (RF) DNA was prepared
according to Komano § Sinsheimer (1968). RFI was isolated by exclusion
chromatography on a Bio-Gel A-1.5 m colum, followed by equilibrium
buoyant density centrifugation in CsCl (final density, 1.530 g/cms)
with 100 pug/ml of propidium iodide. Propidium was removed from the
RFI pool by running it through a 5 ml Dowex-50 colum. The RFI mole-
cules were nicked by exposing them to x-rays generated by a General
Electric industrial x-ray unit. Complementary strand DNA was enriched
from the resulting RFII molecules by equilibrium buoyant density
centrifugation in a solution of CsCl with an average density of 1.750
g/cm:,> and 0.1 M KOH (Siegel § Hayashi, 1967). Centrifugation was at

30,000 revs/min for 60 h in a Beckman Type 50, fixed-angle rotor.
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(g) Isolation of deletion mutants

Deletion mutants were generated by infecting a culture of E.
coli C in the presence of 1 ug/ml of mitomycin C with ¢X174 wt at a
multiplicity of 10 phage/cell. Under these conditions any defective
viruses produced by the mutagenic action of mitomycin C (Iyer §
Szybalski, 1963; Lindqvist & Sinsheimer, 1967b) would be released into
the medium by the action of the numerous wt virions also present in the
cell. Phage concentrated from this lysate were used to infect a culture
of HF4714 at a multiplicity of less than 0.2 wt pfu/cell. Under these
conditions, lysis defective viruses which are not suppressed by the
§3+UAG gene in this strain would remain within intact host cells.
EDTA was added 15 min after infection to remove divalent cat-
ions from the medium and thereby reduce adsorption of newly released wt
phage (Newbold § Sinsheimer, 1969). After 90 min of incubation, the
cells were collected by centrifugation and washed five times (by resus-
pension and centrifugation) with borate-EDTA to remove phage which had
been released into the medium (Newbold & Sinsheimer, 1969). The cells
were disrupted by incubation with 300 ug/ml lysozyme for 30 min at
37°C. The lysate was treated for 30 sec with a Branson sonifier and
the released phage were used to infect a second culture of HF4714 at a
multiplicify of less than 0.2 wt pfu/cell. This culture was similarly
incubated, washed and then lysed. The phage from it were used to in-
fect yet another culture at low MOI. The cycle of infection, washing,
lysis, and infection of a new culture was repeated sequentially 15

times.
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The lysates from each step were monitored for pfu on E. coli

C, HF4714 and Suzoch' The titers indicated that there was no signifi-
cant accumulation—gg-suppressible nonsense mutations during the proce-
dure.

Lysates subsequent to the fifteenth infection cycle were
centrifuged to equilibrium in CsCl (at a density of 1.410 g/cms) for
60 h at 25,000 revs/min in a Beckman SW41 rotor. Gradients were
collected in fractions through a puncture near the bottom of the tube.
The 5260nm of selected fractions was determined in a Zeiss spectropho-
tometer. Fractions from the ''light' edge of the phage peak were pooled
and used to infect a new culture of HF4714 which was then washed and
lysed. The phages released from it wére banded in CsCl and the ''light"
fractions used to infect yet another culture. This sequential infec-
tion procedure was repeated eight times. The final lysate was, there-
by, the result of 23 sequential infections from which unsuppressed
lysis defectives and phage with lower tuoyant density were repeatedly
selected.

Virus particles from the final lysate were inoculated at a
multiplicity of 8 phage/cell into a 200 ml culture of H502 at 4 x 108
cells/ml in TPA-Leu with 2 ug/ml thymine. After 5 min, 100 uc of
[14C]leucine or [14C]thymidine was added to the medium. After 2 h of
incubation, the cells were collected by centrifugation, washed twice
with 200 ml volumes of borate-EDTA, and lysed with lysozyme. The phage
were purified by equilibrium centrifugation in CsCl (at a density of

1.410 g/cms), followed by sedimentation in a linear 5 to 20% sucrose

gradient in 0.05 M Tris (pH 7.4), 5 mM EDTA. Alternatively, the
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isopycnic centrifugation in CsCl was replaced by exclusion chromatog-
raphy on a 1 x 95 cm column of porous glass beads (Gschwender et al.,
1969). These purified phage suspensions will be called the ''deletion

stock."

(h) Complementation-plaque assay of deletion stock

"Helper—phage” (specific amber mutants in any ¢X cistron) at
a multiplicity of about 5 pfu/cell were adsorbed at 37° for 5 min in
2 ml aliquots of E. coli C at 1 x 108 cells/ml in KC broth containing
3 mM KCN. The suspension was divided in half, and a portion of the
deletion stock was added to one of the two tubes. After both suspen-
sions had been incubated at 37°C with aeration for 15 min, 5 ml of an
E. coli culture at 4°C containing about § x 108 cells/ml in KC broth
with 3 mM KCN was added as carrier, and the tubes were centrifuged at
1°C at 6,000 revs/min for 15 min. The pellets were washed twice with
5 ml volumes of KC broth with cyanide and were resuspended in 1.0 ml of
KC broth with cyanide and anti-:X rabbit serum (K = 25 minbl). After
incubation for 10 min at 370C, the suspensions were diluted 1:104 in
KC broth without cyanide, and the tubes were transferred to an ice bath.
Aliquots were plated by the agar layer technique with HF4714 plating

bacteria.

(1) Electron microscopy of DNA heteroduplexes

Heteroduplex DNA molecules (Davis § Davidson, 1968; Westmoreland
et al., 1969) were constructed by mixing 0.1 ug each of deletion stock
single-stranded viral DNA and wt complementary strand DNA in 100 ul of

0.1 M NaOH, 0.02 M EDTA. After 10 min at room temperature, the sample
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was neutralized with 10 yl of 1.8 M Tris-HC1, 0.2 M Tris-OH (pH 8.5),
and 100 ul1 of formamide. The sample was permitted to renature at room
temperature for 1 to 2 h.

The basic protein film technique (Davis et al., 1971) was used
to prepare samples for viewing in the electron microscope. Spreading
solutions contained about 50 ng of DNA in 50 ul of 0.1 M Tris (pH 8.5),
0.01 M EDTA, 50% formamide and 50 to 100 ug/ml cytochrome C. Approxi-
mately 50 ul was spread on 100 ml of hypophase containing 0.01 M Tris
(pH 8.5), 1 mM EDTA and 10 or 17% formamide. The film was picked up
with parlodion-coated grids. Preparations were stained with 5 x 10_5 M
uranyl acetate in 90% ethanol and rotary shadowed with platinum-
paladium. Grids were viewed and photographed at 17,500X in a Philips
EM300 electron microscope using a 50 um objective aperature and 60 kV
accelerating voltage. The 35 mm negatives were enlarged 20X on a
Nikon Shadowgraph, traced, and measured with a Keuffel and Esser map

measurer.

() Polyacrylamide gel electrophoresis

15% Polyacrylamide gels containing 0.375 M Tris (pH 8.0), 0.1%
SDS were used (Benbow et al., 1972b). Gels (9.0 cm long) were poly-
merized for 45 min in Pyrex glass tubes with an inner diameter of 7.0
mm. They were pre-run for 45 min at 4 mA/gel in a buffer containing
0.375 M Tris (pH 8.9), 0.1% SDS. The buffer was replaced with a solu-
tion containing 1.0 g SDS, 2.88 g glycine and 0.6 g Tris (pH 8.3) per

liter.
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14C] and [SH]leucine phage particles were pre- -

Mixtures of [
pared for electrophoresis by mixing 25 ul of each phage suspension with
58.5 mg of urea, 5 pl of 10% 2-mercaptoethanol, and 2 ul of 1% SDS.

The mixture was immeréed in boiling water for 10 min immediately before
electrophoresis.

Samples, mixed with 4 ;g of bromphenol blue marker dye, were
layered onto the tops of the gels. Electrophoresis was at 2 mA/gel for
10 min followed by 4 mA/gel for about 3 h. The gels were cut in 1 mm
slices with a Mickle Gel-Slicer (Brinkman Instruments) and counfed
after incubation for 8 h in 5 ml of scintillation fluid which was 85.8%

toluene, 9% NCS tissue solubilizer, 4.2% Liquifluor and 1% distilled

water by volume.

(k) Selection for insertion mutants

A 100 ml culture of E. coli C-110 at 3 x 108 cells/ml was

infected with am3 phage (MOI = 15) in TPA medium with 10 ug/ml thymine
to which 5 ug/mi mitomycin C was added 5 min before the phage. After
10 min of infection, [SH]thymidine (5 uc/ml, final concentration) was
added and the culture was incubated for 3 h. The cells were harvested
by centrifugation and lysed with 300 ug/ml of lysozyme in borate-EDTA.
The phage suspension obtained from the lysate by exclusion chromatog-
raphy on a 1 x 95 cm colum of porous glass beads (Gschwender et al.,
1969) was adjusted to a density of 1.410 g/cm3 by the addition of 0.61
g of desiccated CsCl to each ml of phage. The solution was centrifuged
at 25,000 revs/min for 60 h in a Beckman Type 50, fixed-angle rotor.

The gradient was fractionated through a needle which was used to
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puncture the bottom of the tube. Ten ul portions of each fraction
were counted in 5 ml of Aquasol and assayed for pfu on E. coli HF4714.

3
more dense

Fractions from the gradient, at least 0.004 g/cm
(as determined by refractometry) than the peak phage fraction, were
pooled, dialyzed and used to infect a second culture of C-110 (without
mitomycin C) at a multiplicity of 1 pfu/cell. After incubation for 3 h
with [3H]thymidine, the cells were disrupted and the lysate was chro-
matographed on a porous glass bead column as described above. The re-
sulting phage suspension was centrifuged to equilibrium in CsCl and
fractions at least 0.004 g/cm3 more dense than the phage peak were
pooled and dialyzed. These phages were used to infect still another
culture of C-110 at a multiplicity of 1.0.

The process of infecting a culture and selecting particles
which band at least 0.004 g/cm3 more dense than the phage peak to
infect the next culture was repeated five times. Mitomycin C was
present only in the first infection cycle. Phage from the fifth lysate
were banded twice, successively, in CsCl with selection for the par-

ticles in dense fractions. The pfu selected from the final centrifu-

gation in this series were called 'high-density enriched phage."

I. 3 Deletion Mutants of ¢X174

(a) Equilibrium centrifugation in CsCl

The ''deletion stock' virus particles band at a lower buoyant
density in CsCl than does wt ¢X174 (Fig. 1). Based upon refractometry

of several fractions from the gradients, the mutant particles have a
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density of 1.4035 g/cm3 compared to 1.4079 g/cm3 obtained for wt phage,
an average density‘difference of 0.0044 * 0.0003 g/cm3 in four determi-
nations. This characteristic difference was retained after phage from
the ''deletion stock' were propagated and purified (without selection on
the basis of buoyant density) by chromatography on a porous glass bead
column or when ¢X cistron E mutant am3 phage particles were substituted
for wt ¢X phage particles. |
The result suggests that the DNA-protein ratio of the deletion

stock virus is different from that of wt or am3 viruses. Such an al-
teration may be explained either by a reduction in the molecular weight
of the DNA in these virions or by an increase in the quantity of pro-

tein in the purified mutant particle.

(b) Sedimentation velocity of

deletion particles in sucrose gradient
14

For investigation of the latter possibility, = 'C-labeled de-
letion stock phage were mixed with 3H—labe‘led wt particles and centri-
fuged in neutral sucrose gradients. Figure 2 shows that the two
viruses sediment together under these conditions, indicating that the

hydrodynamic properties of the mutant virus are not detectably differ-

ent from those of the wt virus.

(c) Polyacrylamide gel electrophoresis

of bacteriophage particles

We have examined the coat proteins of the deletion stock
viruses by disc electrophoresis in polyacrylamide gels. [SH]Leucine—

labeled wt particles and [14C]1eucine—labeled deletion particles were
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mixed, disrupted with urea, and applied to 15% gels. The i

C- and
3H—specific counts in each slice of one such gel after electrophoresis
are shown in Fig. 3. The deletion phage particles contain six electro-
phoretic components identical to those of the wt virus. Four of the
proteins correspond to the products of cistrons F, H, G, and J identi-
fied by Benbow et 'gi. (1972b), in spite of the fact that their relative
mobilities @_F) are somewhat greater than those previously reported
(Benbow et al., 1972b; Mayol § Sinsheimer, 1970). The small peak

@F = 0.56) appearing as a shoulder on the leading edge of the H pro-
tein (&F = 0.54) is presumed to be the product of cistron B, which has
been identified as a minor phage component (Benbow et al., 1972b;
Godson, 1971). The peak at Rp = 0.75 has not been previously observed
in ¢X virions, and may be a contaminant. However, its appearance as a
constant fraction of the counts in both preparations, while there is a
considerable variation in the small amount of radioactivity found in
regions of the gel presumed to be lacking phage proteins, suggests that
it is not a chance impurity.

The percentages of the total radioactivity found in each peak
are shown in Table 1. With the exception of the cistron H product, the
relative amounts of the remaining five proteins in the deletion stock
particles do not differ significantly from those of the wt virus. The
pattern of deletion phage proteins including the H product is nearly
identical to that seen in the reported (Benbow et al., 1972b; Burgess,
1969) particles of cistron E mutants when the Rp = 0.75 component is

added to the G peak (Table 1).
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(d) Heteroduplex mapping in the electron microscope

In order to determine if the mutant and wt viruses contain the
same nucleic acid moiety, we have constructed heteroduplex molecules
containing one strand of DNA from each source. Examination of these
preparations by electron microscopy revealed many double-stranded mole-
cules with a small, single-stranded loop (Fig. 4) characteristic of a
deletion-wt heteroduplex. 74 Such molecules on a single grid were
photographed and measured. All the single-stranded circular molecules
present in these photographs were also traced and measured. Figure 5
shows that the contour lengths of the single-stranded circles are dis-
tributed in two modes, representing the wt and mutant DNA molecules in
the hybridization mixture. The peak of the shorter mode differs from
the larger by 6.8%. The average length of the single-strand loops in
the duplex molecules is 0.082 £ 0.018 of the wt ¢X genome (the larger

mode in the distribution of single-strand circles in Fig. 5).

(e) The genetic defect of the deletion virus

The purified deletion phage stock contains 1'18-é260nm units/ml,
or a calculated 1.52 x 1014 phage particles/ml (Sinsheimer, 1959a). The
deletion stock phage, however, do not form plaques efficiently on amber,
ochre, or opal suppressor host strains under the conditions used to
plate ¢X mutants (Table 2). Phage stocks not carrying deletions that
have been subjected to the same purification procedure generally have
specific infectivities of 0.05 to 0.5 pfu/particle (Sinsheimer, 1959a;
Newbold & Sinsheimer, 1969), more than 100 times higher than that ob-

served with the deletion stock.
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In order to identify the ¢X cistrons that have been affected
by the genetic lesion in the deletion phage DNA, we have modified the
method used to detect complementation between mutants of ¢X174
(Hutchison, 1969). In addition, this technique serves as a quantita-
tive plaque assay for the deletion phages. Under the conditions we
use, ¢X deletion mutants will form plaques if the '"helper phage' has a
functional cistron at the position corresponding to the genetic defect
of the deletion. A plaque is formed when a multiply-infected nonsup-
pressing host cell lyses and releases 'helper phage' particles that are
able to attack the amber suppressor host cells in the lawn.

Table 3 shows the plaque-forming ability of the deletion stock
with 'helper-phage" héving mutations in each of seven ¢X cistrons.
"Helper phage'' with amber mutations in all of the cistrons except E
increased the plaque-forming ability of the deletion stock from 4- to
200-fold. The deletion phage titers obtained with am3 and am?7,
mutants in cistron E, were identical to those observed when the dele-

tion phage were plated on E. coli C without any 'helper."

(f) Discussion
The data presented above suggest that we have isolated a
collection of deletion mutants of bacteriophage ¢X174 that lack a por-
tion of cistron E, the gene that controls the host lysis function.
The bimodal distribution of contour lengths (Fig. 5) obtained
when wt and mutant stock single-strand DNA are examined in the same
field in an electron microscope is strong evidence that the mutant virus

genome is shorter than that of wt. The appearance and the lengths of
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thelsingle—stranded loops in heteroduplexes of wt and mutant DNA (Figs.
.4 and 5) confirm this conclusion and indicate that the lesion in each
DNA molecule is localized and not widely distributed over the genome.
Indeed, the deletions are likely to be confined to cistron E, since the
mutant viruses fail to complement amber mutants in that gene but are
able to supply the defective functions of amber mutants in six other
cistrons (Table 3).

We have attributed the change in buoyant density of the mutant
virus particles (Fig. 1) to their loss of DNA. The sedimentation veloc-
ity of these viruses (Fig. 2) and the electrophoretic pattern of the
viral proteins (Fig. 3 and Table 1) indicate that the protein structure
of the mutant viruses is not sufficiently different from wt or am3 to
account for the observed 0.0044 g/cm3 decrease in particle density.
Accordingly, we applied the relationship between increment in density
and change in DNA content formulated by Weigle et al. (1959) for bacteri-

ophage A

*The values for wt ¢X174 used in this calculation are 1.408 g/cm3 for
the phage buoyant density (po), 0.269 for the mass fraction of DNA in
the phage (Fm) (Sinsheimer, 1959a), and 0.220 for the volume fraction
[FV, the mass fraction, multiplied by the ratio of the phage buoyant
density, 1.408 g/cm3 to the DNA buoyant density, 1.725 g/cm3

(Sinsheimer et al., 1962)].
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to obtain a value of 6.3% for the percent of ¢X wt DNA deleted. This
figure agrees very well with the estimate of deletion length obtained
from contour measurements of single-stranded DNA (6.8%). The size of
the deleted region calculated from the single-strand loops seen in
heteroduplex molecules (8.2%) may be biased by the tendency to select
molecules with large, obvious deletion loops, Nevertheless, it agrees
within experimental error with the first two estimates.

Considering the manner in which the deletion viruses were
selected and the fact that unsuppressed mutants in cistrons other than
E are not expected to produce infectious phage under these conditions,
all of the observed deletions in the mutant stock are probably confined
to gene E. Benbow et al. (1972b) report that the presumed gene E prod--
uct has a molecular weight of 17,500, representing 7.7% of the total
protein coding capacity of a ¢X genome with 5,500 nucleotides. This
figure might be considered the upper limit for the length of the de-
leted region in members of the mutant stock.

In our laboratory, am3, the cistron E mutant of ¢X174, is
routinely used as a substitute for wt ¢X because its lysis defect
facilitates the preparation of phage stocks of high titer (Hutchison §
Sinsheimer, 1966). In some cases, this mutant has been grown for many
generations under non-permissive conditions without cloning. After
each propagation the cells were lysed artificially to release the
phage particles. Such conditions permit the transmission of deletions
in cistron E that may arise spontaneously. Indeed, the elimination of
the cistron may confer an advantage upon the mutant by permitting it to

replicate more quickly than its am3 ancestor.
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In a companion paper, Kim, Sharp, § Davidson (1972) report
their discovery of partially deleted ¢X DNA molecules that appeared
spontaneously in samples of am3 RF grown under such conditions in our
laboratory. We have denatured a portion of their ''sample 1" and re-
natured it in the presence of viral DNA from the deletion stock de-
scribed in this paper. Nearly all the molecules were perfect duplexes
or had a single deletion loop. A few molecules were observed with oné
small single-strand loop, indicating some heterogeneity in the extent
of the deletions in one or both of'the component DNA stocks. We be-
lieve that the length of the deleted region varies in members of our
mutant virus population. This is reflected, to some degree, in the
asymmetric shape of the deletion loop histogram in Fig. 5. Apparently,
many members of the stock have deleted the entire cistron, but others
have lost smaller segments.

Benbow, Eisenberg, & Sinsheimer (1972a) measured the contours
of single- and multiple-length DNA molecules in the RF preparation that
Kim et al. (1972) have called ''sample 2.'" The contours of the multiple-
length molecules are exact multiples of either wt ¢X length or of the
deletion DNA length. This observation suggests that the deletion DNA
replicates in vivo, and that deletion viral strands are not generated
by premature termination of replication from a wt RF molecule.

In sumary, our results indicate that we have isolated a
population of deletion mutations of bacteriophage ¢X174 that are (i)
genetically defined within the cistron E region, (ii) physically de-
fined as individual deletions with an average size of 7% of the ¢X

genome (about 390 nucleotides), (iii) able to propagate as efficiently
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as ¢X174 wt or am3, and (iv) possess an essentially normal viral coat
structure and all viral functions except host cell lysis.
These mutants, which we shall call ¢X174 delE, represent the
first reported genetically and physically characterized deletion mu-

tants of a small DNA bacteriophage.

I. 4 A Search for ¢X174 Insertion Mutants

(a) Testing clones of the high-density enriched phage stock

The '"high-density enriched phage' stock was plated on HF4704
and, after 5 hours of incubation at 37°C, isolated plaques were picked
from the plates with sterile capillary tubes. Each plaque was indi-
vidually inoculated into a 10 ml culture of HF4714 at 1 x 108 cells/ml
in TPA. After 30 minutes incubation, 25 uc/ml of [SH]thymidine was
added, and the culture was incubated for another 2 hours. Collected
by centrifugation, the cells were lysed in 2 ml of borate-EDTA with
300 ug/ml of lysozyme, and phage were purified from each lysate by
exclusion chromatography on a 1 x 95 cm colum of porous glass beads.
The phage from each clone were further purified by banding in CsCl in
a Type 50 rotor at 25,000 revs/min for 60 hours. A portion of the peak

14

fraction from each gradient was mixed with ~°C am3 marker phage and

again centrifuged to equilibrium in CsCl in a Type 50 rotor. The posi-

14C marker phage and the 3H labeled clones were compared.

tions of the
Fifty phage clones were tested by this procedure.
The profiles of ten equilibrium buoyant density gradients,

representative of the entire group, are shown in Fig. 6. None of the
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clones had buoyant densities significantly greater than the am 3 marker.
47 Clones banded at positions which differed from the marker by no more
than 0.0007 g/cm3 (é.g.,Figs. 6b, e, £, g, 1, j). Two clones were
0.0007 to 0.0015 g/cm3 less dense than the marker (Figs. 6c, h). One

clone was lighter by approximately 0.0022 g/cm3 (Fig. 6d).

(b) Bacteriophage propagated in the presence of mitomycin C

Figure 7a shows the equilibrium buoyant density profile of
$X174 am3 phage grown in the continuous presence of 5 ug/ml of mitomycin
C in E. coli C-110 (the first step in the preparation of the '"high-
density enriched phage'' as described in the Methods). The yield of
plaque-forming units per infected cell was quite high (about 600), in
contrast to the results of Lindqvist § Sinsheimer (1967b). A peak of
3H cpm and pfu is seen at the phage density position (1.408 g/cms).
A second 3H component banding at a lower density (about 1.398 g/cms)
also contains pfu. Since it was found at a lower density, this second
component was not expected to affect the selection procedure for inser-
tion mutants. The fractions selected from this gradient for propagation
in the subsequent step are indicated by the brackets. Phage propagated
in the presence of 5 ng/ml of mitomycin C in E. coli C (bng), C-110
(her'), HF4704 (hcr ) and H502 (her ) all contain particles which band
at both positions. The lighter component contained a large, but vari-
able, fraction (30 to 80%) of the total pfu seen in the gradients.

Phage stocks produced in the absence of mitomycin occasionally
contain a small amount of material (less than 20% of the total pfu)

which bands near 1.398 g/cms. As an example, Fig. 7b shows the buoyant
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density profile of phage after the fifth infection cycle in the prepa-
ration of the 'high-density enriched phage stock.'" No mitomycin C was
present during the infection. In this case, less than 15% of the 3H
cpm and pfu form a shoulder at the lighter density. The main phage
peak is seen at 1.409 g/cms. In the absence of an internal, normal
phage marker, that density cannot be considered significantly different
from the buoyant density of normal phage. (The fractions indicated by
the bracket were pooled and banded again as described in the Methods,)

When portions of the ''denseé'and ''light'' components of phage
grown in mitomycin C (fractions 11 and 21 from Fig. 7a) were transferred
directly from the collection vials to fresh CsCl solutions and indi-
vidually centrifuged to equilibrium, each component reappeared at its
original position, 1.408 or 1.398 g/cms, in the gradient. However,
when the ''dense'" and '"light' components were first dialyzed exhaustively
against borate-EDTA at 4°C, and then banded in CsCl, approximately 60%
of the '"light' component appeared as a peak of pfu at 1.408 g/cms.
Dialysis had no effect upon the buoyant density of the ''dense'' compo-
nent.

The stability of the ''light" phage component was studied
only briefly. It retained its original properties for 2 months at 4°C,
if the CsCl was not removed. Overnight dialysis against borate-EDTA
converted more than half of it to the normal phage density. After this
initial loss, the remaining '"light' component was fairly stable at 4°c
in borate-EDTA. Two months after dialysis, 30% still banded near

1.398 g/cm3.
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(c) Discussion

(i) Insertion mutants

The failure to find insertion mutants by this procedure

may be ascribed to any of the following possibilities:

(A) Insertion mutants were present in the high-density
enriched phage stock but represented too small a
fraction of the total phage population to be detected.

(B) Only a limited number of viable insertion mutants can
exist. The population of phage propagated in the pre-
sence of mitomycin C was not large enough to allow an
insertion mutant a reasonable probability of appear-
ance.

(C) Insertion mutants of ¢X174 cannot exist.

The selection for insertion mutants was intended to be more
intgnsive than the procedure used to isolate deletion mutants. Frac-
tions at least 0.004 g/cm3 more dense than the phage peak were chosen
in each step. Such pools contained about 5% of the total pfu in the
phage stock. The enrichment of dense phage was expected to be about
20-fold in each step compared to the 3- to 5-fold enrichment in '"light
phage'' expected in each step of the deletion isolation. Nevertheless,
if viable insertion mutants had been present in the high-density
enriched phage stock at less than 2% of the total phage population,
they would not have been detected among the tested clones, If, for
example, a single insertion mutant had appeared during mitomycin treat-
ment of the initial phage stock, it would have been enriched about

3 x 106-fold during the selection procedure, assuming that it grew as
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well as its parent. The titer of final stock was nearly 3 x 109

pfu/ml.

The insertion of an extraneous piece of DNA into a cistron
would be expected to destroy its function. Since the ability of ¢X |
DNA to generate infective phage particles is destroyed by the loss of
any of the known cistrons, except E, only insertions between cistrons
or into non-coding regions may be expected to survive if they do not
have large polar effects. As a result, the number of viable insertion
sites, including those in cistron E, may be as low as 500. (Cistron E
is estimated to be about 420 nucleotides long [ Benbow et al., 1972b],
and the space between cistrons may be only a few codons.) Since the
efficiency with which mitomycin C causes insertions is unknown, 1013
phage, grown in its presence, may not have been a sufficiently large
population to allow a viable insertion to appear.

There is a substantial possibility that the insertions of
the desired size (5 to 10% additional DNA) cannot be accommodated by
the structure of the phage capsid. A more intensive search for ¢X
insertion mutants must be made before this conclusion may be asserted
with any certainty.

(i1) Buoyant density of phage particles prepared in the pres-

ence of mitomycin C

The reproducible appearance of pfu, from phage stocks grown in
the presence of mitomycin C, with a buoyant density considerably less
than that expected for normal phage, may be a significant observatiqn.
Since phage stocks propagated without mitomycin C sometimes contain

particles which band at the light position, there is a possibility that
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the mitomycin-particles represent naturally occurring intermediate
structures which have been stabilized or accumulated by the action of
mitomycin.

As one possibility, Wachman § Levitzki (1972) propose a mech-
anism for the assembly of spherical viruses in which the capsid protein
initially organize into a cubeoctrahedral array. Subsequently, the
structure collapses into a more compact icosahedron. The transforma-
tion from a less dense to a more dense structure agrees, at least qual-
itatively, with the observations reported here. Intra-strand cross-
linking of the packaged ¢X single-stranded DNA by mitomycin C (Iyer §
Szybalski, 1964) may conceivably inhibit the transition of the capsid
superstructure.

The mitomycin-particles are about 0.010 g/cm3 lighter than
normal ¢X particles, a éhange in density which is more than twice as
great as that exhibited by the ¢X deletion. A change in density of
that magnitude would requife a substantial alteration in the structure
or composition of the particle. The nature of that alteration and the
means by which it is reversed to generate phage of normal density may

offer insights into the maturation of ¢X174 particles.
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Footnotes

RF (replicative form) is the double-stranded circular form
of ¢X174 DNA; RFI is the supercoiled double circle in which both poly-
nucleotide strands are covalently closed; RFI is the circular duplex
in which one strand (or both strands at different positions) is nicked;
the viral strand is the polynucleotide having the same base sequence
as the DNA found in the virus; the complementary strand has a base
sequence complementary to the DNA in the virus; MOI (multiplicity of

infection); pfu (plaque-forming unit).
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Plaque-forming ability of deletion stock

with ¢X174 amber mutants as helper phage

Deletion stock

Relative number

Helper phage Mutant cistron pfu/ml of pfu
none - 2.3 x 100 1.0
anl0 D 4.5 x 10t 200

* 10
g—_ns E < 2x10 <1
an27 E 2.8 x 10%° 1.2
amss " F 5.2 x 10 23
amg 7’ F 5.3 x 10M 23

] 12
- G 1.3 x 10 57
am} H 2.0 x 10%2 87

§ .

amg6 " A 9.0 x 107 3.9°
aml4 B 1.6 x 1012 70

* o
Isolated by Dr. C. A. Hutchison (Hutchison, 1969).

*Isolated by Dr. F. Funk (Funk § Sinsheimer, 1970).

fobtained from Dr. M. Hayashi.

SThis low value is probably a consequence of the asymmetric

complementation observed for mutants of cistron A (Tessman, 1965).
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Figure Legends

FIG. 1. Equilibrium buoyant density centrifugation of purified dele-

tion and wt ¢X174 phage particles. [14

Clthymidine labeled deletion
phage (0—0) and [SH]thymidine labeled wt phage (6—®) were mixed in
8.0 ml of solution containing CsCl (p = 1.400 g/cm>), 0.05 M borate,
and 5 mM EDTA. The material was centrifuged for 60 h at 25,000 revs/min
in a Beckman Type 50, fixed-angle rotor at 5°C. Fractions were col-
lected directly into scintillation vials containing 10 ml of Aquasol.
Several fractions throughout the gradient were collected directly into

a small quantity of oil, and their density was determined by refracto-

metry (A—i).

FIG. 2. Sedimentation of purified deletion and wt ¢X174 phage parti-
cles in a neutral sucrose gradient. [14C]Ieuc:ine labeled deletion
phage (0—0) and [SH]Ieucine wt phage (6—#) were mixed and layered
onto a 13.0 ml, linear 5 to 20% sucrose gradient contéining 0.05 M
Tris (pH 8.1) and 5 mM EDTA. The preparation was centrifuged at 24,000
revs/min for 6.5 h in a Beckman SW40 rotor at 5°C. Fractions were

collected into scintillation vials, which contained 10 ml of Aquasol.

FIG. 3. Electrophoresis of purified deletion and wt ¢X174 phage par-
ticles in polyacrylamide gels. [14C]1eucine labeled deletion phage
(0—0) and [SHlleucine wt phage particles (6—@) were mixed, dis-

rupted with urea, and applied to 15% polyacrylamide gels. The gels
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were cut into 1.0 mm slices, and each slice was digested and counted
in NCS scintillation fluid. The arrow indicates the position of the

bromphenol blue tracking dye.

FIG. 4. Electron micrographs of heteroduplex DNA molecules produced
by hybridization of deletion viral (+) strands with wt ¢X174 comple-

mentary (-) strands. Image magnification is 153,000X. Arrows indicate

the single-stranded loops, which locate the deleted regions.

FIG. 5. Length distributions of single-stranded loops in heteroduplex
molecules and of circular single-stranded DNA molecules in a partially
renatured mixture of deletion viral (+) strands and wt ¢X174 comple-

mentary (-) strands. All measurements were made from photomicrographs

of a single grid.

FIG. 6. Equilibrium buoyant density patterns of ten clones, isolated
from the high-density enriched phage pool. Purified [SH]thymidine

phage (0—0), grown from single plaques, were mixed with b

C am3

marker phage (-----) in CsCl (o = 1.410 g/cm>),. 0.05 M borate, 5 mM
EDTA, and were centrifuged for 60 h at 25,000 revs/min in a Beckman
Type 50, fixed-angle rotor. The gradients were collected into scin-

tillation vials and counted in 5 ml of Aquasol. The position of the

14C marker phage peak is indicated by the arrow in most of the profiles.
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FIG. 7. Equilibrium buoyant density patterns of phage stocks grown in
cultures of E. coli C-110, (a) in the presence of 5 ug/ml mitomycin C
and, (b) in the absence of mitomycin C. [SH]thymidine (5 uc/ml) was
added 10 min after infection. After 3 h the cells were collected by
centrifugation, lysed and phage purified from the lysate by exclusion
chromatography on a porous glass bead colum. The phage suspensions
were adjusted to a density of 1.410 g/cm3 with CsCl and centrifuged for

60 h at 25,000 revs/min in a Type 50 rotor. Portions of each fraction

were counted in Aquasol to determine 3H cpm (. ) or plated on HF4714
to determine pfu (----- ). The density of some fractions (A—aA) was

determined by refractometry.
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Part II: The Appearance and Structure of

¢X174 Parental Replicative Forms
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II. 1 Introduction

The conversion of a circular, single-stranded DNA species into
a duplex, superhelical DNA molecule is not a common biological event.
It occurs in an early stage of the infectious cycles of a few animal
viruses (Crawford, 1966) and two classes of bacterial viruses: the
spherical and the filamentous single-stranded DNA phages. The first
class of bacteriophages is represented by ¢X174, S13, ¢R and ST-1
(Sinsheimer, 1968). The filamentous, male-specific group includes M13,
fd and f1 (Marvin § Hohn, 1969). The two classes are not serologically
related and, indeed, their differences extend to their morphologies and
their life cycles.

The formation of the duplex replicative form (RF) containing
the infecting (parental) DNA strand has not been studied extensively in

vivo (see the General Introduction). Considerably more information

has come from examining the reaction in soluble extracts of E. coli.

The finding that parental M13 RF molecules do not appear in
cells in the presence of rifampicin (Brutlag et al., 1971), a specific
inhibitor of E. coli RNA polymerase (Sippel & Hartman, 1968), suggests
that RNA synthesis is involved in making the M13 complementary strand.
The requirement for RNA polymerase function in this conversion was found
to be unrelated to protein synthesis, since M13 parental RF is made in
the presence of chloramphenicol. However, the conversion of ¢X single
strands to RF in vivo is insensitive to rifampicin (Silverstein § Billen,

1971).
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Using soluble extracts of E. coli, distinctly different mech-
anisms were found to operate in the two cases. In the M13 conversion,
an initial period of RNA synthesis was followed by DNA synthesis. The
first stage required the addition of the four nucleoside triphosphates
and it was inhibited by rifampicin. The second stage resulted in the
formation of the M13 complementary DNA strand, even in the presence of
rifampicin (Wickner et al., 1972c). A primer function for the RNA was
- proposed.

The formation of ¢X RF in soluble extracts was wnaffected by
rifampicin (Wickner et al., 1972c). The produce contained a full-length
linear complementary strand and an intact, circular viral strand
(Schekman et al., 1972). However, all four ribonucleoside triphosphates
had to be added to the enzyme preparation in order to obtain the maxi-
mum amount of RF. The product was found to contain ribonucleotides co-
valently linked to the new straﬁd. Furthermore, the presenﬁe of actino-
mycin D, an antibiotic which binds to DNA templates (Sobell et al.,
1971) and inhibits RNA synthesis by virtually all RNA polymerases, re-
duces ¢X RF formation when employed at a concentration not expected to
affect DNA synthesis directly (Schekman et al., 1972). From this evi-

dence, these workers concluded that ¢X parental RF formation in vitro

requires RNA synthesis to generate a primer for DNA polymerization.
They suggested that the RNA is made by an enzyme with properties differ-
ent from those of the known E: coli RNA polymerase.

The data of Hurwitz et al. (1973) confirmed these differences
between M13 and ¢X174. However, these workers did not detect any re-

quirement for added ribonucleoside triphosphates to promote the conversion
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of ¢X in their cell extracts (Wickner et al., 1972b).

The differences in the conversions of ¢X and M13 were found
to extend beyond the type of RNA polymerase they use. Complementary
strand synthesis on the ¢X template requires the products of five E.
coli genes (dna B, C, D, E, and G), also needed by the host for repli-
cation of its own chromosome (Wickner et al., 1972a; Hurwitz et al., 1973;
Taketo, 1973). The products of dna A and dna F are not essential. MI13
is converted to RF whén only dna E product, DNA polymerase III (Geftei*
et al., 1971), is available. All the other proteins are unnecessary
(Wickner et al., 1972a). In this respect, the ¢X reaction is much more
complex and resembles the synthesis of E. coli DNA more closely than does
the M13 reaction (Schekman et al., 1972).

In this section various aspects of the synthesis of ¢X parental
RF in vivo are investigated. The appearance of duplex ¢X DNA soon after
infeétion is reported, and an estimate of the time it takes to polymerize
the complementary strand is made. The structures of normal parental
RFII, RF made on UV damaged templates and nascent parental RF are de-
duced from sedimentation data and their appearance in the electron micro-
scope. These observations are used to construct a model for the synthe-
sis of the first complementary strand. This investigation represents
the first comprehensive study of the first stage of ¢X DNA synthesis in

vivo.




64

II. 2 Materials and Methods

(@) Bacterial strains

Most of the bacterial strains have been described in Part I
with the following exceptions:
(i) E. coli HF4704 is an hcr , thy , su , Tls, ¢X sensitive strain
which requires 4 ug/ml of thymine for optimal growth (Lindqvist §
Sinsheimer, 1967).
(ii) E. coli C1704 is a rep , thy , hcr , ilv strain which contains
the rep3 mutation of Denhardt et al. (1967) transduced into HF4704 by
Calendar et al. (1970).
(iii) E. coli H502 is an endo I derivative of HF4704 (hcr , thy , su )
constructed by Dr. Hoffmann-Berling. This strain will grow satisfac-

torily in medium containing 1 ug/ml of thymine.

(b) Radiochemicals

(i) Thymidine [methyl—sH] 24 c¢/mmole, 0.5 mC/ml in sterile aqueous
solution with 2% ethanol was purchased from Schwarz/Mann, Orangeburg,
N.Y.

(ii) Thymidine [2—14C], 59 mc/mmole, 0.1 mc/ml in sterile‘aqueous
solution was purchased from Schwarz/Mann, Orangeburg, N.Y.

(iii) H332P04, carrier free, 30 to 60 mc/ml in 0.02 N HC1 was pur-

chased from the International Chemical and Nuclear Corporation, Irvine,

California.
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(c) Other materials

Most of the materials used in this section have been specified
in Part I, with the following exceptions:
(i) Bovine pancreatic ribonuclease A (Type 1-A, 5X crystallized, pro-
tease free), and bovine pancreatic deoxyribonuclease I (chromatography
prepared, lyophilized) were purchased from the Sigma Chemical Co., St.
Louis, Mo.
(ii) Chloramphenicol (B grade) and pronase (B grade, nuclease free)
were purchased from Calbiochem, San Diego, California.
(1ii) The special natural L-amino acid mixture was obtained from the
Nutritional Biochemicals Corporation, Cleveland, Ohio.
(iv) Conical collection beakers (2 ml) were obtained from Scientific

Products, Los Angeles, California.

(4) Media
(1) TPGAA medium was prepared by dissolving 0.5 g NaCl, 8.0 g KC1,
1.1 g NH4C1, 3.32 g Tris-OH, 11.44 g Tris-HC1l, 0.23 g KH, PO, , 1.0 m1
of 0.16 M Na,80, in 500 ml of deionized, distilled water. The pH was

2
adjusted to 7.4 with HCl. In a second container 0.2 g MgC12-6H20, 5ml
of 1 M CaClz, 2.0 g glucose, 0.8 g sodium pyruvate and 2.7 g of a
special 20 amino acid mixture were dissolved in 500 ml deionized dis-
tilled water. The two solutions were autoclaved and then mixed.
(1i) TPGAA-low phosphate medium is TPGAA medium with the phosphate
level reduced to 0.023 g I(HZPO4 per liter.
(iii) Tris-EDTA contains 0.05 M Tris and 5 mM EDTA. This buffer has
a high temperature coefficient and is pH 7.4 at ZSOC, approximately

pH 8.0 at 5°C and pH 7.1 at 37°C. Tris buffers at other pH levels will
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be specifically mentioned.

(iv) Borate-EDTA contains 0.05 M sodium tetraborate and 5 mM EDTA.

(e) Preparation of 14C, 3H or 32P DNA labeled am3 phage

and single-stranded viral DNA

E. coli HS502 was grown to 5§ x 108 cells/ml with aeration at

37°C in TPGAA (or TPGAA-low phosphate for 2P labeling) containing
2 yg/ml thymine. am3 Phage were added at a multiplicity of 5 to 10 per

cell. 3z

P (100 uc/ml, final concentration) was added 15 minutes before
infection; [3H]thymidine (100 uc/ml, final concentration) and [14C]thy—
midine (10 uc/ml, final concentration) were added to the culture in
approximately ten equal portions at intervals beginning at 10 min

after infections and continuing for 2 h. (Assuming equilibration with
the phosphorylated DNA precursors, 100 uc/ml of 32P in TPGAA-low

phosphate medium provides 0.3 32

P atoms per single strand of ¢X DNA.)
After two hours of incubation the culture was adjusted to 5 mM
EDTA and cooled in an ice bath. The cells were collected by centrifug-
ing for 10 min at 5,000 revs/min in a Sorvall GSA or GS3 rotor at 0°c.
The pellet was resuspended in 1/50 of the original volume in borate-
EDTA and incubated for 15 min at 37°C with 300 ug/ml lysozyme. MgSO,
was added to a final concentration of 10 mM. Bovine pancreatic RNase
A and DNase I were added to final concentrations of 10 ug/ml each. The
lysate was incubated for 30 min at 37°C and then EDTA was added to
20 mM.

Phage were purified from the lysate by exclusion chromato-

(o]
graphy on a 1 x 95 cm colum of porous glass beads (pore diameter 240A)
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equilibrated with borate-EDTA as described by Gschwender et al. (1969).
The purity of the resulting phage suspensions was sufficiently high for
most purposes. At the highest multiplicities used (MOI = 200) the

© M EDTA and 5 x 10™° M borate into

addition of phage introduced 5 x 10~
the culture, which is unlikely to affect the infection process.

Single-stranded DNA was obtained from phage stocks further
purified by buoyant density centrifugation. Phage suspensions were ad-
justed to a density of 1.410-g/cm3 by the addition of 0.61 g of dry
CsCl per ml. These were centrifuged for 60 h at 30,000 revs/min in
Beckman Type 50 or Type 30 fixed-angle rotors. The phage pools were
dialyzed exhaustively against borate-EDTA.

The purified phage suspension was extracted three times with
single volumes of phenol equilibrated with borate-EDTA at room tempera-
ture. The phenol phases were subsequently extracted once with one-half
volume of borate-EDTA. The combined aqueous phase was extracted twice
with single volumes of ethyl ether. Three volumes of isopropanol and
1/10 volume of 3 M sodium acetate (pH 5.5) were added to the aqueous
phase and the mixture was cooled to -20°C for 15 h. The single-stranded
DNA precipitate was collected by centrifugation for 1 h at 20,000
revs/min at -5°C. After the supernatant was aspirated and the reméin-
ing isopropanol removed by vacuum desiccation, the DNA was dissolved in

a small volume of Tris-EDTA and stored at -36%a.

14 3

(f) Preparation of 3H, C, and 2P DNA labeled RF

E. coli H502 was grown to 5 x 108 cells/ml with aeration at

37°C in 100 ml of TPGAA (or TPGAA-low phosphate for S°P labeling)
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containing 2 ug/ml thymine. am3 Phage were added at a multiplicity of

32P was added 10 min before infection;

5 to 10 phage per cell. 10 mc of
2 mc of [SH]thymidine or 100 uc of [14C]thymidine was added 10 min after
infection with 35 ug/ml of chloramphenicol (100 uc/ml of carrier-free

32P in the low phosphate medium provides 0.3 ez

P atoms per single
strand). Incubation and aeration were continued for another 60 to 90
min, at which time the culture was brought to 0°c by swirling the flask
in a bath of methanol and dry ice.

The cells were harvested by centrifuging for 10 min at 5,000
revs/min in a Sorvall GSA rotor at 0°C. The pellet was washed twice
with 20 ml volumes of borate-EDTA and then was resuspended in 2.0 ml of
Tris-EDTA at 0°C. Lysozyme (3 mg/ml, freshly prepared in Tris-EDTA)
was added to 300 ug/ml and the culture was incubated at 37°C for 15 min.
32P labeled lysates were incubated with 200 ug/ml bovine pancreatic
RNase A (heat-treated for 15 min at 80°C in 0.1 M Tris pH 8.0, 1 mM
EDTA) at 37°C for 15 min. Sodium dodecyl sulfate (SDS, 10%) and pro-
nase (10 mg/ml, self-digested 45 min at 37°C in Tris-EDTA) were added
to produce final concentrations of 1% and 200 pg/ml, respectively. The
lysate was mixed by rolling the tube gently and then was incubated for
24 h at 37°C.

The lysate was poured directly onto a single 58 ml, linear,
preformed, CsCl gradient (described below) and centrifuged at 25,000
revs/min for 15 h in an SW25.2 rotor. The RF peaks were pooled (about
15, one ml fractions) and dialyzed at least 5 h against one liter of

Tris-EDTA. One-tenth volume of 3 M sodium acetate (pH 5.5) and two

volumes of isopropanol were added and the mixture was cooled to -20°C
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for 15 h. The DNA was pelleted by centrifugation at 20,000 revs/min
for one h, dissolved in 0.2 ml of Tris-EDTA and then applied to a

13.5 ml neutral isokinetic sucrose gradient. The sample was centri-
fuged at 40,000 revs/min for 14 h in an SW40 rotor. Fractions contain-
ing RF were pooled, dialyzed overnight against 100 volumes of 0.01 M
Tris pH 8.0 (5°C), 1 mM NaCl and stored at -20°C.

(g) Preparation of parental RF
8

E. coli HF4704 was grown to 5 x 10" cells/ml with aeration at
37°C in TPGAA (or TPGAA-low phosphate for 32P labeling) containing 10
pg/ml thymine. A 3 mg/ml solution of chloramphenicol, freshly prepared
in TPGAA medium, was added to the culture to bring the final concentra-
tion of chloramphenicol to 150 pg/ml (Tessman, 1966; Sinsheimer _ei al.,
1967). The culture was incubated for 20 min with vigorous aeration.
When specified in the experiment, [SH]thymidine (1 min before infection)
or H332PO4 (5 min before infection) was added to the culture at final
concentrations of 20 uc/ml, unless otherwise stated. Infection was
with labeled am3 phage at multiplicities ranging from 1.5 to 200. In-
cubation at 37°C and aeration were continued. At the times indicated
in each experiment, equal aliquots of the infected culture were removed
and poured into ten volumes of borate-EDTA containing 0.05 M NaNS,
5 mM KCN at 0°C mixing vigorously on a magnétic stirrer.

Experiments with short infection periods could be performed

with an accuracy of #2 seconds. It is estimated that small volumes (5

to 50 ml) of culture were cooled to 5°C in less than one second.



70
The cells were collected by centrifugation for 20 min at 5,000
revs/min in a Sorvall GS3 rotor at 0°C. The pellets were resuspended

in 20 ml of borate-EDTA, 0.05 M NaN,, 5 mM KCN at 0°C and centrifuged

39
at 0°C in a Sorvall SS34 rotor for 5 min at 10,000 revs/min. Resuspen-
sion in 20 ml volumes of borate-EDTA, NaNs—KCN and centrifugation was
repeated four times to remove eclipsed phage particles (Newbold §
Sinsheimer, 1969b) and to reduce the amount of unincorporated [3H]thy-
midine in the cells.

Pellets from 10 ml and 50 ml of culture were resuspended in
1.0 and 2.0 ml of Tris-EDTA, respectively. When indicated, labeled RF
marker was mixed with the washed cells. Lysozyme (3 mg/ml, freshly
prepared in Tris-EDTA) was added to 300 ug/ml and lysis was allowed to
proceed for 15 min at 37°C. The suspensions became very viscous within
a few minutes. When specified, the lysates were digested with 200
ug/ml RNase (20 mg/ml, heat-treated at 80°C for 15 min in 0.1 M Tris
pH 8.0, 1 mM EDTA) for 15 min, at 37°C, immediately after lysis.
Sodium dodecyl sulfate (SDS, 10%) and pronase (10 mg/ml, self-digested
45 min at 37° in 0.05 M Tris pH 7.1, 5 mM EDTA) were added to produce
final concentrations of 1% and 200 ug/ml, respectively. To prevent
shearing the host DNA, these ingredients were mixed with the lysates
by rolling the tube, gently, several times during the subsequent 2} h
incubation at 37°C. Shaking and pipetting the lysates were avoided.
After this incubation the lysates were clear and colorless, but highly
viscous. Each lysate was poured directly onto a preformed, linear,

cesium chloride gradient at room temperature.
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This preparation technique is a modification of that described
by Francke and Ray (1971b) and it removes essentially all of the E. coli
DNA in a single sedimentation. A low-speed centrifugation of pronase-
SDS digested lysates, after the addition of 1 M NaCl (Hirt, 1967) re-
sults in the loss of a variable amount of the parental label (up to 40%)
into the pellet (also observed by Godson § Vapnek, 1973), and therefore,

was not included in the procedure.

(h) Centrifugation techniques

(i) Preformed, neutral, CsCl gradients contain 0.05 M Tris
pH 8.0 (SOC), 0.015 M EDTA and have a linear density gradient from 1.20
to 1.35 g/cms. Gradients prepared in 1% x 3% inch (SW25.2) and 1 x 3%
inch (SW27) cellulose nitrate tubes have volumes of 58 and 38 ml, and
the samples applied to each had maximum volumes of 3.0 and 1.5 ml,
respectively. Centrifugation was at 25,000 revs/min for 15 (SW25.2)
or 13 (SW27) h at 5°C in a Beckman L2-65B centrifuge.

Centrifugation of pronase-SDS treated lysates in these
gradients caused the host DNA to sediment into a large white pellet.
The gradients were collected through a 20 gauge hypodermic needle which
was used to puncture the tube near the bottom, beyond the edge of the
pellet. Forty (SW27) or fifty (SW25.2) drop fractions (about 65)
were collected into plastic 2 ml, conical, beakers or directly into
scintillation vials. The entire fractions or measured samples from
each fraction were counted in Aquasol.

It was not possible to estimate the efficiency of recovery of

¢X DNA species labeled during the experiment. Most of the new label
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was incorporated into host DNA which was lost from the gradient in a
pellet at the bottom of the tube. However, after the infected cells
had been washed with borate-EDTA (see above), over 75% of the remain-
ing parental counts from 3H, 14C or 32P labeled phage was recovered
from the gradients. More than 90% of the RF markers added to the
cells just before lysis was also found in the gradients.

Preformed CsCl gradients were found to give better resolution
of RFI, RFII and single-stranded DNA than high salt, neutral sucrose
gradients when used for the removal of host DNA from lysates of ¢X in-
fected cells. The high viscosity of lysates from cultures up to 200 ml
in volume (about 2 x 1011 cells) apparently causes the ¢X DNA species
to sediment further into the gradients, under the described conditions,
than is observed for lysates prepared from fewer cells. This anomaly,
which is minimized by treating the lysate with RNase, does not notice-
ably affect the fecovery of the ¢X DNA species, nof does it greatly
reduce the resolution.

(1i) Isokinetic sucrose gradients were generated by mixing

% and 37.8% (w/v) sucrose solutions as described by Noll (1967) using
a modification of the constant volume device proposed by Henderson
(1969). Neutral isokinetic gradients are 5% sucrose at the top and
were designed to sediment DNA at a constant velocity at 5°¢. They
contain 1 M NaCl, 0.05 M Tris pH 8.0 (SOC) and 5 mM EDTA. The gradients
were prepared in 9/16 x 3-3/4 inch cellulose nitrate tubes and have a
volume of 13.5 ml. Neutral gradients were centrifuged at 40,000

revs/min for 14 h at 5°C in a Beckman SW40 rotor and L2-65B centrifuge.
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They were collected in approximately 60, ten drop, fractions through
a 20 gauge hypodermic needle which was used to puncture the bottom of
the tube.

(iii) Alkaline, isokinetic, sucrose gradients (pH 12.5 at
25°C) were similarly prepared by mixing 5% and 37.8% (w/v) sucrose so-
lutions which were approximately 0.1 M and 0.5 M KOH, respectively.

The gradients, made in 9/16 x 3-3/4 inch cellulose nitrate tubes, also
contain 5 mM EDTA and are 5% sucrose at the top. One-hundreth volume
of 10 M KOH was added to the samples before layering on the gradients.
Centrifugation was at 40,000 revs/min for 18 h at 5°C and fractionation
was accomplished as described above for neutral, isokinetic gradients.

(iv) Samples were prepared for equilibrium density centrifu-
gation with propidium by adding 0.05 M Tris pH 8.0 (SOC), 0.01 M EDTA
to bring the sample weight to 5.700 g. Desiccated cesium chloride
(5.190 g) and 300 ul of a 5 mg/ml propidium iodide solution were added
to bring the volume to 7.3 ml, the propidium concentration to 200 pg/ml,
and the final density to 1.530 g/cms. A 5/8 x 3 inch cellulose nitrate
tube, containing the mixture, was filled with bayol oil and centrifuged
for 50 h at 40,000 revs/min in a Beckman Type 65, fixed-angle rotor at
5°C. The gradients were collected in approximately 50, ten drop,
fractions through a 20 gauge needle which was used to puncture the
bottom of the tube. When necessary, the propidium could be removed
from fractions by running the sample through a 5 ml Dowex-50 column

prepared in the shell of a disposable plastic syringe.
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(v) Equilibrium buoyant density centrifugation in alkaline
CsCl was used to separate ¢X viral and complementary DNA strands (Siegel
§ Hayashi, 1967). 0.05 M Tris pH 8.0 (5°C), 0.01 M EDTA was added to
bring the sample Weight to 5.000 g. The final density of the solution
was adjusted to 1.755 g/cm3 by adding 7.026 g desiccated CsCl and 50
pul of 10 M KOH. The sample, in a 5/8 x 2-1/2 inch cellulose nitrate
tube filled with bayol oil, was centrifuged at 30,000 revs/min for 65 h
at 5°C in a Beckman Type 50, fixed-angle rotor. After centrifugation,
a capillary was gently lowered into the tube and the gradient was
punped from the bottom in ten drop fractions. The fractions were neu-
tralized with 50 ul of 20% acetic acid before the scintillation fluid

was added.

(i) Liquid scintillation spectroscopy

Unless otherwise stated, aqueous samples and fractions from
CsCl and sucrose gradients were counted in 5 ml Aquasol scintillation
fluid to which 0.5 ml of distilled water was added. One ml fractions
from large, preformed, CsCl gradients required 10 ml of scintillation
fluid and 0.5 ml of water for satisfactory counting efficiency. Sam-
ples from alkaline gradients were neutralized with 50 ul of 20% acetic
acid before the addition of counting fluid.

Counting was done in Beckman LS233 and LS200B counters
equipped with paper tape-punch mechanisms for computer interfacing.
Counting times were adjusted to achieve a 10% standard deviation. To
correct the channel overlaps, standards of the relevant isotopes were
prepared for each gradient to match precisely the counting conditions

of the samples.
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Data from gradients containing two or three radioisotopes
concurrently were processed by a computer program designed by Robert G.
Rohwer. The program utilizes exact solutions to the discriminator
ratio equations to separate the isotopes and it plots the corrected
values in graph form. The data are presented as counts per min per
fraction or measured volume. All figures are drawn with the bottom of
the gradients at the left and the direction of sedimentation, therefore,

from right to left.

(j) Ultraviolet irradiation of phage

Phage suspensions were diluted ten-fold in 0.05 M borate to
contain less than 1.0 5260nm per ml. Five ml was placed in a 10 cm
plastic petri dish on a non-reflecting platform and exposed at 70 cm
from two General Electric, germicidal, G8T5 lamps enclosed in a re-
flector housing. The phage suspension was constantly agitated during
the exposure.

After a short (30 min) warm-up period, the phage killing rate
of the lamps was highly reproducible. A one "hit" (1/e or 37% survival)
dose was delivered in 45 seconds. The same apparatus was previously
used by Benbow (1972) and Benbow, Zuccarelli § Sinsheimer (1974) to
irradiate phage at 35 cm. Under their conditions (calibrated as 19

ergs/mmz/sec), a "one hit" dose was delivered in 7 sec.

(k) Electron microscopy

¢X174 RF DNA was prepared for visualization in the electron
microscope by the aqueous, basic protein film technique (Davis, Simon

& Davidson, 1971). Approximately 50 ng of DNA in 50 ul of 0.25 M
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ammonium acetate and 100 ug/ml cytochrome C was spread on parlodion-
coated grids, stained with 5 x 107° M uranyl acetate in 90% ethanol
and rotary shadowed with platinum-paladium. Grids were viewed and
photographed at 17,500X under a Philips EM300 electron microscope using

a 50 ym objective aperature and 50 kV accelerating voltage.

II. 3 Results

(a) The appearance of parental RF after infection

The appearance of parental RF molecules in infected cells
incubated in medium containing 10 uc/ml of [SH]thymidine was detected
by rapidly cooling 50 ml aliquots of the culture at various times after

the addition of 1

C am3 phage. The lysate from each aliquot was pronase-
treated in SDS and sedimented in a preformed CsCl gradient. Figure 1
shows the sedimentation profiles of infections terminated at 3, 5, 7,
10, 15, and 20 minutes. Peaks of 3H couhts at the positions of ¢X RFI
and RFII are seen after 5 minutes of infection. An RFII peak is evi-
dent in the 3 minute lysate. In addition, all the lysates show a
minor 22.5S component (near fraction 8) which sediments slightly faster
than RFI (found at 20S in these gradients) and is labeled with both
14C and 3H. This component was designated ''fast RF.'" ¢X single-strands
have a velocity of 26S and would be expected to sediment very close to
the bottom of the tube.

A peak of post-infection (3H) label appeared near the top of
the gradient in most experiments. It is presumed to be unincorporated

label that was not removed from the cell before lysis, but it was not

investigated.
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The increasing amount of label sedimenting at the RF position
is clearly represented in Fig. 2a. The SH cpm in the fractions compos-
ing the peaks in the gradients (see Fig. 1) have been added and plotted
as a function of the infection period. It can be seen that the RFII
molecules appear earliest, increase in number for 5 minutes and de-
crease slightly thereafter. The RFI species, first observed as a dis-
tinct peak in the gradients at 5 minutes, becomes the predominant form
at 10 minutes and continues to be made at a gradually decreasing rate,
for 20 minutes. Fast RF are clearly present at the earliest time point
(3 minutes) and they remain roughly constant in number throughout the
experiment. |

The parallel increase of parental and post-infection labels
in all three RF species can be seen in Fig. 2b. The amount of 3H label
found in the RFI and RFII regions in these experiments was on the order
of one phage DNA equivalent per parental 14C DNA molecule recovered.
The isotopes in the fast RF component deviated somewhat from this
ratio, having a 20 to 30% excess of parental label.

At 20 minutes the recovery of parental label from the gradient
was 12% of the total phage cpm added to the culture. Most of the re-
maining parental label (84%) was found in TCA precipitates of the medium
and borate-EDTA washes. Other workers have reported that 80% or more
of the phage DNA label remained in the medium or borate-EDTA washes
(Newbold & Sinsheimer, 1969b; Francke & Ray, 1971a).

The major features of these curves (Fig. 2a) were remarkably
constant in several experiments. Figure 3 shows the post-infection

label seen in RFI, RFII and fast RF in an infection performed with
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¢X174 wt phage at a MOI of 80. The results are very similar to those
seen in Fig. 2a. One consistent variation was observed in experiments
performed at multiplicities of from 1 to 5 phage per cell. At low
multiplicities, RFI comprised as much as 90% of all the ¢X components
at 20 minutes rather than the 60 to 70% seen in Fig. 2a and Fig. 3.

%ap phage/cell, ob-

In an infection performed at a multiplicity of 4
served for 60 minutes, no significant changes in the 32P labeled RF
population occurred after 20 minutes.

Since RFII molecules were already present in appreciable
amounts at 3 minutes after infection in these experiments, shorter in-
fections with highly radioactive am3 phage were performed to determine

32P phage at a

the earliest appearance of parental RF in the cells.
multiplicity of 1.5 were added to a culture mixing vigorously on a
magnetic stirrer. At short intervals after infection 10 ml portions of
the culture were removed and rapidly cooled in borate-EDTA.

The patterns of the parental 32P label from six pronase-SDS
treated lysates, sedimented in preformed CsCl gradients are shown in
Fig. 4a. 'It can be seen that a small fraction (about 0.1%) of the total
label in the infecting viruses sedimented as a peak at the position of
RFII (indicated by the arrows) 15 seconds after the addition of phage.
When the total radioactivity in the fractions of each peak is plotted
against the infection period (Fig. 4b), an extrapolation of the first
three data points to the abscissa, suggests that the first RFII mole-

cules appear approximately 10 seconds after infection. Ten seconds is

a maximum estimate of the time required for the synthesis of the first
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complementary strand since the measured period also includes the time
expended in adsorption, eclipse and injection, as well as synthesis.

These conclusions assume that cooling an infected culture in
the manner described stops the incorporation of [SH]thymidine into DNA
immediately. To test this assumption, a culture at 5 x 108 cells/ml
was infected with am3 phage at a multiplicity of 170. Chloramphenicol
(150 ug/ml) and g (1 uc/ml) were added 20 minutes and 5 minutes before
infection, respectively. Seven minutes after infection, 20 ml aliquots
were poured into 2, 5 or 10 volumes of borate-EDTA, 0.05 M NaN,, 5 mM
KCN at 0°C, containing 20 wc/ml [°Hlthymidine. At 8 minutes a 20 ml
aliquot was poured into 2 volumes of TPA medium at OOC, also containing
[SH]thymidine. Each of the mixtures was rapidly cooled to 0°C by
swirling the vessel in a bath of methanol and solid COé. The amount of
3H incorporation into ¢X RF would provide an estimate of the extent of
DNA synthesis which occurred after the transfer.

The cultures were lysed, treated with pronase-SDS, and then
sedimented in preformed CsCl gradients. The entire RF region of each
gradient was pooled, dialyzed, precipitated with two volumes of iso-
propanol and then sedimented in neutral, isokinetic, sucrose gradients.
No 3H radioactivity was found in the RF from the cultures cooled in 10
or 5 volumes of borate-EDTA, NaN,-KCN. The sedimentation pattern of
the cultures cooled in two volumes borate-EDTA or TPA medium are shown
in Fig. 5. About 550 cpm of 3H is seen at the RF positions in Fig. 5a.
A rough comparison with the rates of 3H incorporation at 7 minutes seen

in Figs. 2 and 3 (after making adjustments for different culture sizes

and phage multiplicities) indicates that the equivalent of % second of
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DNA synthesis at 37°C had occurred after dilution into two volumes of
borate-EDTA, NaNs—KCN at 0°C. The equivalent of about 5 seconds of
synthesis occurred after a similar dilution into TPA medium at 0°c.

(b) The effect of ultraviolet irradiation of phage

on the formation of parental RF

The presence of parental RF species in cells infected with
i am3 phage, irradiated with ultraviolet light, was determined by
infecting 40 ml aliquots of cells, at a MOI of 50, with phage given 0,
20, 40, 60, 80 and 120 seconds of UV exposure corresponding to 0, 0.44,

0.89, 1.4, 1.8 and 2.7 lethal hits per phage (see Materiais and

Methods). The infections were performed in medium to which 10 uc/ml of
[3H]thymidine and 150 ug/ml of chloramphenicol had been added at 1
minute and 20 minutes béfore infection, respectively. After 20 min-
utes of infection the cultures were cooled to OOC, lysed and digested
with pronase and SDS. Figure 6 shows the sedimentation profiles of
parental and post-infection labels in the six lysates sedimented
through 38 ml, preformed, CsCl gradients.

The most dramatic effect of phage UV exposure is the rapid
decrease of RFI accompanied by an accumulation of parental label close
to the bottom of the gradient, near the position expected for single-
stranded DNA (26S). The RFII and fast RF peaks decrease slowly with
increasing UV dose.

Ultraviolet lesions in the viral template strand may prevent
the complete synthesis of the complementary strand. The resulting,

partially double-stranded molecules are expected to have sedimentation
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properties intermediate between those of RFII and single-stranded rings
(Benbow et al., 1974). Indeed, the change in the relative amounts of

3H and 14

C cpm at the presumed RFI position indicates that not all of
the molecules sedimenting at that velocity have complete complementary
strands. The 3H cpm at that position, however, may be used as an
approximate measure of the number of RFI molecules present, overesti-
mating the actual number at higher UV doses.

Figure 7a shows the 3H cpm at each of the RF positions as a
function of phage UV dose. All three components are reduced by in-
creasing the exposure time with RFI decreasing most rapidly. Phage
survival (pfu), also shown in Fig. 7a, appears to parallel the number
of RFI molecules, while the total parental label (14C) in the gradients
shows no change at all.

The relative changes in the RF components are clearly seen
in Fig. 7b. When plotted as a fractidn of all the post-infection label
(SH) incorporated, RFII shows an increase with increaéing UV dose. The
changes in the fast RF seen in Figs. 7a and 7b may not be significant
owing to the difficulty in estimating the amount of 3H label in this

minor component in the presence of large amounts of RFI at low UV doses

and partially single-stranded molecules at high doses.

(c) The structure of normal parental RF and parental RF

made from UV irradiated phage

Normal parental ¢X RF DNA was compared with parental RF made
after infection with phage which had been exposed to ultraviolet light.

Irradiation was for 60 seconds in borate-EDTA as described in the
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Methods. Approximately 26% of the pfu survived the exposure calculated
to give 1.3 lethal hits per phage (see Fig. 7a).

Two 60 ml cultures of HF4704 incubated with 150 pg/ml of
chloramphenicol for 20 minutes were infected with either irradiated or

unirradiated 14

C am3 phage for 20 minutes. RF was isolated from the
lysates, after pronase-SDS treatment, by centrifugation in preformed CsCl
gradients (Fig. 8). The sedimentation profiles of RF from unirradiated
(Fig. 8a) and irradiated (Fig. 8b) phage are, predictably, similar to

those seen in Figs. 6a and 6d using 14

C phage of much lower specific
activity.

Regions of the;e gradients containing the RFI and RFII mole-
cules were pooled separately, as indicated in the figure. The RFII
pools were purposely extended to include part of the region between
18 and 21S (see below). Inevitably, some RFI molecules were included.
Each pool was dialyzed, the DNA precipitated with isopropanol and then
dissolved in a small volume of Tris-EDTA.

When the RFI pools from these gradients were centrifuged in
alkaline isokinetic sucrose gradients, 94% (from Fig. 8a) and 83% (from
Fig. 8b) of the parental label sedimented at 52S, the velocity of de-
natured RFI. The RFI pool obtained from the infection with UV irradi-
ated phage contained parental label (15%) which sedimented between 16
and 14S (the positions of circular and unit-length, linear, single-
stranded DNA). This contamination of the RFI pool may be explained by

the sedimentation behavior expected of RF molecules with incomplete

complementary strands.
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Some of the RFII obtained from cells infected with normal
phage and with UV irradiated phage (Fig. 8) were centrifuged to equili-
brium in CsCl containing 200 ug/ml propidium iodide.

The buoyant density of circular double-stranded DNA molecules
is quantitatively reduced by the binding of dyes which intercalate
between the bases (Bauer § Vinograd, 1968) and unwind the duplex
(Vinograd et al., 1968; Denhardt & Kato, 1973; Pigram et al., 1973).
The uptake of dye by RFI molecules, however, is opposed by the forma-
tion of positive superhelical twists which result from the unwinding
(Vinograd et al., 1968). The net effect is a lesser binding of dye
by RFI than by RFII at the same free dye concentration (Bauer &
Vinograd, 1968). This results in a lower buoyant density for RFII.

At appropriate concentrations of dye, all three ¢X DNA species (RFI,
RFII and single strands) band at densities sufficiently different to
allow their mutual separation (Radloff et al., 1967; Fukuda §&
Sinsheimer, unpublished data).

Figure 4a shows that the parental RF made from unirradiated
phage separates clearly into RFI and RFII components at positions which

coincide with the added 32

P RF marker. (A small amount of contaminat-
ing 3H host DNA at the RFII position may account for the difference in
34/14¢ ratios in the RFI and RFIT peaks.)

In contrast, about 1/3 of the 14C label in parental RF made
after infection with UV irradiated 14C phage (Fig. 9b) is spread be-

tween the positions of RFII and single-stranded DNA. The post-infection

label (SH) is seen primarily at the locations of completely double
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stranded species, RFI and RFII, with some skewing of the RFII peak
toward the single-strand position.

Other portions of the two RFII pools indicated in Fig. 8 were
sedimented in alkaline, isokinetic, sucrose gradients (Fig. 10). The
viral strands (14C label) in RFII from unirradiated phage sediment
predominantly as closed circles at 16S (Fig. 10a). A smaller amoumt.of
parental label (19%) appears in a sharp peak at 14S, the sedimentation
coefficient of umit-length, linear, single strands. About 24% sedi-
ments more slowly. (The small number of RFI molecules in these samples
sediment to the bottom of the tube.)

The post-infection label (SH) in RFII from unirradiated phage
sediments largely at the position of unit-length linear DNA. About
35% of the post-infection label appears to be in shorter pieces, while
14% sediments as complete circles. The unique distribution of breaks
in these terminal RFII molecules from unirradiated phage strongly indi-
cates that they were not generated by random nicking of RFI during or
after extraction.

The viral strands of RFII from phage exposed to UV are mostly
intact. About 40% of the viral strands sediment as unit-length linears
and smaller pieces as compared to the 43% seen in normal RFII. In con-
trast, nearly all (88%) of the complementary strand label in these UV
molecules sediments heterogeneously at less than 14S.

When comparing the structures of RFII from irradiated and un-
irradiated phage, it can be seen that the viral strands of both mole-
cules are largely closed; relatively few linear viral strands are found

in the cell even after UV irradiation of the phage (1.3 lethal hits per
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phage). The complementary strands of both these molecules are almost

always open. However, normal RFII have predominantly unit-length com-
plementary strands while RFII from phage exposed to UV are always found
in shorter lengths.

In addition, three observations support the conclusion that
the complementary strand in RFII, made from UV irradiated phage, is
substantially incomplete as opposed to merely containing nicks:

(i) Some of the RFII made from UV irradiated phage have
buoyant densitieé approaching that of ¢X single-stranded DNA when cen-
trifuged to equilibrium in CsCl with propidium iodide (see Fig. 9b).
The RF near the single-strand position are deficient in post-infection
label (°H).

(ii) The ratio of SH (post-infection) to 1%C (parental)
labels is always less in RFII from UV irradiated phage than in normal
RFII when both were prepared in parallel cultures with the same amount
of [Hlthymidine. (Compare the RFII in Figs. 6a and 6d). The ratio of
post-infection to parental label in RFII was found to decrease pro-
gressively with increasing UV dose by Benbow, Zuccarelli & Sinsheimer
(1974, see their Table 2) while the ratios in the RFI peaks remained
constant.

(iii) When such molecules were observed in the electron micro-
scope after spreading in a basic protein film (Plate I) it was found
that a large fraction of the molecules contained single-stranded regions
which collapsed into dense 'bushes' when prepared for viewing. None of

the RFII from unirradiated phage were found to have such 'bushes'

(Plate If).
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To confirm our implicit assignment of the parental (14C) and
post-infection (3H) labels to the viral and complementary sfrands, re-
spectively, RFII from the CsCl-propidium gradients (see brackets in
Fig. 9) were centrifuged to equilibrium in alkaline CsCl.(Vinograd SE
al., 1963) after the propidium was removed. Since the profiles from
both gradients were identical, only the analysis of RFII from unirra-
diated phage is shown in Fig. 11. The viral strand (14C), having a
buoyant density of 1.765 g/cm3 in alkaline CsCl, bands below the peak
of post-infection label (SH) which is expected to have the density of
¢X complementary strands, 1.756 g/cm3 (Rust § Sinsheimer, 1967; Siegel
& Hayashi, 1967). A slight skewing of the 3H label toward the position
of viral strand DNA was almost always observed. Approximately 5% of
the 3H label may be judged to band at the viral strand density. Three
explanations for the appearance of a small amount of post-infection
label at the viral strand position are possible:

(1) High concentrations of chloramphenicol are not absolutely
efficient in preventing the subsequent steps in ¢X infection, i.e., RF
replication. Some de novo synthesis of viral strands occurs in the pre-
sence of [SH]thymidine.

(ii) Limited repair or nick-translation of the viral strands
during the infection has caused some 3H nucleotides to be incorporated
into the DNA strahds which came from the infecting viruses.

(iii) A small amount of contaminating host DNA, labeled with
3H, has banded at the viral strand position. The buoyant density of

E. coli DNA in alkaline CsCl (1.766 g/cms) is nearly identical to that

of ¢X viral strands (Siegel § Hayashi, 1967).
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RF purified from a lysate by a single sedimentation in a
preformed CsCl gradient may contain some host DNA. The RFII peak from
the CsCl—propidium banding (Fig. 8a), which was the source of the
material used in the strand analysis, had a slightly higher 3H/14C
ratio than the corresponding RFI peak: possible evidence of host con-
tamination. This observation, however, does not deny the possibility
of viral strand repair. A need for such repair, in spite of the
apparent integrity of the viral strand 20 minutes after infection (see

Fig. 10a), is revealed later in this section.

(d) The structure of nascent RFII molecules

Parental RFII molecules were isolated from 50 ml portions of
a chloramphenicol-treated culture of HF4704 infected with 32P am3
phage (MOI = 2.0) for 1, 5, or 20 minutes in the presence of 20 uc/ml
of [SH]thymidine. Each infection was stopped by pouring the culture

into ten volumes of cold borate-EDTA, containing 0.05 M NaN, and 5 mM

3
KCN at 0°C. The cells were washed, lysed, treated with RNase, and then
with pronase and SDS. (The procedure is described fully in the Methods.)
The lysates were applied to 58 ml preformed CsCl gradients which were
centrifuged at 25,000 revs/min for 15 hours in a SW25.2 rotor. The
fractions, collected in 2 ml conical, plastic beakers, were placed
directly into scintillation vials and counted without the addition of
scintillation fluid. (The counting of Cerenkov radiation from 32P
disintegrations in aqueous solutions has an efficiency of about 60%

when compared with the counting rate after the addition of scintillation

fluid.)
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Figure 12 shows the sedimentation patterns obtained from
lysates of cells infected for 20, 5 and 1 minute. A peak of single-
stranded DNA at 26S (near fraction 8) is seen in these gradients due
to the reduction in viscosity of the lysates caused by RNase treatment.
(Compare with Fig. 1 which shows the sedimentation of lysates not
digested with RNase.)

The RF and single-strand regions of each gradient were pooled
separately, as indicated by the brackets. The pools were dialyzed,
precipitated with isopropanol and dissolved in small volumes of Tris-
EDTA.

A portion of‘each RF pool was mixed with 14C RF marker and
centrifuged to equilibrium in CsCl containing 200 pg/ml propidium
iodide. As seen in Fig. 13, the RF isolated after 20 minutes of infec-
tion bands exclusively at the positions of the RFI and RFII markers
(compare Fig. 9a). The RF molecules isolated after 5 minutes of in-
fection produce a similar pattern, with a larger fraction of the
parental label appearing at the RFII position. Cells infected for only
one minute contain mostly RFII, no RFI and some of the 32P label bands
at densities intermediate between the position expected for single-
stranded DNA and the RFII marker. (A similar result was shown for RFII
made from phage exposed to UV in Fig. 9b.)

The rémaining RF from the original sedimentation in CsCl (Fig.
12) was further purified by sedimentation in neutral isokinetic sucrose
gradients. Figure 14 shows that the RF made in cells infected for 20
or 5 minutes sediments as distinct RFI and RFII peaks in sucrose. The

molecules appearing in the cells after one minute of infection, however,
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form a broad band which spans the positions of both RFI and RFII. At
the RFII position the ratio of post-infection to parental labels is
similar to that of RFI in the accompanying gradients, but the ratio
decreases further down in the gradient.

When the RFII regions of the neutral sucrose gradients were
pooled (as indicated by the brackets), precipitated with isopropanol,
mixed with 14C single-stranded marker and portions applied to alkaline
isokinetic sucrose gradients, the profiles shown in Fig. 15 were
obtained.

As seen in an earlier experiment (see Fig. 10), the RFII
found in cells after 20 minutes of infection have predominantly closed
viral strands and unit-length, linear, complementary strands (Fig. 15a).
When the infection period was shortened to 5 minutes, much more of the
viral strand material sediments as unit-length linears than was ob-
served in the longer infection. About 70% of the post-infection label
is seen at the position of unit-length linears; a small amount sedi-
ments more slowly.

After a brief infection period of 1 minute, the structure of
both the viral and complementary strands in RFII differ, dramatically,
from those seen in the RFII isolated at later times. None of the com-
plementary (SH) DNA is unit-length. Rather, it sediments in a broad
spectrun which extends from 14S nearly to the top of the gradient.

Viral strand label (SZP), in addition to circular (16S) and unit-length

linear (14S) components, is also found in a peak which sediments at

32

11S. This last viral strand peak, containing about 60% of all the ““P
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label, is not as sharp as either the 16S or 14S components, but it is

much more homogeneous than the 3H labeled material in the same
gradient.
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