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Foreword

The time seems ripe for a critical compendium of that segment of
the biological universe we call viruses. Virology, as a science, having
passed only recently through its descriptive phase of naming and num-
bering, has probably reached that stage at which relatively few new—
truly new—viruses will be discovered. Triggered by the intellectual
probes and techniques of molecular biology, genetics, biochemical
cytology, and high-resolution microscopy and spectroscopy, the field
has experienced a genuine information explosion.

Few serious attempts have been made to chronicle these events.
This comprehensive series, which will comprise some 6000 pages in a
total of about 22 volumes, represents a commitment by a large group of
active investigators to analyze, digest, and expostulate on the great
mass of data relating to viruses, much of which is now amorphous and
disjointed, and scattered throughout a wide literature. In this way, we
hope to place the entire field in perspective, and to develop an invalu-
able reference and sourcebook for researchers and students at all levels.

This series is designed as a continuum that can be entered
anywhere, but which also provides a logical progression of developing
facts and integrated concepts.

Volume | contains an alphabetical catalogue of almost all viruses
of vertebrates, insects, plants, and protists, describing them in general
terms. Volumes 2-4 deal primarily, but not exclusively, with the
process of infection and reproduction of the major groups of viruses in
their hosts. Volume 2 deals with the simple RNA viruses of bacteria,
plants, and animals; the togaviruses (formerly called arboviruses),
which share with these only the feature that the virion’s RNA is able to
act as messenger RNA in the host cell; and the reoviruses of animals
and plants, which all share several structurally singular features, the
most important being the double-strandedness of their multiple RNA
molecules. This grouping, of course, has only slightly more in its favor
than others that could have been, or indeed were, considered.
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viii Foreword

Volume 3 addresses itself to the reproduction of all DNA-contain-
ing viruses of vertebrates, a seemingly simple act of classification, even
though the field encompasses the smallest and the largest viruses
known. The reproduction of the larger and more complex RNA viruses
is the subject matter of Volume 4. These viruses share the property of
lipid-rich envelopes with the togaviruses included in Volume 2. They
share as a group, and with the reoviruses, the presence of enzymes in
their virions and the need for their RNA to become transcribed before
it can serve messenger functions.

Volumes 5 and 6 represent the first in a series that focuses pri-
marily on the structure and assembly of virus particles. Volume 5 is
devoted to general structural principles involving the relationship and
specificity of interaction of viral capsid proteins and their nucleic acids,
or host nucleic acids. It deals primarily with helical and the simpler
isometric viruses, as well as with the relationship of nucleic acid to pro-
tein shell in the T-even phages. Volume 6 is concerned with the struc-
ture of the picornaviruses, and with the reconstitution of plant and bac-
terial RNA viruses.

Volumes 7 and 8 deal with the DNA bacteriophages. Volume 7
concludes the series of volumes on the reproduction of viruses
(Volumes 2-4 and Volume 7) and deals particularly with the single- and
double-stranded virulent bacteriophages.

Volume 8 will be the first of the series on regulation and genetics
of viruses, in which the biological properties of the lysogenic and defec-
tive phages will be covered, the phage-satellite system P2-P4 described,
and the regulatory principles governing the development of selected
typical lytic phages discussed in depth.

Volume 8 will be followed by three others dealing with the regula-
tion of gene expression and integration of animal viruses: the genetics
of animal viruses; and regulation of plant virus development, covirus
systems, satellitism, and viroids. In addition, it is anticipated that there
will be two or three other volumes devoted largely to structural aspects
and the assembly of bacteriophages and animal viruses, and to special
virus groups.

The complete series will endeavor to encompass all aspects of the
molecular biology and the behavior of viruses. We hope to keep this
series up to date at all times by prompt and rapid publication of all
contributions, and by encouraging the authors to update their chapters
by additions or corrections whenever a volume is reprinted.
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CHAPTER |

The Isometric Single-Stranded
DNA Phages

David T. Denhardt
Department of Biochemistry
McGill University
Montreal, Quebec, Canada

“When you are a Bear of Very Little Brain, and you Think of Things, you
find sometimes that a Thing which seemed very Thingish inside you is
quite different when it gets out into the open and has other people looking
atit.”

—A. A. Milne, The House at Pooh Corner

1. INTRODUCTION

1.1. A Circular, Single-Stranded DNA Molecule within a Tailless
Capsid

The subjects of this chapter have an isometric capsid with
icosahedral symmetry enclosing a single-stranded DNA genome. The
RNA bacteriophages appear to have a similar structure. Some eukar-
yotic viruses, but no phages that I know of, contain double-stranded
DNA enclosed in an isometric capsid, sans tail. Isometric structures
can be constructed of subunits arranged with cubic symmetry—either
tetrahedral, octahedral, or icosahedral. Each of these symmetries
requires a set of identical subunits—12, 24, and 60, respectively—
arranged on the surface of a sphere. An attribute of icosahedral sym-
metry is that a subunit of a fixed size can enclose a larger volume than
can be enclosed by using either of the other two point group symmetries

1



2 Chapter 1

(Caspar and Klug, 1962), and it is this kind of symmetry, or derivatives
thereof, that seems to be used generally in virus construction, for
example in the heads of the tailed phages.

Viruses with single-stranded DNA are among the smallest forms
of “life” known. Those replicating in prokaryotic cells contain fewer
than ten genes, while the eukaryotic parvoviruses (Rose, 1974) may
contain only a single gene. All of the single-stranded DNA viruses have
genomes with molecular weights in the range of 1 to 3 x 108 Larger
single-stranded DNAs may have been selected against because of the
sensitivity of the single-stranded DNA to environmental hazards; if so,
those viruses extant now may be the remnants of a once more diverse
primitive life form. One reason for interest in these viruses is that
because of the small size of their DNA and their limited genetic content
they are very dependent on the host cell. Consequently, they provide a
probe for various cell functions—particularly those concerned with
replicating the genome.

There is no evidence for an evolutionary relationship between the
eukaryotic parvoviruses, of which there may be more than one funda-
mentally different type, and the prokaryotic phages. I have argued
elsewhere that the superficially quite distinct filamentous phages, which
also contain single-stranded DNA and are reviewed by Ray in Chapter
2 of this volume, are derived from the same primitive ancestor as the
isometric phages and that the isometric phages are variations on a com-
mon theme (Denhardt, 1975). For the latter, the single-stranded DNA
(always of the same polarity) is enclosed in a protein coat about 32 nm
in diameter, composed of multiple copies of four different polypeptides.
An electron micrograph of ¢X174 is shown in Fig. 1. The isometric
phages all seem to have a common organization of the genome and a
set of proteins with equivalent functions. The fact that different isolates
are serologically unrelated is not necessarily symptomatic of a lack of
relationship since this property may be easily affected by mutations
(Bone and Dowell, 1973a). The base sequence of the genome is capable
of changing to a surprising degree without losing its ability to produce a
functionally equivalent set of proteins (Godson, 1973). Many of the
single-stranded DNA phages, including the filamentous phages, have a
high (30-35%) molar ratio of thymine in the viral DNA (Marvin and
Hohn, 1969; Sinsheimer, 1968), perhaps because codons containing
uracil are favored (Denhardt and Marvin, 1969; Sanger, 1975).

The best known isometric phages are S13 (Burnet, 1927) and
¢X174 (Sertic and Boulgakov, 1935); evidence that they are related was
first provided by Zahler (1958). Because of the extensive work done
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Fig. 1. Electron micrograph of ¢X174 negatively stained with phosphotungstic acid.
The bar represents 0.05 ym. I thank L. Guluzian and C. Hours for the electron
microscopy.



4 Chapter 1

with X174 (Sinsheimer, 1968), it can be used as the archetype with
which the others can be contrasted. These others include ¢R (Kay and
Bradley, 1962; Burton and Yagi, 1968), a3 and St-1 (Bradley, 1970;
Bowes and Dowell, 1974), ¢A and ¢K (Taketo, 1974, and personal
communication), 6SR and BR2 (Lindberg, 1973), U3 (Watson and
Paigen, 1971), and the G phages (Godson, 1974b). Host bacteria for
these various isolates are appropriate strains of Enterobacteriaceae—
Escherichia, Shigella, and Salmonella. Although some isolates will
grow on E. coli K (St-1, U3, ¢K) and others on B (a3), E. coli C seems
to be the most common host. Insofar as these phages have been studied,
there is no reason to think that they differ in any fundamental from
¢X174. Mutants of ¢X174 capable of growing on K12 (Bone and
Dowell, 1973a,b) and B (Denhardt unpublished, see Razin, 1973) have
been isolated. The fact that different isolates made at different times in
widely separate parts of the world are all so similar indicates that com-
parative research should now be concentrated on those we have. I have
limited this review to a selected set of references and have concentrated
on ¢X174 except in those cases where the others provide an interesting
contrast. For a complete overview of earlier research, see Hoffmann-
Berling et al. (1966) and Sinsheimer (1968). I offer my apologies to
anyone whose work in any specific instance has not been cited. Many
facts have been established independently by different individuals and it
was not practical to include all possible references.

1.2. Genes and Proteins of the Isometric Phages

¢X174 has as its chromosome one molecule of a circular, single-
stranded DNA with a molecular weight of about 1.7 x 105 or
5370 nucleotides (Section 1.4.5 and Table 3). The viral DNA has the
same polarity as the mRNA and is thus the “plus” strand. A genome of
this size can code for about 200,000 daltons of protein assuming that
the ‘“‘average” amino acid has a molecular weight of 120 and all
1670 potential codons are used once, and only once. Eight genes (A-H)
have been identified and mapped and the protein products of most of
them identified unambiguously. The genetic map (see Fig. 2) is circular
(Baker and Tessman, 1967). A list of the genes, their earlier designa-
tions, and the molecular weights and functions of the proteins insofar
as they are known is presented in Table 1. The direction of transcrip-
tion and translation is clockwise (Vanderbilt ez al., 1971).

Structural proteins found in the virion include the products of
genes F, G, and H and have molecular weights of about 50,000, 20,000,
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4800

Fig. 2. Genetic and restriction enzyme maps of the ¢X174 genome. The outer circle is
arbitrarily divided into 5500 base pairs; 5370 is probably more accurate. The inner circle
is divided into pie-shaped portions each of which is allocated to a gene on the basis of
either the known size of the protein or the size estimated from the physical mapping data.
The three concentric circles labeled R, Z, and A give the location of the various cleavage
products produced by the restriction enzymes Hindll, Haelll, and Alul, respectively.
The sites of various nonsense and temperature-sensitive mutants used to correlate the
genetic and physical maps are indicated; t05 and em25 are tourmaline and emerald
mutations, respectively, classified according to their ability to grow on Shigella sonnei
V64 (Borrias et al., 1969). Reproduced from Weisbeek et al. (1976), with permission.

and 37,000, respectively (Burgess, 1969a; Mayol and Sinsheimer, 1970;
Godson, 1971a). Three proteins involved in DNA replication, A, C, and
D, have molecular weights of about 60,000, 10,000, and 14,000, respec-
tively (Burgess and Denhardt, 1969; Godson, 1971a; Borras et al., 1971;
van der Mei er al., 1972b). A* results from a translational restart within
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TABLE 1

Genes and Gene Functions of the [sometric Phages

Molecular weight
of the protein product

Mutant phenotype or function(s)

Gene designation of the protein

A (VL C, IV)e 60,000° RF replication and SS DNA synthesis

B (1v, B, II) 20,000 SS DNA synthesis and virion morphogenesis

C (VIIIL, H, VI) 12,000 SS DNA synthesis

D (V, D, VII) 14,000 SS DNA synthesis, probably virion morphogenesis
E(,G,V) (10,000?) Lysis of the cell

F (VILE, I) 50,000 Capsid protein, SS DNA synthesis

G (111, F, Illa) 20,000 Spike protein, SS DNA synthesis

H (11, A, I11b) 37,000 Spike protein, pilot protein (?)

A* 37,000 ? (the C-terminal portion of A)*

@ The designations in parentheses are those originally given to these genes by Sinsheimer (Benbow
et al., 1971), Hayashi (Hayashi and Hayashi, 1971), and Tessman (Tessman et al., 1971), respec-
tively.

® The molecular weights given are approximate. Different laboratories have reported slightly dif-
ferent values, and the molecular weights of the corresponding proteins coded for by different
isolates of the isometric phages vary somewhat. The relative mobilities of proteins A*/H and
B/G can vary with the gel system. (Data compiled from the results of Burgess and Denhardt,
1969; Godson, 1971a, 1973; Borras et al., 1971; van der Mei et al., 1972b; Linney et al., 1972;
Benbow et al., 1972b; Siden and Hayashi, 1974.)

¢ A* is part of gene A, and the A* protein is produced as the result of a translational start signal
within gene A (Linney et al., 1972; Linney and Hayashi, 1973).

gene A and corresponds to the C-terminal portion of the gene A protein
(Linney and Hayashi, 1974). The gene B protein is required for virion
formation and appears to have a molecular weight of about 20,000
(Benbow et al., 1972b; Siden and Hayashi, 1974). The gene E protein has
not been clearly identified, but if we assume that the de/E deletion (see
Fig. 10 and Section 7.1) is congruent with that gene then it would have a
molecular weight of about 14,000. A protein of about this size was
uncovered in SDS gels of virus-coded proteins when the similarly sized
gene D protein was eliminated by an amber mutation. The molecular
weights of these proteins were determined by electrophoresis in poly-
acrylamide gels in the presence of sodium dodecylsulfate and
mercaptoethanol (see Fig. 11) and there is thus uncertainty in their
precise molecular weights. Various substituents on the protein can alter
its mobility, and the relative mobilities of certain proteins (H vs. A*, B
vs. G) vary with the cross-linker (Linney and Hayashi, 1974; Siden and
Hayashi, 1974). These proteins total about 200,000 daltons, and it
appears that all of the coding capacity of the genome is accounted for.
Two additional genes (gene I, Hayashi and Hayashi, 1971, and gene J,
Benbow et al., 1972b) have been reported, but current evidence does not
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confirm their existence (M. Hayashi, personal communication; Weis-
beek et al., 1976).

1.3. Enzymatic and Chemical Studies
1.3.1. Restriction Enzyme Maps

A number of researchers have developed restriction enzyme maps
of the viral replicative form DNA, and in some cases have assigned
particular genetic loci to particular cleavage products. The fairly
detailed correlation reported by Weisbeek et al. (1976) is illustrated in
Fig. 2. Mutations can be assigned to DNA fragments by formation of
partial heteroduplexes between intact mutant viral strands and a com-
plementary strand fragment derived from the restriction enzyme
cleavage product derived from wild-type RF (Hutchison and Edgell,
1971; Edgell et al., 1972). Wild-type progeny will be produced in
spheroplasts infected with these heteroduplexes only when the restric-
tion enzyme fragment carries the relevant portion of the wild-type
allele.

Restriction endonucleases that have been used to characterize
isometric phage DNA are listed in Table 2 together with a summary of
the number of fragments produced from the different genomes. In the
literature, the sizes of the individual fragments have usually been calcu-
lated assuming that the size of the X174 genome was close to 5500
nucleotides. Since the correct nucleotide content is probably closer to
5370 (Section 1.4.5), the sizes of the individual fragments that have
been reported may be some 2% too high. Enzymes which put only one
cleavage into viral RF molecules include EcoR1, Mbol, Pstl, Aval,
Kpnl, and Bgl/l. Restriction of ¢X174 replication in vivo by F factors
(Groman, 1969) and by EcoB (Schnegg and Hofschneider, 1969) has
been reported.

There is disagreement between Weisbeek et al. (1976) (see Fig. 2)
and Lee and Sinsheimer (19744) on the relative positions of the Haelll
6a and 6b fragments. Grosveld et al. (1976) also mapped these frag-
ments, and the HindII 6a, 6b, 6¢, 7a, and 7b fragments, but named
them according to their location in the genome. The fragments in each
group have similar mobilities in gels and are difficult to separate
cleanly. A terminology based on thz purported size deduced from rela-
tive migration rates in acrylamide and/or agarose may be awkward
because differences in base composition or sequence may reverse the
relative migration rates of certain fragments under different condi-
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TABLE 2

Number of Cleavages of Isometric Phage RF by Restriction Enzymes®

Enzyme (cell) Sequence ¢X174 S13 G4 St-1

HindIl GTPy/PuAC 13 (a,d,j) 13G) 6(®) 6
(Haemophilus influenzae serotype d)

Haelll GG/CC 11 (b,d,h) 10G) 12 12
(Haemophilus aegyptius)

Haell PuGCGC/Py 7 5 3 —
(Haemophilus aegyptius)

Hpall C/CGG 5 (f,1) 7 730) 14
(Haemophilus parainfluenzae) 8 (c,d)

Hpal GTT/AAC 3 3 — —
(Haemophilus parainfluenzae)

Hapll C/CGG 5(e) 7() — —
(Haemophilus aphirophilus)

HinH PuGCGCPy 8(e) 3(e) — —
(Haemophilus influenzae H-1)

Hinf G/ANTC 16 17 13 15
(Haemophilus influenzae serotype f)

Hhal GCG/C 14 (h) 19 12 16
(Haemophilus haemolyticus)

Hphl GGTGA® 6 7 10 11
(Haemophilus parahaemolyticus)

Hgal — 14 15 14 11
(Haemophilus gallinarum)

Alul AG/CT 23(g), 24 25 10 20
(Arthrobacter luteus)

Mbol /GATC 0 1 2 4
(Moraxella bovis)

Mboll GAAGA® 11 17 18 18
(Moraxella bovis)

EcoRI G/AATTC 0 () o) 1) 4
(Escherichia coli resistance transfer factor I)

Pstl CTGCA/G 1 1 1 0
(Providencia stuartii 164)

Aval CGPu/PyCG 1 1 0 0
(Anabaena varibilis)

Bgll — 0 0 2 1
(Bacillus globiggi)

Kpnl — 0 0 1 1

(Klebsiella pneumoniae OK 8)

@ References: (a) Edgell et al. (1972), (b) Middleton et al. (1972), (c) Johnson et al. (1973), (d) Lee
and Sinsheimer (1974a), (¢) Hayashi and Hayashi (1974), (f) Godson and Boyer (1974), (g)
Vereijken et al. (1975), (h) Blakesley and Wells (1975), (i) Godson (1975a), (j) Grosveld et al.
(1976). If no reference is given, the number of cleavages is taken from Godson and Roberts
(1976). These workers screened 26 restriction enzymes. (In a few cases, the number of cleavages
may be underestimated.) In some of the HindII preparations, HindIII was also present but there
appear to be no sites in $X174 sensitive to this enzyme. Johnson et al. (1973) and Lee and Sin-
sheimer (19744) used an enzyme preparation from H. parainfluenzae that probably contained
both Hpal and Hpall activities.

® Cleavage is some 8 nucleotides away. See Roberts (1976) for other references and additional
details.



The Isometric Single-Stranded DNA Phages 9

tions. Mobilities of fragments in gels are known to be influenced by the
nucleotide composition or sequence (Thomas and Davis, 1975).

A few of the enzymes (Haelll, Hhal, Sfal, Mboll, Hinf, Hpall,
Haell) will also cleave single-stranded DNA into a set of fragments
which at least in some cases correspond to the fragments generated
from duplex DNA (Blakesley and Wells, 1975; Godson and Roberts,
1976). Complete digestion may require larger amounts of enzyme and
longer incubation times than are needed for duplex DNA.

1.3.2. Pyrimidine Oligonucleotide Analyses

One of the earliest techniques developed for DNA sequence
analysis was to generate the tracts of pyrimidines present in the DNA
by complete depurination and hydrolysis of the apurinic DNA that
resulted (Hall and Sinsheimer, 1963; Cerny et al., 1969; Darby et al.,
1970; Delaney and Spencer, 1976). Ling (1972) determined the
sequences of some of the longer pyrimidine tracts present in ¢X174
DNA and compared them with previously determined sequences
present in fl DNA. There was some homology between the large pyri-
midine tracts—e.g., both phages contained the sequence CTTTTTTT—
and the possibility that the two types of phages were related was raised.
Harbers et al. (1976) extensively characterized the pyrimidine oligonu-
cleotides in SI13 DNA and compared the sequences of the larger ones
with those present in $X174 DNA. Extensive homology was observed
in that 10 out of the 14 sequences elucidated were identical in the two
phages; however, the largest pyrimidine tract observed, CTTCCTCT-
TCT, was unique to S13. Several sequences, e.g., CTCTTTCTC, were
found that read the same in both directions—excluding polarity—and
were called “true palindromes.”

1.4. Properties of »X174 Virus and $X174 Viral DNA Forms

1.4.1. The Virion

¢X174 has a particle weight of 6.2 x 10® (Sinsheimer, 1959). The
molecular weight of the sodium salt of the DNA is 1.59 x 10°. If we add
to this the major protein components F (60 x 50,000), G (60 x 20,000),
and H (12 x 37,000), we obtain 6.23 x 10 There are also 30-50 copies
of a low molecular weight protein (5000-15,000) of unknown origin in
the virion (Burgess, 1969a; Mayol and Sinsheimer, 1970) and one copy
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of what is probably A* (Godson, 1971a; Linney and Hayashi, 1974). The
number 6.2 x 10° would be on the low side if, as is likely, some of the
particles in the virus preparation had lost some of their protein or DNA.
In a typical X174 preparation, 60-90% of the particles can be inactive.
There is sufficient putrescine and spermidine in X174 virions to neu-
tralize about 0.5% of the DNA phosphates (Bachrach et al., 1975); pre-
sumably the rest are neutralized by other cations and positive charges on
the capsid proteins. This calculation reveals that the major components
of the virion have been identified.

In electron micrographs, the particles appear capable of packing
with a minimum separation of about 27 nm in semicrystalline arrays
(Daems er al., 1962). The apparent diameter of negatively stained parti-
cles is 24-25 nm if the spikes are not included. Under conditions where
the spikes can be visualized, the distance between the tips of opposite
spikes is 32-36 nm, a value in agreement with the diameter (31.4 4+ 0.6
nm) calculated from the translational diffusion coefficient determined
by laser self-beat spectroscopy (Bayer and Starkey, 1972; Bayer and
DeBlois, 1974). A diameter of 29 nm was estimated from light scatter-
ing (Sinsheimer, 1959). These results suggest the presence of a dense
core composed of the DNA encased in a shell from which extend by
some 5 nm the less dense protein spikes. In high-resolution electron
micrographs, spikes can be seen protruding from the virus at the 12
vertices of an icosahedron. Treatment with 4 M urea removes the gene
G and gene H proteins and leaves a spherical, ““spikeless” particle com-
posed primarily of protein F and the DNA (Edgell ez al., 1969).

The proposal (Burgess, 1969a) that 60 copies of the gene F protein
formed an icosahedral shell about the DNA and that the 12 spikes
occupied the 12 faces with fivefold symmetry is consistent with what we
know about the structure of the virion. Each spike would be composed
of five copies of the gene G protein, which is known to interact with
five copies of the gene F protein (see Section 6.1), and one copy of the
gene H protein. In none of the electron microscopic studies has an
attempt been made to distinguish the heat-resistant poorly adsorbing
particles from the heat-sensitive “‘activated” particles (see Section 2.1).

None of the other isometric phages has been studied in as much
detail as ¢X174. S13 is clearly very similar (Jeng et al., 1970; Spencer
et al., 1972; Godson, 1973). Both the St-1 virion and its DNA have
slightly higher sedimentation coefficients than ¢$X174 and its DNA
(Bowes and Dowell, 1974). ¢A (Taketo, 1974) is very similar, whereas
U3 (Watson and Paigen, 1971) may be slightly smaller. The various G
phages (Godson, 1974b) have physical properties almost identical to
those of ¢X174.



The Isometric Single-Stranded DNA Phages 11

1.4.2. 70 S” Particles

“70 S” particles sometimes constitute a significant portion of a
virus preparation (Sinsheimer, 1968). They are believed to be degrada-
tion products of mature virions formed by an interaction between the
virus particles and cell debris after cell lysis (Bleichrodt and
Knijnenburg, 1969). However, it is not excluded that some of them are
also precursor particles or abnormal intracellular structures (Weisbeek
and Sinsheimer, 1974; Section 6.1). In addition to their reduced sedi-
mentation coefficient, these particles are less dense and contain less
DNA. The DNA isolated from a population of particles has a
molecular weight of about 4 x 10° and is composed of fragments
representing most, if not all, of the genome (Weisbeek et al., 1972). The
protein composition of the *“70 S* particles, in contrast to the defective
particles made in gene H mutants, is identical to that of whole phage
(Mayol and Sinsheimer, 1970).

1.4.3. Hairpin Loops

The viral DNA is a covalently continuous circular polydeoxynu-
cleotide containing no non-DNA components. It can be completely
degraded by nucleases (Schaller, 1969; Radloff and Vinograd, 1971)
and has been entirely synthesized in vitro (Section 2.3.1). In earlier
work, it had been suggested that there was a nonnucleotide component
in X174 DNA because of the inability of exonuclease I to degrade
linear single-stranded DNA completely under certain conditions;
however, this was later shown to result from secondary structure in the
DNA (Sinsheimer, 1968). Bartok et al. (1975) have partially
characterized the regions of single-stranded ¢$X174 DNA that are
resistant to the Neurospora crassa single-strand specific nucleases. By
this criterion, there are two or three especially stable hairpin structures
in $X174 DNA, one composed of approximately 48 nucleotides and
one (perhaps two) of about 32 nucleotides. The sequences are specific
and yield a very limited number of pyrimidine oligonucleotide tracts
after digestion (see Fig. 15). In particular, T, and T, sequences are
highly enriched. The location of these sequences in the genome is not
known, nor is their function, if any. It may be a coincidence, but there
are also three promoters in ¢X174 (Section 3.1.1). The sequences of
several promoter and ribosome-binding sites have been elucidated in the
single-stranded DNA phages but there is not enough information
available to make any striking correlations (Denhardt, 1975).
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1.4.4. Superhelical RF I

A portion of the double-stranded replicative form DNA (RF) that
accumulates in the cell after infection is found as a covalently closed
duplex circle and is called RF 1. Another portion, in which at least one
of the strands is not covalently continuous, usually because of a nick or
gap, is called RF II. These two forms of DNA differ in their sedi-
mentation coefficients after isolation. RF 1 sediments more rapidly
than RF II because the superhelical twists in the molecule make it
more compact. RF I, and other covalently closed circular duplexes,
whether superhelical or not, can also be distinguished from RF II in
CsCl equilibrium density gradients containing an intercalating dye such
as ethidium bromide. Because the number of dye molecules that can be
intercalated into the covalently closed circular molecule is restricted
relative to nicked or linear molecules, the closed circular duplex bands
at a greater density. These properties of RF I are the result of a topo-
logical constraint on the closed circular duplex—the number of times
one strand winds around the other (o) must remain constant. The wind-
ing number («) can be expressed as the sum of two other numbers, the
duplex winding number (B8) and the superhelix winding number (7)
(Bauer and Vinograd, 1968). I have attempted to illustrate these and
other properties in a simple fashion in Fig. 3 using a linear molecule
with constrained ends; this is equivalent to a closed circular duplex and
facilitates the depiction of various properties.

The first property is the relation between 3 and 7. Any change in 8
must be compensated for by a change in 7. For example, if the pitch of
the helix in vivo were slightly different from the pitch in vitro then a
superhelical molecule would be generated (I — II or III). Recent
measurements indicate that ethidium intercalation unwinds the duplex
by 26° (Wang, 1974). If this measurement is combined with measure-
ments of the amount of ethidium required to remove all superhelical
turns [0.055 mol per mol nucleotide in 3 M CsCl (Wang, 1969); 0.04
mol per mol nucleotide in 50 mM tris-HCl (Waring, 1970)] from
¢»X174 RF I (10* nucleotides), one can calculate that there are 30 (low
salt) to 40 (high salt) negative superhelical turns in the duplex (super-
helix density of —0.06 to —0.08). It is noteworthy that in this range
there is an inverse correlation between the sedimentation coefficient
and the superhelix density (Denhardt and Kato, 1973). Campbell and
Jolly (1973) have analyzed by light scattering the various structures (Y-
shaped, toroidal) that X174 RF assumes as a function of the super-
helix density.
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Fig. 3. Topological relations between duplex turns and superhelical turns. A
restrained linear duplex is shown rather than a covalently closed circular duplex for
ease of representation; the same relations hold. In all cases, the topological winding
number («) is fixed at 5, i.e., the number of times one strand winds about the other.
Form I exists in an environment where the duplex winding number (8) is precisely com-
patible with «. In order to accommodate a more tightly wound duplex, either a region
must be partially denatured (IV) or compensating negative superhelical twists (7) must
be formed (III). Note that if the denatured region in IV can be created in a region
containing a palindrome then a structure can be established that is stabilized by the
formation of base-stacked, hydrogen-bonded hairpin loops (V). The transition from III
to V illustrates the interconvertibility of negative superhelical turns and cruciform
structures. During replication or transcription when regions of a restrained duplex are
forced to wind in order to compensate for the unwinding induced by the polymerase
elsewhere in the molecule, the duplex winding number can be kept constant if positive
superhelical turns are introduced; the transition from I to II illustrates how the
introduction of positive superhelical turns reduces the number of duplex turns. The
presence of positive superhelical turns will not favor cruciform formation.

If the in vitro superhelix structure is a uniform B form duplex with
ten base pairs per turn, then in vivo there would be close to 11 base
pairs per turn for a completely base-paired nonsuperhelical duplex.
Eleven pairs per turn is a property of A form DNA. The “take-home”
lesson of this exercise is that we do not know the detailed structure of
the DNA in vivo and that the conformation of the duplex (pitch,
number of base pairs per turn) is sensitive to the environment, to base
composition, and to nucleotide sequence.

The second property is that hairpin formation restores much of the
base stacking and H-bonding energy lost when a segment of a duplex is
denatured; hence in a molecule with a high superhelix density the
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formation of a cruciform structure (V) would be favored. If such
regions were present in RF 1 in vivo, but not in vitro, then negative
superhelical turns would be generated upon isolation if the pitch of the
Watson-Crick helix remained unchanged. Note that the pitch, or
number of base pairs per turn, can be the same for the duplex sections
in structures III, IV, and V, and can be greater than for structures I
and II. There is no evidence for the presence of cruciform structures in
¢X174 RF I (Bartok and Denhardt, 1976).

Whether superhelical molecules exist in vivo or not, and if they do
not exist as such then why they become negatively superhelical after
isolation, is not known. Unwinding of a region of a constrained duplex
during replication or transcription will generate positive superhelical
molecules (structure II). The act of ligation, the last step in the forma-
tion of a closed circular duplex, does not generate superhelical struc-
tures. Thus to argue that superhelical DNA exists in the cell, one must
postulate a mechanism for supplying the necessary energy. The stress in
superhelical molecules is evidenced by the disappearance of super-
helical turns when the duplex is nicked. Since both RF I and RF II
must have the same compact structure in vivo, the intracellular struc-
ture is condensed for other reasons—probably related to those responsi-
ble for the formation of compact DNA (Lerman, 1974).

1.4.5. Relevant Physical Parameters

Table 3 contains a collection of physical-chemical data on ¢X174
and its DNA. I have tried to be fairly comprehensive and to include as
many different determinations of the same property as seemed war-
ranted. The variations in general reflect minor differences in experi-
mental technique or are simply the result of experimental error. It
appears that ¢X174 DNA contains about 5400 nucleotides and has a
molecular weight of about 1.7 x 10°, rather than the previously accepted
figure of 5500 nucleotides (Sinsheimer, 1968).

Two discrepancies merit comment. One is the disagreement
between Rust and Sinsheimer [see (p) in footnote to Table 3] and Siegel
and Hayashi [see (k) in footnote to Table 3] on the density of the com-
plementary strand in neutral CsCl equilibrium density gradients; it
appears likely that the lower value is the result of partial renaturation
of the complementary strand with the viral strand. The reason for the
discrepancy in the figures for the sedimentation coefficient of the linear
strand in high salt [16.1 according to Studier (h), 14.3 according to
Pouwels et al. (1)] is not obvious to me. The variations in the density
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assigned to RF in neutral CsCl are the result of differences in the
choice of reference markers. There is general agreement that the RF is
lighter than E. coli DNA by 1-7 mg/ml. The disagreement on the
density of denatured RF I is probably the result of differences in the
completeness of the denaturation. Differences in the density of RF sub-
stituted with bromouracil are probably due to differences in the degree
of substitution.

2. FORMATION OF THE PARENTAL RF
2.1. Adsorption to the Cell

The mature ¢X174 particle is a fairly stable structure—resistant,
for example, to pronase and sodium dodecylsulfate under a variety of
conditions—and thus, like other bacteriophages, has had to evolve a
strategy for getting its DNA into the cell. It is reasonable that the
spikes, each composed of one gene H protein and five gene G proteins,
are the adsorption organelles (Brown et al., 1971). This is in agreement
with phenotype mixing experiments, which suggest that the adsorption
site contains four to six subunits (Hutchison et al., 1967), and with the
mapping of certain host range mutants in gene G (Weisbeek et al.,
1973). However, the fact that other host range mutants map in gene F
(S13 gene I, Tessman, 1965) indicates that the gene F protein also plays
an active role in the phage-host interaction. Spikeless capsids, derived
by urea treatment of virions, can attach to cells, but in a nonphysio-
logical and unproductive manner (Newbold and Sinsheimer, 1970c).

Although it has not been ruled out that one spike is specifically
designated as the adsorption organ, it seems more likely that any one of
the 12 spikes can promote attachment. Single-hit antiserum inactiva-
tion kinetics and the inability of the phage to cause cell agglutination
(Brown et al., 1971) can be explained by assuming that one inactivating
antibody molecule irreversibly disrupts the structure of the virion and
that when the virus adsorbs to one cell it is hindered from adsorbing to
another cell. Mutations in genes F, G, and H can alter physical
properties of the virus (Hutchison et al., 1967, Baker and Tessman,
1968) and can affect adsorption rates (Tessman and Tessman, 1968;
Newbold and Sinsheimer, 1970c). Mutations in F and G result in the
absence of serum blocking power from the infected cell; mutations in
B, and to a lesser extent H, reduce the amount of serum blocking
power made (Tessman and Tessman, 1968; Sinsheimer, 1968; Iwaya
and Denhardt, 1971). Gene A mutants also make little serum blocking
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TABLE 3
Physical Data for ¢X174

Data References®
Virion
Specific absorption at 260 nm: 8.14/mg/ml; 260/280 = 1.53, 25.5% DNA (a)
Density in CsCl: 1.40 g-cm~3; particle weight: 6.2 x 10°® daltons (a)
Translation diffusion constant: 1.96 (£ 0.08) x 10-"cm?-s~! (37°C) (b)
Sedimentation coefficient: 114 S (a), 120 S (c) (a,c)
Single-stranded X174 DNA
E(P) = 8700 in 0.2 M NacCl, 37°C (d)
Molecular weight: 1.59 (+0.05) x 108 daltons® (e)
Sedimentation coefficients (circular/linear strands):
23.6 (830,w) (corrected from neutral CsCl, only one boundary) (f)
15.8/13.9 (HCHO-treated, in 0.2 M NaCl + HCHO, neutral) (d)
23.8 (in 0.2 M NaCl, pH 7, only one boundary) (d)
18.4/14.3 (s) (centrifuged in 1 M NaCl, 0.3 M phosphate, pH 12.6) (g)
18.4/16.1 (s50,w) (centrifuged in 0.1 M NaOH, 0.9 M NaCl) (h)
13.1/12.0 (in 40 mM sodium carbonate, pH 11) (i)
Replicative form
Number of base pairs: 4800 + 160 (by comparison with fd RF Il DNA)® (e)
5200 + 100 (by comparison with Acy) €))

5370 (F. Sanger sequence data)
Sedimentation coefficients (I = naturally occurring superhelical molecule)
RF I 530w = 21.2 (corrected from measurements in neutral CsCl

RF I 530w = 16.2  density gradients) ®

RF I 53w = 21.4 (from band sedimentation in neutral 1 M NaCl)
RF 11 550, = 17.4 ®
Denatured RF I: 530, = 53 (measured in 1 M NaCl, pH 12.8) (g)
= 54.1 (measured in alkaline CsCl gradients) (f)
= 40 (measured in 1 M NaCl, pH 7) (g)
= 33 (measured in 20 mM Na,PO,, pH 11) (f)

Base compositions (mol %)
C T A G

Viral strand 18.5 328 24.6 24.2 (d)
Viral strand 20.9 31.3 24.5 23.3 (k)
Complementary strand 26.1 24.0 30.8 19.1 (k)

power, probably because of a gene dosage effect. Isolation and map-
ping of a variety of host range mutants using restriction enzyme frag-
ments would reveal what parts of which proteins determine host
specificity (Weisbeek et al., 1973).

The ¢X174 virion has at least two stable conformations, a heat-
resistant form (®*) unable to adsorb to the cell at 4°C and a more
heat-sensitive form (&) capable of adsorbing efficiently to the cell. The
equilibrium between the two is such that moderate temperatures, phos-
phate concentrations, and a slightly basic pH favor the thermolabile,
adsorption-proficient form (Bleichrodt and van Abkoude, 1967, 1968).
The nature of the conformational changes between these two structures
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TABLE 3 (continued)

Data References®

Buoyant densities
[E. coli DNA: 1.708 g-cm~2 in neutral CsCl (m), 1.766 g-cm™2 in alkaline CsCl]

Viral strand: 1.722 (g), 1.724 (1), 1.725 (m) g- cm~? in neutral CsCl (g,1,m)
1.765 g-cm~? in alkaline CsCl (f.k)
1.431 g-cm~? in neutral Cs,SO, (n)
1.740 g+ cm~?, *N-substituted, in neutral CsCl (m)
1.769 g-cm 2, D*N-substituted, in neutral CsCl (m)
1.83 (o), 1.807 (p) g-cm~?, BrU-substituted, in neutral CsCl (o.p)
1.511 g- cm~?, BrU-substituted, in neutral Cs,SO, (n)
Complementary strand: 1.717 (p), 1.724 (k) g- cm~? in neutral CsCl (p.k)
1.756 g-cm~2 in alkaline CsCl (k)
1.809 g-cm~2 BrU-substituted, in neutral CsCl Q)
1.488 g-cm~?2 BrU-substituted, in neutral Cs,SO, (n)
RF (I + II) (viral strand/complementary strand if differently labeled)
1.703 (f), 1.704 (o), 1.706 (1), 1.708 (k) g*cm~2 in neutral CsCl (f,0,lL.k)
1.708 g-cm~2 *N/*N in neutral CsCl (m)
1.722 g-cm~* D*N/H"N in neutral CsCl (m)
1.732 (0), 1.747 (q) g- cm~2 Thy/BrU in neutral CsCl (0,9)
1.747 (p), 1.755 (0), 1.761 (r) g- cm~2 BrU/Thy in neutral CsCl (0,p,r)
1.787 g-cm~2 BrU/BrU in neutral CsCl (0)
Denatured RF I (isolated from cells)
1.744 (s), 1.779 (k), 1.78 (f) g- cm~? in alkaline CsCl (s,k.f)
1.758 g-cm~® BrU/Thy RF in neutral CsCl (p)

@ References: (a) R. L. Sinsheimer, J. Mol. Biol. 1:37-42 (1959), (b) M. E. Bayer and R. W. De-
Blois, J. Virol. 14:975-980 (1974), (c¢) N. L. Incardona, R. Blonski, and W. Feeney, J. Virol. 9:96—-
101 (1972), (d) R. L. Sinsheimer, J. Mol. Biol. 1:43-53 (1959), (¢) S. A. Berkowitz and L. A. Day,
Biochemistry 13:4825-4831 (1974), (f) A. J. Burton and R. L. Sinsheimer, J. Mol. Biol.
14:327-347 (1965), (g) P. H. Pouwels, H. S. Jansz, J. van Rotterdam, and J. A. Cohen, Biochim.
Biophys. Acta 119:289-300 (1966), (h) F. W. Studier, J. Mol. Biol. 11:373-390 (1965), (i) W. Fiers
and R. L. Sinsheimer, J. Mol. Biol. 5:424-434 (1962), (j) J.-S. Kim, P. A. Sharp, and N. Davidson,
Proc. Natl. Acad. Sci. USA 69:1948-1952(1972), (k) J. E. D. Siegel and M. Hayashi, J. Mol. Biol.
27:443-451 (1967), (1) P. H. Pouwels, C. M. Knijnenburg, J. van Rotterdam, J. A. Cohen, and H.
S. Jansz, J. Mol. Biol. 32:169-182 (1968), (m) R. L. Sinsheimer, B. Starman, C. Nagler, and S.
Guthrie, J. Mol. Biol. 4:142-160 (1962), (n) K. Geider, H. Lechner, and H. Hoffmann-Berling, J.
Mol. Biol. 69:333-347 (1972), (o) D. T. Denhardt and R. L. Sinsheimer, J. Mol. Biol. 12:647-662
(1965), (p) P. Rust and R. L. Sinsheimer, J. Mol. Biol. 23.545-552 (1967), (q) M. Goulian, A.
Kornberg, and R. L. Sinsheimer, Proc. Natl. Acad. Sci. USA 58:2321-2328 (1967), (r) H. Muller-
Wecker, K. Geider, and H. Hoffmann-Berling, J. Mol. Biol. 69:319-331 (1972), (s) C. H.
Schréder, E. Erben, and H.-C. Kaerner, J. Mol. Biol. 79:599-613 (1973).

® This figure has been revised upward (Day, personal communication).

is not known, but it is likely to be primarily a rearrangement of the
capsid proteins since the sedimentation coefficients and densities of the
two forms are similar. Bleichrodt er al. (1968) argued that the &/ ®*
transition involved one weak noncovalent bond not located in the
immediate vicinity of the adsorption site.

In the presence of a suitable receptor, the phage attaches in a
reversible manner. Divalent cations are required, either Ca?* or Mg?*,



18 Chapter 1

the optimal concentration usually being between 1 and 10 mM depend-
ing on the medium. Healthy, exponentially growing cells and a pH of
7-7.5 also favor good infection. If the temperature is above 15°C, irre-
versible attachment follows; below 15°C, it does not (Newbold and Sin-
sheimer, 1970a). Treatment of cells with chloroform will block
attachment (Brown et al., 1971). Attachment to cell walls, or to a
lipopolysaccharide extracted from cell walls with phenol plus chloro-
form plus ether or by lysozyme treatment, can also be demonstrated
(Incardona and Selvidge, 1973). Attachment is first order, with a rate
constant of about 8 x 107° ml/min/bacterium under the conditions
used (Newbold and Sinsheimer, 1970c; Bayer and Starkey, 1972).
Defective 110 S particles isolated from a temperature-sensitive gene H
mutant infection were incapable of stable attachment (Newbold and
Sinsheimer, 1970c¢).

Bayer and Starkey (1972) have suggested that $X174 adsorbs to
sites where there are adhesions between the cell wall and the protoplas-
mic membrane. The possibility that phage adsorption creates an adhe-
sion has not been eliminated. There are about 200-400 adhesions per
cell and they make up about 6% of the total surface area of the cell.
From the diffusion constant of the virus particle, it was calculated that
adsorption occurred at almost the maximal rate predicted. Two dif-
ferent models compatible with the data were presented.

A locus in E. coli C that controls the ¢$X174 receptor site maps
near xy/ at 79" and has been designated phx (Bachmann et al., 1976).
¢X 174 sensitivity can be transduced into many ¢X174-resistant strains
by P1 transduction of a xy/ marker from a ¢ X 174-sensitive strain.

2.2. Eclipse of the Virion

Eclipse is defined as the irreversible loss of particle infectivity
accompanying the injection of the viral DNA into the cell. It normally
occurs as the result of an interaction between the virion and an appro-
priate molecular configuration on the cell surface that accomplishes a
derangement of the virus coat. This or an analogous change can be trig-
gered in vitro by incubation in 0.1 M CacCl, (Incardona et al., 1972) or
by exposure to an osmotic shock fluid derived from sensitive cells
(Neuwald, 1975), to cell walls (Brown et al., 1971; Beswick and Lunt,
1972), or to isolated lipopolysaccharide (Incardona and Selvidge, 1973;
Jazwinski et al., 1975a). The resulting particle has a lower S value
because the DNA is partially extruded, but it retains its normal density
if nuclease action is avoided (Newbold and Sinsheimer, 1970b). This
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rearrangement of the virion coat has a high energy of activation, some
36 kcal/mol, and does not occur below 15-20°C (Newbold and Sin-
sheimer, 1970c; Incardona, 1974). The mechanism of the process, what
it is that causes the viral proteins to alter their relations with each
other, is obviously of interest and is now amenable to study by a
combined genetic and physicochemical approach.

Incardona (1974) has begun such studies with mutant and wild-
type X174 using Arrhenius plots [k = A4 exp (—Ea/RT)] to analyze
the activation energy and preexponential factor for the eclipse reaction
in vivo and in vitro. Above 30°C, the kinetics are biphasic and suggest
the presence of two competing first-order processes. The preexponential
term for the faster process was reduced threefold by the ¢s70 mutation.
The ¢s70 mutant is a cold-sensitive mutant of ¢X174 that has an
altered virion protein and will not undergo eclipse at or below 26°C
(Dowell, 1967).

Jazwinski et al. (1975a) have characterized the lipopolysaccharide
of the outer cell membrane of Salmonella typhimurium that is responsi-
ble for adsorption and eclipse of ¢X174 and S13. There is a lipid
component containing ester-linked fatty acids and a complex car-
bohydrate polymer. The phage-binding site appears to have the struc-
ture

(GIcNAc) Gal Hep P-P —EtN

l l Lo
Glc — Gal — Glc — Hep — Hep—KDO

|
P

(GleNAc, N-acetylglucosamine; Glc, glucose; Gal, galactose; Hep,
heptose; KDO, 2-keto-3-deoxyoctulosonic acid; P, phosphate; EtN,
ethanolamine). X174, but not S13, requires the N-acetylglucosamine
at the nonreducing terminus for optimal binding and eclipse. For phage
eclipse to follow binding of the virion to this structure, it is essential
that the ester-linked fatty acids of the lipid A moiety be present. How
this structure differs from the analogous, but not identical, structure in
E. coli is not known.

Following eclipse of the phage particle in a metabolically active
cell, the DNA exits from the virus and is incorporated into a double-
stranded structure containing a newly synthesized complementary
strand. As discussed in Section 2.3.5, synthesis is initiated at multiple,
perhaps randomly located, sites on the single-stranded DNA. This is
true for ¢X174, but probably not for G4. If synthesis of the comple-
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mentary strand is prevented, then the single-stranded DNA is trapped
more or less inside the cell. Since single-stranded DNA has an affinity
for various proteins (e.g., DNA-binding proteins) and probably also for
the hydrophobic membrane surface, it is unclear what the exact status
of the DNA is. Knippers et al. (1969b) showed that in the absence of
thymine the viral strand could be found in a comparatively free state in
the cell, at least after exposure to concentrated CsCl. Francke and Ray
(1971) argued in contrast that DNA synthesis was necessary to extract
the DNA from the phage coat in an undegraded state. Most of the
phage coat remains outside the cell and can be eluted in an “‘active”
form (Newbold and Sinsheimer, 1970b; see also Dumas and Miller,
1974).

The phage does some damage to the cell when it eclipses; however,
actual lysis from without has not been observed. At sufficiently high
multiplicities of infection (40 plaque-forming units/cell, and note that
phage preparations are typically 25% active), the permeability barrier
of the cell is broken; DNA, RNA, and protein synthesis are inhibited
and the cells are killed, even in the absence of any synthetic activity
(shown by using UV-irradiated phage) on the part of the phage (Stone,
1970a). This damaging effect of viral infection may explain the inhibi-
tion of 23 S RNA synthesis by ¢$X174 infection in the presence of
chloramphenicol (Palchoudhury and Poddar, 1968) and also the
inability of Ishiwa and Tessman (1968) to detect an effect of chloram-
phenicol on the virus-induced shutoff of host DNA synthesis. Cells that
have been infected for 5-10 min become resistant to the lethal effects of
high multiplicity infections, probably because of superinfection exclu-
sion (Section 3.3).

2.3. Synthesis of a Complementary Strand

In 1966 it was reasonable to believe that the conversion of single-
stranded X174 DNA to RF bore less of a relation to the replication of
double-stranded E. coli DNA than did RF replication. In 1976 the
opposite seems almost to be true. Synthesis of a complement to single-
stranded X174 DNA requires many of the functions (e.g., those coded
for by the dnaB, C/D, and G genes) that are also required for the
replication of E. coli DNA. In contrast, RF replication requires at least
two functions (those coded for by the E. coli rep gene and the $X174 A
gene) that are not necessary for E. coli DNA replication. The fact that
the process of parental RF formation involves many of the reactions
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that occur during replication of double-stranded DNA helped open up
a field that otherwise might still be largely inaccessible. As we shall see
in what follows, research with several of the single-stranded DNA bac-
teriophages has led to the identification and partial characterization of
at least one important reaction in DNA replication.

2.3.1. Test Tube Synthesis of X174 DNA

By the middle 1960s, work in R. Sinsheimer’s laboratory and
elsewhere had established that single-stranded ¢X174 DNA was incor-
porated into a double-stranded replicative form as the result of the de
novo synthesis of a complementary strand by preexisting host cell
enzymes (reviewed by Sinsheimer, 1968). Goulian et al. (1967) then
showed that this reaction could be accomplished in vitro with DNA
polymerase I provided that oligonucleotide primers were made availa-
ble (Goulian, 1968). The complete synthesis of a biologically active
DNA molecule showed that the DNA polymerase made few mistakes
and that there were no nonnucleotide components in the DNA. This
endeavor was successful because of the availability of the then recently
discovered polynucleotide ligase.

The discovery of po/A mutants, the subsequent uncovering of
DNA polymerases II and III, and the demonstration that DNA
polymerase III is coded for by the dnaE gene, and hence essential for
DNA replication, laid the foundation for the now firmly established
principle that DNA polymerases replicate DNA (Gefter, 1975). But at
least one serious problem remained—how did DNA polymerases
initiate chains? The abovementioned in vitro synthesis of biologically
active DNA required that DNA primers be provided. But was this the
mechanism in vivo? The observation by Brutlag et al. (1971) that
conversion of M13 single-stranded DNA to RF in vivo was sensitive to
rifampicin in a rifampicin-sensitive strain, but resistant to rifampicin in
a rifampicin-resistant strain, was consistent with an alternative possi-
bility. This was that a short oligoribonucleotide was synthesized by
RNA polymerase and then used as a primer by DNA polymerase.
More recent in vitro work suggests that RNA polymerase III (RNA
polymerase I plus a rifampicin-dissociable factor) is the enzyme
actually responsible for synthesis since it, unlike RNA polymerase I, is
unable to work on single-stranded ¢$X174 DNA complexed with
unwinding protein (Wickner and Kornberg, 1974a).

However, in the case of ¢X174 there was still a puzzle: parental
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RF synthesis was not sensitive to rifampicin in vivo under conditions
where M13 RF formation was (Silverstein and Billen, 1971). Fortu-
nately, research by Kornberg and his collaborators in an in vitro system
has fitted several pieces of this puzzle together. This work (reviewed by
Schekman et al., 1974) developed from the observation that properly
prepared, soluble (membrane-free) extracts of E. coli cells from early
exponential phase cultures had the capacity to synthesize a complement
to single-stranded viral DNA ir vitro. Similar work in Hurwitz’s labo-
ratory (Wickner et al., 1972) has progressed in parallel. Jazwinski and
Kornberg (1975) found that intact ¢ X174 virions could be used instead
of DNA if the reaction mix was supplemented with a membrane frac-
tion or certain nonionic detergents. In the case of $X 174, the synthetic
reaction has been found to require some 10 (Schekman et al., 1975) or
11 (Wickner and Hurwitz, 1975b) protein components. This work
involved repeated subdivision of a crude extract into two required frac-
tions, as illustrated in Fig. 4; some properties of the isolated proteins
are summarized in Table 4 (Schekman et al., 1975).

For the initiation step, proteins i and n, the unwinding protein, and
the dnaB and dnaC proteins are necessary. Acting together in an ATP-
dependent process, these proteins form an intermediate that serves as a
substrate for the dnaG protein (Weiner et al., 1976). The dnaG protein
probably synthesizes an RNA primer which is used by the DNA
polymerase III holoenzyme in the presence of unwinding protein to

Soluble Extract

Ammonium Sulfate

[
Insoluble Soluble

el uose
r ]
Flow Through Eluate
Sephadex (G-150) Ir-IEM Treatment
I 1
Excluded Included Resistant Sensitive
[dﬂ B Proteirj | Protein i | [ dna G Protein | l 6-150
-
Excluded Inc]luded
DNA-Unwinding
Protein Polymerase III I Protein n |
Holoenzyme

Fig. 4. Scheme used in Kornberg’s laboratory to fractionate various proteins required
for the synthesis of a complement to single-stranded ¢X174 DNA in vitro. It is
designed so that each step yields only two fractions, which are then tested for the rele-
vant activity. Adapted from Schekman et al. (1974).
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TABLE 4

Summary of Protein Properties®

DNA NEM Gene Molecular

Protein binding® sensitive locus weight Function

dnaC + + dnaC 20,000 ¢

dnaB - - dnaB  250,000¢ ?
Protein i + - ? 40,000 ?
Protein n + + ? 80,000 DNA binding
DNA polymerase 111 holoenzyme® + + dnaE  330,0000 DNA synthesis
dnaG + - dnaG 65,0006  RNA synthesis
DNA -unwinding protein + - ? 76,000  DNA binding

¢ Adapted from Schekman ez al. (1975).

® Denatured calf thymus DNA-cellulose and 50 mM imidazole-HCI (pH 7.0).

€9, unknown.

¢ M. Wright, S. Wickner, and J. Hurwitz, Proc. Natl. Acad. Sci. USA 70:3120-3124 (1973).

¢ DNA polymerase III* (dnaE locus) + copolymerase III* (77,000 dalton subunit, gene locus
unknown).

"' W. Wickner and A. Kornberg, J. Biol. Chem. 249:6244-6249 (1974).

¢ J.-P. Bouché, K. Zechel, and A. Kornberg, J. Biol. Chem. 250:5995-6001 (1975).

" J. H. Weiner, L. L. Bertsch, and A. Kornberg, J. Biol. Chem. 250:1972-1980 (1975).

synthesize a complement to the ¢X174 viral strand template. The DNA
polymerase [II holoenzyme is composed of the dnaE gene product and
a second protein which Wickner and Kornberg (1974b) have called
copollII* and Wickner and Hurwitz (1974) have called elongation fac-
tor II. For the maturation step, DNA polymerase I and polynucleo-
tide ligase are required. The 5" —3’-exonuclease activity of DNA
polymerase | is believed to remove whatever RNA primer may be
present, while the DNA polymerase activity simultaneously (?) fills in
the gap thus created. The final step is ligation of the 5°,3"-termini on
the newly synthesized strand by polynucleotide ligase.

Many of these components have been shown also to be required in
vivo, and it seems likely that the in vitro reactions studied in Korn-
berg’s and Hurwitz’s laboratories are largely comparable to the in vivo
reactions. The in vivo situation will be discussed below. In the ¢X174
reaction, the absolute necessity for synthesizing an RNA primer
remains to be confirmed (Wickner and Hurwitz, 1975a4,b). An interest-
ing question is why ¢X174 and M13 use different mechanisms for
converting single-stranded DNA to RF. Perhaps the answer lies in the
fact that M13 replication must coexist with E. coli DNA replication in
the cell whereas $X174 replication is not so restricted. Thus ¢X174 can
*“afford” to preempt the host cell enzymes whereas M 13 cannot.
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2.3.2. G4 and St-1

G4 is an isometric phage isolated using E. coli C as its host
(Godson, 1974b). St-1 was selected for its ability to grow on K12
strains (Bradley, 1970). These phages appear in many respects to be
similar to ¢X174, yet the in vitro requirements for the conversion of
their DNA to RF are different from those of ¢X174, and of M13.
Although the rest of the discussion concerns only G4, it is possible that
St-1 behaves similarly (Wickner and Hurwitz, 1975a).

In order to synthesize a complement to G4 DNA, all that is
needed is DNA-unwinding protein, the dnaG protein, and DNA
polymerase 111 holoenzyme (Zechel et al., 1975). In contrast to ¢pX174,
there is no requirement for the dnaB or C protein or for proteini or n.
Since this distinction is true for phenol-extracted DNA that has been
treated with 10 M wurea or centrifuged through alkaline sucrose
gradients in the presence of 1 M NaCl, it seems unlikely that virion
proteins are responsible for the difference. Somehow the nucleotide
sequence or structure of the DNA must select which replication system
is used. Clues to what sort of signal is involved should be fairly easily
forthcoming, since there is a small ““gap” left at a unique position in the
parental RF. This “gap” is located as shown in Fig. 5 about 250

Complementary
EcoRi Strand
5 Gap

31

D, “Strand
Polarity A

\ " J

Fig. 5. Properties of the G4 genome. The DNA is oriented with the same clockwise
5’3’ viral strand polarity as the other isometric phages. Although no genetic work has
been reported on G4 yet, the disposition and functions of the genes will surely be the
same as for X174 since a similar set of proteins is produced (Godson, 1974b). The
approximate positions of RNA polymerase binding sites are shown in relation to the
unique EcoR1 cleavage site and the Hind cleavage products (Godson, 1974b). The loca-
tion of the gap is derived from the data discussed in Fig. 6; note that the opposite
orientation for the polarity of the viral strand was selected in that work.
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nucleotides away from the single EcoR1 cleavage site in the RF
molecule. (The viral strand is oriented in a clockwise 5" to 3" direction
like $X174.) This was shown by filling in the gap with radioactive
nucleotides, cleaving the molecule with EcoR1, and sedimenting the
DNA in an alkaline sucrose gradient. Figure 6A shows the result.

Bouché et al. (1975) and Zechel et al. (1975) have substantially
purified the dnaG protein using as an assay its ability to prime G4 RF
synthesis. This enzyme has a molecular weight of 64,000 and consists of
a single polypeptide chain. When incubated with G4 DNA, unwinding
protein, and ribonucleoside triphosphates, radioactivity from «-%2P-
labeled ATP and GTP could be incorporated into a BioGel-15m-
excludable form. Optimal incorporation of label, and optimal priming
activity for DNA synthesis in a subsequent reaction with DNA
polymerase I11 holoenzyme, required all four INTPs. The dnaG protein
was capable of RNA synthesis in the absence of one or both of the py-
rimidine nucleoside triphosphates, and the RNA synthesized could be
used as a primer, albeit less efficiently. In the absence of either ATP or
GTP, the ability to synthesize an efficient primer was severely curtailed.
Not all of the RNA chains synthesized by the dnaG protein were used as
primers; those that were used appeared to be a special subset.

The RNA primer was shown to be covalently attached to the 5°-
end of the newly synthesized strand by cleaving the RF II with EcoR1
and - centrifuging the labeled DNA in a formamide-sucrose gradient
aftér denaturation. The 3P label was observed to sediment with the
short 5% piece produced by EcoR1, as illustrated in Fig. 6B. The RNA
primer was digested with RNase T1 and fingerprinted. Seven oligonu-
cleotides were observed. The data suggested that the primer was 20-25
nucleotides long and contained all four ribonucleotides, nearly one-half
of which were GMP. This work provides strong evidence that the dnaG
protein is a rifampicin-resistant RNA polymerase capable of synthesiz-
ing a short piece of RNA that can prime DNA synthesis by DNA
polymerase II1.

2.3.3. Function(s) of the Capsid Proteins

In a natural infection, the virus particle disgorges its nucleic acid
into the cell as the result of a complex interaction between a cell recep-
tor and the virus particle. The question here is what are the functions of
the viral proteins in this process. Is their function only to convey the
viral genome safely to the cell or do they perform additional functions?
Kornberg (1974) has argued that the gene H protein does have an addi-
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Fig. 6. Relative locations of the unique EcoR1 cleavage site in G4 RF and the gap/
RNA primer left at a unique location in the G4 parental RF after synthesis of a com-
plementary strand in vitro. (A) The gap of **P-labeled G4 RF Il was filled with DNA
polymerase I and [*H]deoxynucleoside triphosphates, cleaved with EcoR1, and centri-
fuged on an alkaline sucrose gradient. The ®H is clearly attached to the larger of the
two fragments of the complementary strand generated by cleavage with EcoR1. From
Zechel et al. (1974), with permission,,

tional function—that of acting as a “‘pilot protein” to direct the single-
stranded DNA to the appropriate replication apparatus. There is
circumstantial evidence in support of this possibility, but strong evi-
dence is lacking. The “pilot protein’ cannot be essential since protein-
free DNA synthesized de novo is infectious (Goulian er al., 1967).

The most interesting support for the ““pilot protein” hypothesis is
the observation that the gene H protein can be found bound to the RF
after infection. Jazwinski ez al. (1975¢) detected several gene H protein
molecules bound to RF, and at any of an apparently large number of
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different locations. The nature of the gene H protein binding and the
nature of the RF to which it was bound are not known. That gene H
proteins are associated with the RF after infection suggests to me that
they may be acting as = proteins (Denhardt, 1972). According to this
model, they would function in vivo to allow DNA synthesis to be
initiated at the sites to which they were bound and they would remain
associated with the RF until displaced, causing the formation of gaps in
the nascent complementary strand.

The fact that certain gene H temperature-sensitive mutants (e.g.,
H1068 in S13, Doniger and Tessman, 1969) are able to eclipse but not
form parental RF at the restrictive temperature is consistent with the
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Fig. 6 (B). The strand complementary to the G4 viral strand was synthesized in vitro
with [a-*P]ribonucleoside triphosphates and [*H]deoxyribonucleoside triphosphates,
and the RF II thereby produced was purified, cleaved with EcoR1, and centrifuged
after denaturation on a sucrose-formamide gradient. The RNA is clearly attached to
the smaller of the two fragments of the complementary strand generated by cleavage
with EcoR1. From Bouche¢ er al. (1975), with permission.
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“pilot protein” concept. However, the defect could be simply an
inability to release the DNA successfully from the virion. There is also
a probable gene G mutant (zss6 in $X174, Dalgarno and Sinsheimer,
1968) that exhibits a similar phenotype, although in this case the
temperature-sensitive mutant goes through one cycle of growth at the
restrictive temperature and produces phage that are unable to initiate a
second cycle of infection at the high temperature even though they can
adsorb and eclipse.

2.3.4. Host Functions Required in Vivo

Mutants of the host that are incapable of supporting ¢X174
parental RF formation include dnaB and dnaG; cells carrying tempera-
ture-sensitive alleles in either of these genes are blocked in ¢X174 RF
synthesis (Dumas and Miller, 1974; McFadden and Denhardt, 1974).
Curiously, mutant hosts defective in the dnaC or dnaE gene functions
do support RF formation in spite of the fact that in vitro these gene
functions are required (Kranias and Dumas 1974; Dumas and Miller,
1973; Denhardt et al., 1973). Dumas et al. (1975) have shown that in
the case of dnaC mutants an alternative rifampicin-sensitive initiation
process using RNA polymerase I comes into play and that this
accounts for formation of the parental RF at the nonpermissive
temperature by dnaC mutants. This reaction can occur in vitro also
unless it is suppressed by the addition of the factor that converts RNA
polymerase I to RNA polymerase 111 (Wickner and Kornberg, 1974a).
How dnaE mutants make RF under restrictive conditions is not under-
stood. Since relatively little synthesis is required (5000 nucleotides), it is
possible that there is sufficient activity (even in polA, polB, dnaE
mutants, Denhardt er al., 1973) of one of the three DNA pclymerases
for the reaction. The observation that dnaC and dnaE mutants allow
parental RF formation despite the fact that the proteins coded for by
these genes are clearly required in vitro makes one suspicious of the
possibility that even when a particular dna mutant allows parental RF
formation the function provided by the affected gene may nevertheless
still be involved ““normally.” The inability to form RF would of course
implicate the function. But even here there is a puzzle. If RNA
polymerase can substitute in a dnaC mutant, why can it not also sub-
stitute in the dnaG mutant?

One fascinating approach is the study of the requirements of the
different isometric phages. G4 and St-1 are clearly distinguishable from
#X174 in how a complement to their single-stranded DNA genome is
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formed. As was true in vitro, neither dnaB nor dnaC is required for the
formation of the parental St-1 RF (Bowes, 1974), and none of the dna
functions (A, B, C, E, and G) appears necessary for G4 RF formation
(Dumas, personal communication). Why? Does this represent a pro-
found change in nucleotide sequence and DNA conformation, or is it
something that easily can be altered by mutation? It seems unlikely that
the differences can be attributed solely to capsid proteins. A careful
and systematic investigation of this phenomenon is obviously needed.

Dowell has commenced a relevant study and has isolated what
appear to be two different double mutants of X174, called ¢XtB and
¢Xahb, that have acquired the ability to grow in hosts in which $X174
is unable to grow (Vito et al., 1975; Haworth et al., 1975). ¢XtB grows
in K12 strains and certain dna mutants (Bone and Dowell, 1973a,b:
Haworth et al., 1975); it resembles St-1. These mutants have suffered
changes in their capsid structure since the kinetics of inactivation of the
virion by heat or by ¢X174 antiserum is altered. The map positions of
the mutations are not known. Vito et al. (1975) have argued that these
results indicate a function for the capsid proteins in DNA replication.

It has been suggested (Schekman et al., 1974) that the enzyme
complex used to synthesize a complement to X174 DNA is related to
that used to initiate a round of replication in E. coli, whereas the
enzyme complex used for synthesis of a complement to G4 DNA is
equivalent to that used to initiate synthesis of Okazaki fragments dur-
ing ongoing E. coli DNA replication. M13, it was suggested, used the
same replicative system that certain plasmids used. There may be some
interesting correlations to be gleaned from these comparisons, but too
little is known.

2.3.5. Synthesis of the $X174 Complementary Strand in Vivo

The question of whether synthesis of the complementary strand in
vivo begins at a unique location in the genome and proceeds in an
ordered fashion around the genome or whether one or more initiations
occur independently of each other has been the subject of several
studies. Benbow e al. (1974b) argued for the first possibility on the
basis of their observation that when UV-irradiated phage were used to
infect cells synthesis of a complementary strand proceeded only to a
limited extent. This result is consistent with the possibility that syn-
thesis is initiated at a unique site and proceeds unidirectionally around
the genome until a UV lesion is encountered. The drawback of this
work is that much of the UV-irradiated DNA was not injected into the
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cell. Zuccarelli (1974) studied the same question by labeling the RF
molecule briefly during the formation of the parental RF. Completed
molecules were isolated and digested with HindII nuclease, and the
amount of pulse label in the various cleavage products was compared
with the amount of uniformly distributed label. The expectation was
that those portions of the molecule synthesized last would have the
greatest ratio of pulse label to uniform label. The data did not fit well
with the hypothesis of a single initiation site, but could be explained if
there were two or more sites of initiation of synthesis of the comple-
mentary strand.

Both Eisenberg et al. (1975) and McFadden and Denhardt (1975)
have argued that there are multiple initiation sites for complementary
strand synthesis in vivo. They presented evidence that synthesis of the
complementary strand was initiated at several sites on any one RF
molecule and that in a population of molecules these sites were dis-
tributed either randomly or at least among a large number of possible
locations in the genome. Gaps separated the nascent 5-12 S pieces
from each other, and the activity of a DNA polymerase was necessary
to fill them in. Figure 7 shows the distribution among the HindIIl
cleavage products of **P radioactivity incorporated into the gaps by T4
DNA polymerase. It is evident that in the parental RF molecules gaps
can occur in many locations in the genome. In a normal host, DNA
polymerase I performs the gap-filling function efficiently; in a polA
host (with, however, substantial 5" -3 -exonuclease activity), the gaps
persist for a longer time. At the restrictive temperature in a host carry-
ing a thermosensitive polynucleotide ligase (E. coli ts7), the gaps are
filled in but the nascent fragments are not joined together efficiently.
These experiments are compatible with the use of an oligoribonu-
cleotide at multiple positions, perhaps randomly located, to prime syn-
thesis of a DNA chain. It would then be removed by the 5 —-3’-
nuclease activity of DNA polymerase 1. It is not known whether the
gene H protein (Jazwinski ef al., 1975b,c) is present in these gaps.

3. EXPRESSION OF THE VIRAL GENOME
3.1. Transcription
3.1.1. RNA Polymerase Binding Sites and Polar Mutants
Chen et al. (1973) determined which HindII and Haelll cleavage

products of $X174 RF were capable of binding RNA polymerase by
making use of the fact that DNA segments bound to RNA polymerase
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Fig. 7. Distribution of the gaps in the complementary strand of $X174 parental RF
synthesized in vivo. Cells were infected with a [*H]thymine-labeled gene A mutant
(hence unable to replicate its RF) for 3 min and the parental RF was purified. The gaps
were filled in with *P-labeled triphosphates, the RF was cleaved with Hind restriction
nuclease, and the fragments were electrophoresed on a polyacrylamide-agarose gel.
Electrophoresis is from right to left and the nine peaks of *H radioactivity contain the
Hindll fragments 1-9 shown in Fig. 2. P is clearly present in peaks 4-9; the smear at
the top is the result of some contamination with fragments of E. coli DNA. This experi-
ment, which shows that in vivo there is not a single uniquely located gap left in the
complementary strand during the formation of the parental RF, was performed by S.
Eisenberg.

would be retained by nitrocellulose filters. Additional support for the
assignments was obtained by determining to what extent DNA
sequences protected by RNA polymerase from digestion with
pancreatic DNase would hybridize to different restriction enzyme
cleavage fragments. The fragments that would bind E. coli RNA
polymerase at what appeared to be significant levels were HindIl 2, 4,
and 6 and Haelll 1, 2, and 3. The locations of these fragments are
shown in Fig. 2. Hindll4 and Haelll2 overlap at the gene H/A
boundary whereas Hindll6c and Haelll3 overlap at the gene C/D
boundary. These two regions of the genome are where promoters would
be expected to map according to the properties of polar nonsense
mutants.

Vanderbilt et al. (1972) studied a series of am nonsense mutants in
genes F and G and examined their effect both on the quantities of F, G,
and H proteins synthesized and on the amount of phage made in com-
plementation experiments. Different mutants in gene F showed dif-
ferent degrees of polarity, with the most polar mutants mapping, as
would be expected, very close to the N-terminal end of the gene. In
contrast, a series of mutants in gene G all seemed to map near the
center of the gene yet to give widely different degrees of polarity. These
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experiments suggested that there was no promoter immediately
proximal to gene G or H. There appeared to be a promoter before gene
A, however, since the polarity of the nonsense mutants in F and G did
not extend into gene A. Hayashi and Hayashi (1970) and Benbow et al.
(1972a) made similar observations for ¢X174; the former workers also
found a decrease in a large polycistronic mRNA in a polar F mutant.
These results and the fact that proteins D and F are made in largest
amounts, followed by G, then H, and finally A, B, and C, make it
reasonable that the strongest promoter is at the C/D boundary. A pro-
moter just before gene A is likely, but one immediately preceding gene
H is not. Thus although the HindI12 and Haellll overlap occurs at the
gene G/H boundary, a strong promoter at this location seems
improbable.

Certain gene D mutants were reported by Benbow ez al. (1972a) to
be weakly polar on the basis of a reduced synthesis of F, G, and H pro-
teins. An alternative explanation for the apparent polarity was sug-
gested by Clements and Sinsheimer (1974) when they observed that less
¢X174 mRNA was made in infections with gene D mutants. There was
an apparent sixfold decrease in the amount of hybridizable viral
mRNA labeled with **P after a 5-min pulse. Since the profiles of the
labeled RNA in gels and gradients appeared similar in both wild-type
and mutant infections, they suggested that the gene D protein generally
enhanced viral mRNA synthesis. However, if the C/D promoter is the
major in vivo promoter and leads to the synthesis of most of the major
size classes of mRNA, then the original interpretation (polarity) could
still be valid.

3.1.2. Stability and Size of the mRNA

The half-life of the ability of S13 mRNA to support the initiation
of translation in vivo is apparently fairly short. This was demonstrated
by Puga er al. (1973) in Tessman’s laboratory, and a representative
experiment is shown in Fig. 8. They showed that after rifampicin was
added to a culture of infected cells to block initiation of transcription
the capacity for synthesizing S13 specific proteins was rapidly lost.
Over 50% of the capacity to synthesize the F protein and the B + G
proteins (measured together because they were not well resolved in gels)
was lost with a half-life of less than 2 min. In contrast, the physical
half-life of the mRNA as measured by hybridization was about 10 min.
The kinetics of the decline in the rates of synthesis of both gene F
protein and gene B + G proteins fits a two-component curve with 30%
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Fig. 8. Functional decay of mRNA for the combined B + G proteins and the D pro-
tein of S13. Two-minute pulses of [°*H]leucine were given at the indicated times after
the addition of rifampicin, which was added 20 min after infection. The proteins were
separated on SDS-polyacrylamide gels and the amount of radioactivity incorporated
into the various proteins was determined. It was not necessary to use UV-irradiated
cells (Section 3.2.1) since by 20 min after infection with S13 host protein synthesis
appears to be shut off. From Puga er al. (1973), with permission.

of the decay exhibiting a longer half-life of 10-20 min. The decay in the
relative rate of synthesis of the gene D protein, in contrast, fit a one-
component curve with a half-life of about 6.7 min; however, the data
(Fig. 8) are not good enough to absolutely exclude a two-component
decay process. It was suggested that the two-component decay curves
arose because of heterogeneity in the mRNA population. Those
mRNAs with the gene transcript at the proximal end would evince a
shorter half-life than those with the gene transcript closer to the distal
end. The trivial explanation that the short functional half-life was due
to an impairment in the rate with which the aminoacyl tRNA precursor
pools became equilibrated with radioactivity after initiating labeling
with a radioactive amino acid in the presence of rifampicin was
apparently eliminated.
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All of the viral mRNA found in infected cells is of viral (plus)
strand polarity (Sedat et al., 1969; Hayashi and Hayashi, 1970; Van-
derbilt and Tessman, 1970) and is in polysomes (Puga and Tessman,
1973a). These polysomes can be found (Puga and Tessman, 1973¢) in a
membrane fraction (the M band), perhaps because of the hydrophobic
nature of the viral proteins. The population of mRNA molecules
detected in vivo is quite heterogeneous in size and contains discrete
species ranging from a little less than 10° daltons to somewhat over 3 x
10 daltons—roughly twice the size of the genome (Hayashi and
Hayashi, 1970, 1972; Warnaar et al., 1970; Puga and Tessman, 1973q).

Clements and Sinsheimer (1975) found that both sedimentation
velocity centrifugation in denaturing solvents (dimethylsulfoxide) and
electrophoresis in polyacrylamide-agarose gels gave similar results ex-
cept that resolution in the gels was better. A typical electrophoretic pat-
tern is shown in Fig. 9. Arrows show the position of marker RNA

. + +
\g + T g

495  26S 23S 16S

8| 4
5 "
"Z) ok a 13 4
; 7 2
<
% ,
S af 15 .
I ]
(2]
16
2 17
2k -
(2] ®
1
1 1 1 L A L . 4 L
10 30 50 70 90 no
Fraction No

Fig. 9. Polyacrylamide-agarose gel electrophoresis of ¢X174 mRNA labeled with
[*H]uracil for 45 s at 20 min after infection. RNA was recovered from gel slices and
hybridized to ¢X174 RF in 50% formamide. Arrows show the positions of 16 S and
23S E. coli rRNA and 26 S and 49 S Sindbis RNA. Migration of RNA is toward the
right. From Clements and Sinsheimer (1975), with permission.
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molecules; peaks 1 and 18 were calculated to have molecular weights at
3.4 x 10% and 2.8 x 10°, respectively. The ¢X174 DNA was identified
by hybridization to RF. The fact that a short pulse (45 s) of [*H]uracil
produced the same distribution of species as a long-term 3?P labeling
suggested that the major smaller fragments were probably not derived
from the larger fragments. However, it is not excluded that some of the
discrete size classes are generated by nonrandom (specific sites in the
RNA sensitive to an endonuclease) or discontinuous (specific regions in
the RNA resistant to an exonuclease) degradation of the mRNA.
Warnaar et al. (1970) observed that in the presence of chloramphenicol
there was an enrichment for the smaller size classes whereas a pulse-
chase experiment led to an enrichment for the larger size classes.

3.1.3. In Vitro RNA Synthesis

RF I and RF II, but not denatured RF I or extensively nicked RF
II, are asymmetrically transcribed in vitro by RNA polymerase
(Warnaar et al., 1969). The entire genome can be transcribed by RNA
polymerase from uninfected cells in both coupled and uncoupled
systems (Bryan et al., 1969). From studies on the size of ¢X174
mRNAs synthesized in the presence and absence of p, Hayashi er al.
(1970) concluded that there were several sites at which the p factor
could act. These sites have not been located. The proteins that were
synthesized by the RNA made in the presence or absence of p were
similar, and the predominant product was the gene G protein. In more
recent work, Hayashi and Hayashi (1971) used a coupled transcription/
translation system to show that both RF I and RF II (randomly nicked
RF 1 or the naturally occurring gapped RF II molecules) could be
translated in vitro to yield a set of proteins (Section 3.2.1) very similar
to that observed in vivo. Although RF I was more efficiently
transcribed into mRNA than RF II, the size distribution of the mRNA
molecules and the efficiency with which they were translated were
similar. The major difference was the appearance of a low molecular
weight 4 S component among the mRNA molecules transcribed from
RF II; the nature of this material and why it was not transcribed from
RF I were not understood. Its relation, if any, to the 4 S RNA that can
anneal to $X174 RF and that is found in uninfected cells is unknown
(Warnaar et al., 1970).

Smith et al. (1974) and Grohmann ez al. (1975) in Sinsheimer’s
laboratory identified five different 5-terminal oligonucleotide se-
quences at the 5" -ends of the $X174 mRNAs synthesized in vitro with
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RF I. One of the five sequences began with a 5”-C and was not present
in the in vivo $X174 mRNA whereas the others apparently were. It
would be of interest to determine whether nonsuperhelical DNA also
yields the C-start mRNA since it is unlikely (Section 1.4.4) that in vivo
the RF I is as highly negatively superhelical as it is in vitro. The high
negative superhelical density facilitates the binding of any-
thing that can unwind the duplex and this could lead to artifactual
binding/initiation and may account for some ambiguity in the initiation
nucleotide (see Table 5).

Smith and Sinsheimer (1976a,b,c¢) determined both the sizes of the
various mRNA molecules synthesized in the absence of p in vitro and
the restriction enzyme cleavage fragments to which the 5-terminal
sequences corresponded. Some of their results are summarized in Table
5. The existence of RNA molecules that differed by one genome length
yet had the same 5’-terminal oligonucleotide sequence indicated that
there was one major p-independent terminator in the genome, and it
was possible to infer from the data that the terminator was close to the
B/C boundary. Readthrough of the terminator must occur to generate
molecules greater than one genome in size and to permit gene C protein
production. The locations of the in vitro promoters and the terminator
are shown in Fig. 10. This work reinforces the conclusion (Section
3.1.1) that the RNA polymerase binding site in gene G (Chen et al.,
1973) is nonproductive. The parallels between the promoter and termi-
nator locations in the genomes of the isometric phages and the fila-
mentous phages are striking (Fig. 16 in Denhardt, 1975). The
approximate locations of RNA polymerase binding sites on G4 RF are
shown in Fig. 5.

3.1.4. Synthesis of mRNA in Vivo

Puga and Tessman (1973a) observed that up to 15-20 RF
molecules, but seemingly no more, could be transcribed in the cell.
These could be either parental RF molecules (high multiplicity infec-
tion with gene A mutants) or progeny RF molecules (resulting from
replication of the parental RF). Also, Truffaut and Sinsheimer (1974)
showed that progeny RF could be transcribed. The apparent restriction
on the number of RF molecules that can be transcribed may be the
consequence of a limiting amount of an essential component (RNA
polymerase?), of the damaging effects of high multiplicity infections
(Stone, 1970a), or, in normal infections, of the cessation of RF replica-
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TABLE 5
Properties of $X174 mRNA Molecules Synthesized in Vitro with RF 1°

Location of the Restriction enzyme cleavage Length

5’ -terminus fragment overlaps (x genome) 5’-Terminal sequence
H/A boundary Hindl14/Haelll2/ Hpal 0.37, 1.37 ppPA; UCUUG(G)
A/B boundary Hindl18/Haelll3/Hpal 0.15,1.15 pppAUCG(C)
C/D boundary Hindl16b/Haelll3/Hpa3 0.91 pppCG(A) and pppG

¢ Data from Smith and Sinsheimer (19764a,b,c). **P-labeled RNA molecules were synthesized in
vitro and fractionated according to size. For each size class, the 5’-terminal sequence and the
restriction enzyme cleavage fragments to which it would hybridize were determined.

tion after about 15 min (Section 5.1). The data in the Puga and
Tessman (1973a) paper showed that the ratio of S13 RNA to E. coli
RNA labeled by a short pulse at multiplicities between 15 and 50 did
not change, but no information on the absolute amount synthesized was
presented. There is some uncertainty about whether adverse effects of
high multiplicity infections are due to phage particles (viable or not) or
other extraneous material in a phage preparation. In experiments where
high multiplicities of infection are used, attention should be paid to this
question.

If replication of the RF is prevented by a mutation in gene A, the
RF remains in the closed circular form (Section 4.1) and is transcribed
more efficiently (Shleser et al., 1969a; Puga and Tessman, 1973a).
Possibly replication interferes with transcription. Nalidixic acid reduces
by 80% (but no further) the amount of SI3 mRNA that can be
synthesized, although there is no detectable effect on E. coli mRNA
synthesis (Puga and Tessman, 1973b). It was suggested that this was
the result of the fact that a large portion of the RF in the cell was in the
form of a closed circular duplex and that a metabolite of nalidixic acid
acted like an intercalating agent. RF I molecules with a negative super-
helix density are more efficiently transcribed than RF II in vitro
because of their superhelical structure (Hayashi and Hayashi, 1972).
However, it is not known if the superhelical structure exists in vivo
(Section 1.4.4).

The large number of different size classes of viral RNA found in
vivo is the result of the existence of three different promoters and
several p-dependent terminators plus one p-independent terminator, all
of which permit a substantial amount of readthrough. To what extent
degradative processes also produce discrete size classes of fragments is
unknown.
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—
del E

Fig. 10. Regions of interest in the X174 genome. The outer circle shows the genetic
map of ¢X174 drawn approximately to scale according to the molecular weights of the
proteins as given in Table 1. Transcription and translation proceed clockwise, and this
is also the 5" —3" polarity of the viral (plus) strand. The inner circle indicates the loca-
tion of the HindIl cleavage fragments as determined by Weisbeek er al. (1976). The
three promoters (P) and the one p-independent terminator (T) are placed according to
Smith and Sinsheimer (1976a,b,c). The extent of the de/E deletion (Zuccarelli et al.,
1972; Kim et al., 1972) is as indicated, but whether it is congruent with gene E has not
been established. The SMeC was shown to be in the HindI16 fragment located between
Hindl12 and HindII4 by Lee and Sinsheimer (1974b). The gap left in the viral strand
during RF replication (and also during single-stranded DNA synthesis, Johnson and
Sinsheimer, 1974) is located in the Haelll6b fragment located within the HindII3
cleavage fragment (Eisenberg et al., 1975).

3.2. Translation

As is the case for transcription, there appear to be no interesting
translational control mechanisms (Sedat and Sinsheimer, 1970). There
is no evidence for temporal control, and no ‘‘early’” or “late” genes
have been identified. All the major phage genes are expressed in the
absence of RF replication (Shleser et al., 1969b; Denhardt et al., 1972).
However, since there are fewer copies of the genome to be transcribed
there is a gene dosage effect. What controls there are probably consist
of differences in promoter and ribosome-binding-site affinities for RNA
polymerase and ribosomes, respectively, and variations in the rates with
which the different polypeptides are synthesized. The most abundant
#X174-coded proteins in vivo are the products of genes D and F; lesser
amounts of the other proteins are made.
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3.2.1. Synthesis of Viral Proteins in Vivo and in Vitro

The proteins of the isometric phages have been studied most often
by electrophoresis in polyacrylamide gels in the presence of
mercaptoethanol and sodium dodecylsulfate since only under these con-
ditions do all of the proteins appear to be completely disaggregated. A
typical gel pattern is shown in Fig. 11. It was provided by M. Hayashi,
and the correspondence of the peaks of radioactivity with particular
gene products was determined in his laboratory. These assignments are
deduced from the effect of particular chain-termination codons on the
individual proteins. The gene E protein continues to be elusive and may
be hidden under the gene D peak (Section 1.2); Benbow et al. (1972b)
tentatively assigned it a molecular weight of 17,500. The peak labeled
X may be the gene C protein (Borras et al., 1971, and Tabie 1) or the
small protein in the virion.

In most of the in vivo work, UV-sensitive (HCR™) cells are
irradiated with ultraviolet light prior to infection to reduce endogenous
host protein synthesis (Gelfand and Hayashi, 1969; Burgess and
Denhardt, 1969). Because these cells are unable to repair UV lesions in
their DNA efficiently, low doses of UV radiation effectively destroy
their capacity to code for their own proteins within a few minutes. If an
undamaged genome is inserted into such cells, it can be transcribed and
translated with good, although reduced, efficiency in many cases.
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Fig. 11. Electropherogram of the ¢X174 proteins. E. coli HF4704 was irradiated with
ultraviolet light, infected with $X174 at a multiplicity of 10, and labeled with [*H]lysine
plus [*H]arginine from 10 to 20 min after infection. The proteins were electrophoresed
in the presence of SDS and mercaptoethanol in a 7.5% acrylamide gel using ethylene
diacrylate as a cross-linker. Migration is from right to left. I thank Masaki Hayashi for
providing this figure.
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Godson (1971a) and Benbow et al. (1972b) made a thorough study of
the ¢X174 proteins synthesized in UV-irradiated cells. Seven viral pro-
teins were unambiguously identified and five definitively assigned to cis-
trons. Most of these assignments confirmed earlier work.

Mayol and Sinsheimer (1970) and van der Mei et al. (1972b) inves-
tigated the ¢X174-specific proteins synthesized in unirradiated cells
using double-label techniques, and their conclusions were mostly in
agreement with those of the other studies. There were hints that specific
host-coded proteins were induced after infection, but this work has not
been followed up. There were slight changes in the relative amounts of
the various proteins made in unirradiated as compared with irradiated
cells, the greatest change being an increase in the proportion of gene D
protein in unirradiated cells.

Bryan and Hayashi (1970) studied the viral proteins synthesized in
vitro in a coupled system directed by ¢ X174 RF. N-Formylmethionine
was found in all of the viral proteins synthesized in vitro. Several of
the proteins comigrated with marker proteins made in vivo. The major
in vitro product was the gene G protein. It was shown to be anti-
genically similar to the in vivo product and to contain the same tryptic
peptides (Gelfand and Hayashi, 1970).

In the X174 literature (and elsewhere), one finds statements to
the effect that the gene A protein (or whatever) is ““‘chloramphenicol
resistant.” This inappropriate term refers to the fact that the process of
RF replication, which is dependent on the presence of active gene A
protein, is only slightly affected by concentrations of chloramphenicol
(30 ug/ml) that severely depress other processes dependent on protein
synthesis (e.g., progeny single-stranded DNA synthesis). Godson
(1971b) used UV-irradiated cells and van der Mei et al. (1972b) used
unirradiated cells to show that the synthesis of gene A protein was
inhibited by chloramphenicol to about the same extent as other pro-
teins. From this result, one may infer correctly that more gene A pro-
tein is synthesized than is needed for RF replication. In both UV-
irradiated and unirradiated cells, the synthesis of the gene F protein
seems to be most sensitive to chloramphenicol and the synthesis of gene
D protein least sensitive.

Linney et al. (1972) made the unexpected discovery that two
separate proteins were coded for by gene A. The larger protein (first
called A” but now called A) has a molecular weight of about 60,000
and is the complete product of gene A. The smaller protein (first called
A but now called A*) has a molecular weight of about 35,000 and
appears to be synthesized because of the presence of a start signal for
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protein synthesis within gene A. This is diagrammed in Fig. 12. There
are two strong arguments supporting this interpretation. One is that
nonsense mutants in the distal part of the gene eliminate both proteins.
The second is that all but one of the tryptic peptides isolated from A*
are contained among the tryptic peptides derived from A (Linney and
Hayashi, 1973). Both proteins A and A* bind strongly to single-
stranded DNA-cellulose, and this property has been used in their purifi-
cation. Synthesis of A is more sensitive to rifampicin than is synthesis
of A*, presumably because the translational start signal for A is closer
to the promoter than is the translational start for A* (Section 3.1.1 and
Linney and Hayashi, 1974). It also appears that there is one molecule
of the A* protein in the virion (Section 1.4.1) but there is no evidence
regarding its function (Section 3.3 and Table VI).

3.2.2. Characteristics of Virus-Coded Proteins; Codon Frequencies

The gene A protein has been partially purified by Linney et al.
(1972) and Henry and Knippers (1974). It has a molecular weight of
about 60,000, binds to DNA-cellulose columns, and may have a
specific nicking activity (Section 4.1). It is strongly hydrophobic and
tends to aggregate and to associate with membranes (van der Mei et al.,
1972b). Little is known about the gene B, C, or E proteins. The gene D
protein is made in large amounts and has been purified but no enzy-
matic activity or DNA-binding activity was detected (Burgess, 19695).

The proteins coded for by genes F, G, and H are found in the
virion and can be isolated from purified virus. The proteins from

Transcription

— and —_—
~ translation 8
[
GeneHg - Gene A S gGene B

n ddh d 1 1 L 1R 1
_' ' {: [L T T T  p
2 < o m T - o

> I w o T

[ Y

b4 %)

T

ANNAANAAAAAAmAmmARAann A A Protein

AArAAsAma A Annan. AF Protein

Fig. 12. Location of different mutations within gene A and their positions relative to
the portion of the gene coding for the A* protein. Redrawn from Linney and Hayashi
(1974).
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¢X174 and S13 were found to be similar in amino acid and tryptic
peptide composition (Poljak and Suruda, 1969). Fractionation in 6 M
guanidine permitted the separation of gene F protein (3) and gene G
protein () and the identification of the N-termini as serine and methi-
onine, respectively (Suruda and Poljak, 1971). Air et al. (1975) worked
out the sequence of the 67 /V-terminal amino acids of the gene G protein
and correlated it with the nucleotide sequence contained in the gene G
ribosome-binding site and in and around the HindII9 and HindII10
restriction enzyme cleavage fragments. The sequences are shown in Fig.
13a. Figure 13b shows the nucleotide sequence of a portion of gene F and
the amino acid sequence of a part of the gene F protein (Sanger, 1975).
The number of times each codon is represented in these two sequences is
given in Table 6, and it can be seen that there is a preponderance of
codons ending in U (Sanger, 1975). Whether this is the cause or the
result of the high proportion of T in the viral strand is not known
(Denhardt and Marvin, 1969).

3.3. Superinfection Exclusion and Inhibition of Host DNA Synthesis

Two events occur midway through the latent period that may have
a common underlying cause. One is superinfection exclusion, the
alteration of an infected cell in such a way that a superinfecting phage
cannot initiate an infection. The other is inhibition of host cell DNA
synthesis and RF replication. Both of these events require that phage

TABLE 6

Number of Times Specific Codons Are Used
in the Sequences in Fig. 13¢

Asp GAUS Glu GAAl Val GUU 8 Phe UUU 8
GACS GAG 3 GUC 1 uucC3
Asn AAUS Gln CAGS5 GUA 1 Trp UGG 1
AAC3 Pro CCU4 Met AUG S5 His CAU 4
Ala GCU9 CCA2 Ille AUUS CAC2
GCC3 CCG2 AUC 1 Lys AAAl
GCA2 Gly GGU7 Leu UUA2 AAG 3
Ser UCU7 GGC5 UuUG 1 Arg CGU7
UcCC2 Thr ACU9 Cuu 7 CGC 1
UCA 3 ACC1 CucC3 Cys UGC 1
UCG 2 ACA3 GUG |
AGU 1 ACG2 Tyr UAU4 Total codons:164

¢ Data from Sanger (1975).
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protein synthesis occur (Sinsheimer, 1968; Stone, 1970b). Host RNA
synthesis and host protein synthesis continue normally after ¢X174
infection, except at high multiplicities. S13 in contrast shuts off host
protein synthesis (Puga et al., 1973).

Superinfection exclusion is caused by a block in the synthesis of a
complement to the parental single-stranded DNA. The superinfecting
phage appears to eclipse normally, but no RF is made (Hutchison and
Sinsheimer, 1971). Tessman et al. (1971) also studied the exclusion
phenomenon and concluded that for physiological reasons of an
unknown nature only about 80% of the cells exhibited superinfection
exclusion (for both ¢X174 and S13). Representative mutants in dif-
ferent cistrons were tested in two different ways for their ability to
cause superinfection exclusion. One made use of the ability of a
superinfecting wild-type phage to rescue a preinfecting mutant phage.
The other made use of the fact that the superinfecting phage could not
make RF. Both of these experiments implicated the gene A function in
superinfection exclusion. Hutchison and Sinsheimer (1971) argued that
the gene A function could not be responsible because chloramphenicol
abolished exclusion under conditions where RF replication still occur-
red. However, Tessman et al. (1971) made the point that these results
would be expected if superinfection exclusion required more copious
expression of gene A than was necessary for RF replication.

The inhibition of host DNA replication and RF replication coin-
cides with the onset of viral progeny single-stranded DNA synthesis. In
contrast to the filamentous phages, where single-stranded and double-
stranded DNA syntheses occur simultaneously, the isometric (at least
¢X174) phages appear incapable of supporting both at the same time.
However, Dumas and Miller (1976) reported that in a population of
¢X174-infected dnaC mutant cells RF replication and single-stranded
DNA synthesis could continue simultaneously at a slow rate (which
was considerably less than normal) at the permissive temperature.
Duplex DNA synthesis ceases even if single-stranded DNA synthesis is
aborted by mutation in gene B, C, D, F, or G. Stone (1970b) found that
even though 30 upg/ml chloramphenicol prevented the inhibition of
duplex DNA replication, thus suggesting the need for a viral gene
product, nevertheless mutants representative of the various known viral
genes were still capable of shutting off host DNA synthesis. This
dilemma was resolved by the discovery of Martin and Godson (1975)
and Funk (personal communication) that only certain amber mutants
in gene A would shut off host DNA synthesis. Unfortunately, there was
no good correlation with the presence or absence of the A* protein, as
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TABLE 7
Effect of Gene A Mutations on the Shutdown of Host DNA Replication®

Amber mutations A* protein present Host DNA synthesis blocked
8A, 50, 86 yes yes
N14, 8tr yes no
18, H90 no no

¢ From Martin and Godson (1975). Mutants 8 A and 8tr are heat-insensitive mutants of
the original am8 mutant that carried a secondary mutation causing temperature-
sensitivity.

shown by the data in Table 7 (Martin and Godson, 1975). Amber muta-
tions 8, 50, 86, and NI4 map in the proximal part of the gene, H90
near the middle, and 18 near the distal end (see Figs. 2 and 12).

The phenomena of superinfection exclusion and host DNA replica-
tion inhibition are of interest because each represents a specific
interference with DNA synthesis, perhaps the consequence of the tran-
sition from RF replication to progeny single-stranded DNA synthesis.
Although it has not been shown, it seems reasonable that suppression of
synthesis of complementary strand DNA during both superinfection
exclusion and progeny viral strand DNA formation and suppression of
synthesis of host DNA are achieved in the same way. The gene A pro-
tein, or at least part of it, appears to be responsible. The data are
consistent with the hypothesis that the gene A protein combines
stoichiometrically with and inhibits a bacterial component that is
present in limited amounts and necessary for complementary strand
synthesis and host DNA synthesis, but not viral strand synthesis. Some,
but not all, gene A mutations would have to yield a product that still
inhibits this essential component but is unable to support RF replica-
tion. Superinfection exclusion is thought not to be caused by degrada-
tion of the viral strand because the superinfecting DNA can be
recovered as an infectious molecule (Hutchison and Sinsheimer, 1971).

4. RF REPLICATION
4.1. Function of Gene A

E. Tessman (1966) made a thorough study of suppressible S13
gene A mutants and showed that the gene A protein was required for
RF replication. She also showed that its function could not be provided
efficiently in trans in a complementation experiment between gene A
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and gene AT phage. In this study, the RF was quantitated by an
infectivity assay and use was made of the fact that RF was more
resistant to inactivation by hydroxylamine than was single-stranded
DNA. [Noninfectious RF is not made, either (Shleser et al., 1969a).] In
the presence of low concentrations of chloramphenicol (30 ug/ml), RF
replication occurred, and continued for a longer time than usual, lead-
ing to the formation of larger than normal amounts of RF in the cell;
apparently, in the presence of this concentration of chloramphenicol
the amounts of the viral proteins required for the synthesis of single-
strandked DNA were insufficient to cause the transition from RF
replication to progeny single-stranded DNA production. Since synthe-
sis of the gene A protein is reduced by chloramphenicol to about the
same extent as that of other proteins (Section 3.2.1), it appears that
more gene A protein is synthesized in a normal infection than is
needed. High concentrations of chloramphenicol do suppress the
expression of gene A function.

Francke and Ray (1971) discovered that under certain conditions
the parental RF acquired a nick in the viral strand. These conditions
were where the gene A function was active but where RF replication
was blocked by using a rep host (see next section). When the expression
of gene A function was prevented by mutation or by high concentra-
tions of chloramphenicol (100 ug/ml), the viral strand was not nicked.
These experiments suggested that the function of the gene A protein
was directly or indirectly to cause the nicking of the viral strand in the
parental RF. It was argued that the number of RF II molecules formed
per cell was fairly constant and independent of the multiplicity of infec-
tion. However, this conclusion is probably invalid because only two
multiplicities greater than 1 (10 and 100) were used, and at a multi-
plicity of 100 the cells are likely to be damaged (Section 2.2 and Stone,
1970a). A study of the properties of intermediates in RF formation
isolated from cells infected with UV-irradiated phage led Francke and
Ray (1971) to propose that the “virus-specified discontinuity” could be
made only after the complementary strand was completed and closed.
An alternative interpretation, which was mentioned but not ruled out
by the data presented, was that the radiation had destroyed the ability
of the RF to code for a functional gene A protein by damaging the gene
itself.

The gene A protein is considered to be an example of a cis-acting
protein because of its apparent inability to act in trans. This has been
shown both in complementation tests and also at the level of in vivo
nicking of the RF. Thus in simultaneous infections of rep cells with
[*H]¢Xam3 (A*TE~) and [**P]¢Xam8 (A~E*) most of the RF II found
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at 20 min was *H-labeled; the A* protein was apparently unable to nick
the [**P]RF I produced by the am8 phage (Francke and Ray, 1972).
Why the gene A protein functions so poorly in trans is not known. One
possibility is that the substrate is not readily available in the appro-
priate conformation. This would be the case, for example, if the gene A
(or A*) protein derived from the defective mutant phage were capable
of binding to the DNA, but not acting, thus preventing access of active
gene A protein to the site. A possible test of this proposal would be to
construct a double amber mutant of gene A with mutations in the
proximal and central parts of the gene so that both gene A and gene A*
proteins would be more effectively eliminated and an inactive, DNA-
binding protein less likely to be made. -

Henry and Knippers (1974) substantially purified the gene A pro-
tein. In the final purification steps (phosphocellulose chromatography
and band sedimentation), there was a good correlation between the
presence of an endonucleolytic activity against ¢X174 RF I and the
presence of a protein of a molecular weight of about 56,000 in SDS-
polyacrylamide gels. The sedimentation rate of the enzyme activity in
sucrose gradients was such that if the gene A protein were a typical
protein it would have a molecular weight of about 70,000. The
nuclease activity present in the preparation put one, and only one, nick
into the RF, but it was not determined whether the nick was located
randomly or located in a specific region of the genome. The nick was
found only in the viral strand. Nuclease activity was also observed with
single-stranded ¢X174 and M13 DNAs, but not with the superhelical
DNAs of fl1, SV40, or PM2. It was suggested that the protein acted at
“flipped-out” hairpins in the superhelical DNA. Woodworth-Gutai and
Lebowitz (1976) have argued that such cruciform structures (see Fig. 3)
exist at palindromic sequences in negatively superhelical DNA because
their formation would reduce the superhelix density and lower the free
energy of the molecule while retaining much of the energy contained in
the stacked, H-bonded duplex (Section 1.4.4). This possibility is attrac-
tive because hairpins are known to exist in the single-stranded ¢X174
DNA (Section 1.4.3) and it is conceivable that one is the site in single-
stranded DNA that is recognized by the gene A protein. However, if
RF I in vivo is not negatively superhelical, then “flipped-out’ hairpins
may not exist intracellularly.

Alternatively, the enzyme could recognize a hairpin, or a specific
sequence of nucleotides, in a region of DNA transiently made single-
stranded by the act of transcription. This would couple replication to
transcription. Since the mRNA is transcribed from the complementary
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strand, the viral strand would be readily available for gene A action if
the necessary sequence were close to the end of that segment of the
DNA needed to code for a functional protein. Coupling of transcription
to replication is believed to obtain in A and has been suggested to be the
case for M13 (Fidanian and Ray, 1974). Although van der Mei et al.
(1972a) observed that RF replication in the presence of chloram-
phenicol could proceed for a considerable period after the addition of
rifampicin, the above model cannot be eliminated because previously
initiated transcription may continue for a period of time, especially in
the presence of concentrations of chloramphenicol that slow down the
rate of protein synthesis.

Singh and Ray (1975) studied the nuclease activities present in a
preparation of gene A protein and observed that single-stranded cir-
cular X174 DNA, but not MI13 or G4 DNA, was extensively de-
graded. Fujisawa and Hayashi (1976b) reported that the gene A function
was required during single-stranded DNA synthesis to terminate a
round of replication and release a monomer-length viral genome (Sec-
tion 5.1). Tessman et al. (1976) found certain S13 gene B mutants that
produced an altered gene B protein lacking the N-terminal portion.
This shortened protein had B protein function but interfered with gene
A function, probably by binding to the RF.

4.2. The rep Mutant and Other Required Host Cell Functions

Because it seemed reasonable to me that there should be a host cell
function necessary for ¢ X174 replication, but not for E. coli replication
itself, Hathaway and I undertook the task of discovering it. We selected
for mutants that would adsorb but not replicate $X174 and found
three. All three, although independently isolated, were apparently
blocked at the stage of RF replication. This was a surprise since we had
anticipated finding mutants defective in the formation of the parental
RF because that seemed at the time to be the step most likely to require
a dispensable E. coli function. Dressler and I studied one mutant more
thoroughly and found that RF I could be formed in the cell but that
there was an absolute block to further replication. Although in our first
experiments we had found the mutant to be recombination deficient
(Denhardt er al., 1967), later work by Calendar et al. (1970) and
ourselves (Denhardt et al., 1972) indicated that the degree of recom-
bination deficiency was actually quite slight and probably due to the
fact that the cell’s DNA metabolism was altered. The rep mutation
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maps at 83", near the origin of replication of the E. coli genome, is
required for phage P2 replication, and is recessive to the wild-type rep™*
allele (Calendar et al., 1970).

The ¢X174 RF that is formed is transcribed and translated and all
the ¢X174 proteins seem to be present in the cell, albeit in reduced
amounts, probably because the RF is unable to multiply (Denhardt et
al., 1972). The fact that single-stranded DNA synthesis does not occur
suggests that the rep protein is also necessary for single-stranded DNA
synthesis. Alternatively it is possible that there is insufficient produc-
tion of one or more of the viral proteins necessary to turn on progeny
single-stranded DNA synthesis. This latter possibility is supported by
the observation that in the presence of low concentrations of chloram-
phenicol lesser amounts of all the viral proteins are made and single-
stranded DNA synthesis, but not RF replication, is suppressed.
However, high multiplicity infections still do not engender single-
stranded DNA synthesis in the rep mutant. One could argue that RF
replication must occur before single-stranded DNA can be made, but
the molecular basis for such a requirement would be obscure. Mazur
and Model (1973) showed that fl single-stranded DNA synthesis could
occur without RF replication if a sufficient amount of gene V protein
was permitted to accumulate.

As discussed in the previous section, in the rep mutant the gene A
protein acts and the viral strand is nicked. The nicked viral strand can
be elongated with concomitant displacement of the original viral strand
from the template (Francke and Ray, 1971, 1972). Circular RF
molecules with one or more single-stranded tails are generated and
these molecules sediment at about the same rate as RF I in sucrose
gradients. Bowman and Ray (1975) found that in the presence of low
concentrations of chloramphenicol formation of viral strands longer
than unit length did not occur and they suggested that it was necessary
that viral coat proteins be synthesized in the cell before viral strand
elongation could occur. Under these conditions, degradation of the
viral parental strand still occurred, most likely by nick translation
originating at the site of gene A action and performed by DNA
polymerase 1.

Iwaya (1971) isolated a large number of additional rep mutants
using, in some cases, a combination of both $X174 and P2 to select for
them. The advantage of using the two phages is that adsorption
mutants are more easily discriminated against since the two phages
have different receptor sites. Some of the rep mutants supported P2
replication and appeared to permit ¢$X174 RF replication, but not
progeny single-stranded DNA synthesis or phage maturation. It was
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not possible to prove that these were not simply leaky rep mutants
because the mutations all mapped, like rep, near the ilv locus. At least
one can be complemented by a A prophage carrying the rep allele, but
little else, from this region (Takahashi, personal communication).
Several rep mutants were identified as amber mutants on the basis that
they could be suppressed by sul or su2 suppressors (Denhardt et al.,
1972).

The function of the rep protein in ¢X174 replication is not known.
E. coli can clearly dispense with the rep function, but with the result
that replication of the chromosome is impaired. Lane and Denhardt
(1974, 1975) discovered that there are about twice as many growing
forks in a rep mutant as in a rep* strain and that the velocity with
which the growing points move along the E. coli chromosome is
reduced by about 50%. The chromosome is replicated bidirectionally
from the normal origin at about 83°. Exponentially growing cells are
larger and have a more massive nucleoid body as the result of having
more DNA in the replicating structure. The mutant exhibits a small
enhancement in sensitivity to ultraviolet and X-ray radiation, perhaps
because of the larger genome. Other phages which are unable to repli-
cate in the rep mutant include all the isolates of the isometric phages
that have been tested, the filamentous single-stranded DNA phages,
and the noninducible phages P2 and 186. It is intriguing that one
characteristic these genomes may share is that they are replicated uni-
directionally.

Other host cell functions required for ¢X174 RF replication
include dnaB (Dumas and Miller, 1974), dnaC (Kranias and Dumas,
1974), dnaE (Denhardt et al., 1973; Dumas and Miller, 1973), and
dnaG (McFadden and Denhardt, 1974). If a dnaB, dnaE, or dnaG
mutant is shifted from the permissive to the restrictive temperature, RF
replication is considerably reduced very quickly. It is also reduced in
dnaC mutants, although in this case abnormal forms of RF are
synthesized at a low level (Kranias and Dumas, 1975). These abnormal
forms appear to be the result of abnormal initiation or termination
events; they do not seem to be replicating intermediates.

Taketo (1975b) infected spheroplasts of various dna mutants with
either single-stranded DNA or RF and obtained evidence that the dnaH
(also Sakai and Komano, 1975) and dnaZ (also Truitt and Walker,
1974) but not dnaA (also Manheimer and Truffaut, 1974), dnal, or
dnaP functions were needed for ¢X174 replication. Which stage of
replication was inhibited was not determined. Derstine and Dumas
(1976) observed that the dnaH phenotype could be reversed by high
thymine concentrations and hence probably represented a defect in
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precursor synthesis. G4 RF replication normally requires the dnaB,
dnaC, dnaE, and dnaG proteins but not the dnaA protein (Dumas, per-
sonal communication). St-1 replication requires dnaE but not dnaA,
dnaB, or dnaC; it was not certain whether dnaG was required (Bowes,
1974). One point that should be evident is that different varieties of the
isometric phages can give different results in a particular dna mutant
(Vito et al., 1975; Vito and Dowell, 1976) and that different alleles of a
particular dna gene can give different results with the same phage
(Dumas and Miller, 1974; Bowes, 1974). X174 grows well in polA
strains despite the fact that the gaps in $X174 RF persist for a longer
time (Schekman et al., 1971). Growth in a polAex strain is, however,
inhibited at the restrictive temperature (McFadden, 1975). I suspect
that polynucleotide ligase activity is required by all the isometric
phages but because of the large amount of enzyme normally present in
the cell it may be difficult to demonstrate the requirement (McFadden
and Denhardt, 1975; Bowes, 1975).

4.3. Origin of X174 RF Replication

The first hint as to the location of the origin of ¢X174 RF replica-
tion came from studies of Baas and Jansz (1972b) on the frequency of
heteroduplex repair after infection of spheroplasts with heteroduplex
RF containing mutations at different sites in the genome. The fre-
quency of mixed bursts was higher for mutations ranging from the
distal region of gene A through gene E than for mutations situated in
gene F through the proximal portion of gene A. It was argued that in
order for mixed bursts to be observed replication had to occur before
the heteroduplex was converted to a homoduplex by a repair process. If
the allele in question were close to the origin of replication, then it
would have a high probability of being replicated before being repaired;
if it were located far from the origin of replication, then there would be
a greater probability of its being reduced to a homozygous state before
being replicated. The results suggested that the origin of replication was
located in gene A. Weisbeek and van Arkel (1976) refined this study
and investigated a series of different gene A mutants which had been
physically mapped using restriction enzyme data. As shown in Figure
l14a, they observed a sharp jump in the frequency of mixed bursts
between am35 and am18, two mutations which map close together in
the distal region of gene A in the HindIIS5 cleavage fragment (Fig. 2
and Weisbeek et al., 1976). According to this interpretation, the origin
of replication is located between these two alleles and is very close to
the A/B junction.
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Fig. 14. Origin of RF replication. (a) The percentage of mixed bursts, obtained in
single bursts of spheroplasts infected with different heteroduplexes, is plotted against a
linear representation of the genetic map. The genetic map is indicated along the top,
and the mutants used are placed along the bottom. Redrawn from Weisbeek and van
Arkel (1976). (b) Plot of the specific activity of particular HindII fragments (3, 5, 1, 2,
and 4) as a function of the position of the fragment in the genome. These fragments
were derived from RF I that had been labeled at 16°C for the indicated time during the
period of RF replication. Redrawn from Godson (1974a). (c) Plot of the *H/*P ratio of
the Haelll fragments of $X174 RF as a function of the position of the fragment in the
genome. The fragments were derived from RF II isolated 30 min after infection of rep
cells with *P-labeled ¢X174 in the presence of [*H]thymidine. The ratio for Haelll2
was set equal to 1. Redrawn from Baas et a/. (1976). Shown along the bottom are the
approximate positions of the Haelll and HindlI cleavage products in the genome; the
locations of fragments 9 and 10 are indicated but are not numbered.
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Godson (1974a) used a different method to locate the origin of
replication. He reasoned that if replicating molecules were labeled with
[*H]thymidine for a period of time considerably shorter than that
required for a round of replication to be completed then in completed
molecules there should be much more ?H in that portion of the genome
that was near the terminus of replication. Conversely, that segment of
DNA nearest the origin would contain the least amount of
radioactivity. Figure 14b shows the data obtained for RF I molecules;
clearly there was a gradient of labeling increasing from a low value in
HindII3 and HindlII5 to a high value in HindII4. Thus by this defini-
tion the origin of replication was located in the HindII3 cleavage
product. This interpretation ignores the fact that a gap-filling step (next
section) intervenes between RF replication and RF I formation.

Baas er al. (1976) made use of the discovery by Francke and Ray
(1971) that in rep mutants infected with a gene A* phage nick transla-
tion occurs, originating, it is believed, at the nick inserted in the viral
strand by the gene A protein. Rep cells were infected with 3P-labeled
¢X174 in the presence of [*H]thymidine. The labeled DNA was
extracted and digested with the Haelll restriction nuclease, and the
ratio of *H/3?P in the various cleavage products was examined after
separation by gel electrophoresis. Figure l4c shows the result. The
largest ratio of *H/**P was found in the Haelll6a fragment. The
simplest interpretation of this result is that the origin is immediately
counterclockwise to the Haelll6a fragment and about in the middle of
Haelll6b. Eisenberg et al. (1975) came to a similar conclusion from
their study of the location of the gap (see next section) in the viral
strand of nascent RF II; Haelll6b, and to a lesser extent Haelll6a,
was most heavily labeled in the gap-filling reaction. [There is some
confusion in the literature about the order of these two fragments (Lee
and Sinsheimer, 1974a; Weisbeek et al., 1976).]

There appears to be a dilemma. The heteroduplex repair data sug-
gest that the origin is in HindIIS in the distal region of gene A, whereas
the terminus-labeling, nick-translating, and gap-filling data suggest that
the origin is in the middle of gene A. Since the conclusion drawn from
the genetic data relies heavily on the am35 mutant, it is essential to
obtain confirmation with additional independent mutants.

4.4. Nascent RF Molecules Contain Gaps

While performing a control for a series of experiments we were
doing, Schekman discovered that intracellular X174 RF II molecules



The Isometric Single-Stranded DNA Phages 55

could not be converted to alkali-stable RF I molecules by polynu-
cleotide ligase. Further investigation of this phenomenon revealed that
there were gaps in the RF II because when T4 DNA polymerase was
included in the reaction with ligase then RF I was formed. We found
that the gaps were present in newly synthesized RF molecules and that
in a polA mutant the gaps persisted for a longer time than usual
(Schekman et al., 1971). It seems likely that these gaps reflect some
aspect of DNA replication, perhaps the location of an RNA primer or
a w protein, or result from an event occurring during termination of a
round of replication and separation of the sibling molecules. The nature
of the termination process—how the two interlocked parental strands
are finally unwound and how the progeny RF become covalently cir-
cular—is not understood (cf. Gefter, 1975).

Eisenberg and Denhardt (1974a,b) studied in more detail the
characteristics of the gaps in ¢X174 RF II produced during RF
replication. There was only one gap in the viral strand, and it was
located in the HindII3 cleavage fragment. When the gap was filled
using radioactive deoxynucleoside triphosphates and then analyzed by
electrophoresis and homochromatography for the pyrimidine oligonu-
cleotides produced after digestion with formic acid and diphenylamine,
a large number were found. There was a fourfold enrichment for the
unique C,T isoplith (Eisenberg et al., 1975). The pyrimidine oligonu-
cleotides present in the viral strand gap are shown in Fig. 15¢ and may
be compared with those in the complete viral strand (a) and in the
major hairpin loops (e). The complexity of the pyrimidine tract pattern
was unexpected since a determination of the average size of the gap in
the viral strand had suggested that only some 16 nucleotides were lack-
ing. One interpretation of these data is that there is a gap of variable
size in the viral strand of the nascent RF II that can encompass a siza-
ble region (10%?) of the genome. It is, however, largely restricted to the
region of the HindII3 fragment and often contains the unique Ce¢T
oligonucleotide. It does not contain pyrimidine tracts (T,, Ts) charac-
teristic of the stable hairpin loops in viral DNA (Fig. 15¢ and Section
1.4.3).

There are also gaps in the newly synthesized complementary
strands of the nascent RF II, about five to ten of them per RF
molecule, separating nascent pieces of DNA of roughly 80,000-800,000
daltons. In contrast to the gap in the newly synthesized viral strand, the
gaps in the complementary strand can be found in many regions of the
genome. This was shown by filling in the gaps with radioactive
nucleotides, digesting the RF with a restriction enzyme, and observing
that all of the restriction enzyme cleavage products contained label
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Fig. 15. Pyrimidine oligonucleotides present in ¢X 174 viral strand DNA (a,b), in the
gap left in the viral strand at the end of a round of replication (c,d), and in the major
hairpin loops in $X174 DNA (e,f). The *2P-labeled DNA was hydrolyzed with formic
acid/diphenylamine and the pyrimidine oligonucleotides were fractionated by two-
dimensional ionophoresis/homochromatography. The gap in the viral strands of the
RF II population evidently can contain any of a number of pyrimidine oligonucleotides,
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roughly in proportion to the size of the fragment. A quantitative study
of the base composition of the nucleotides incorporated into the gaps.
of the distribution of label among the fragments produced by the
combined action of Haelll and HindIl, and of the oligonucleotide
tracts present suggested that the gaps were not randomly located. The
gaps appeared to have an average size of about 14 nucleotides (Eisen-
berg et al., 19795).

These results are for the most part consistent with the results of
Geider et al. (1972). These workers found that when cells in the process
of RF replication were treated with ether and then allowed to continue
replication in the presence of density-labeled and isotopically labeled
deoxynucleoside triphosphates two types of incorporation could be
observed. One type gave rise to labeled viral and complementary
strands that had been completely synthesized in vitro; these were
believed to derive from RF molecules that had been “initiated” in vivo
but had not accomplished much synthesis at the time of ether treat-
ment. The second type gave rise to labeled strands that were only
partially substituted with the density label; these appeared to result
from the filling in of gaps in RF II molecules that had just been repli-
cated in vivo. From the shift in density of the RF, it was calculated that
about 600 nucleotides were incorporated into the RF during the gap-
filling/nick-translating process. However, there was considerable
heterogeneity. Schroder e al. (1973) reported evidence for gaps in the
complementary strands of nascent RF II molecules. Their failure to
detect a gap in the viral strand and their observation that full-length
linear strands labeled during the gap-filling process were almost exclu-
sively of complementary strand polarity stand in contrast to the results
of Eisenberg et al. (1975) and may be explained by their nonphysio-
logical conditions.

4.5. Structure of the Replicating Intermediate: The “Reciprocating
Strand’’ Model

The most detailed studies on the structure of the replicating inter-
mediate involved in ¢X174 RF replication have been reported by

C,T in particular (Eisenberg et al., 1975). The hairpins, in contrast, consist of a simpler
sequence characterized especially by the presence of C,, CT, T,, and T; tracts (Bartok
et al., 1975). (a,c,e) Actual autoradiograms; (b,d,f) grid pattern from which the identity
of the spots can be determined. The RF with the gap in the viral strand was prepared by
Shlomo Eisenberg. The hairpin loops were prepared by Katalina Bartok. The pyrim-
idine tracts were determined by Barbara Harbers in John Spencer’s laboratory.
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Schroder and co-workers (Schroder and Kaerner, 1972; Schroder et al.,
1973). They found that a portion of the pulse-labeled viral strand DNA
was present in a linear strand that was longer than one complete
genome. The complementary strand in contrast was present in unit-
length or shorter strands. The replicating intermediates that sedimented
most rapidly (27-28 S) banded in CsCl at a greater density than intact
duplex DNA and appeared to contain single-stranded regions. This sig-
nified that synthesis of the new viral strand preceded synthesis of the
complementary strand. In the culture as a whole, equivalent amounts of
viral and complementary strands were labeled by a short pulse. The
data were consistent with the rolling circle model (Gilbert and Dressler,
1968).

McFadden and Denhardt (1975) studied the properties of ¢X 174
replicating intermediates found under conditions of ligase insufficiency
in an E. coli mutant possessing a temperature-sensitive polynucleotide
ligase. The infected cells were transferred from permissive to nonper-
missive conditions during RF replication. A variety of control experi-
ments showed that ligase activity was severely reduced and that no
detectable adventitious nicking occurred. When a pulse of [*H]thy-
midine was administered during RF replication at the restrictive
temperature, label was found to flow into viral strands of unit length or
longer and into complementary strands of less than unit length. They
concluded, as Eisenberg and Denhardt (1974b) had earlier, that the
complementary strand was synthesized discontinuously. Also, in
agreement with the conclusions of Schroder and Kaerner (1972), a por-
tion of the viral strand template in the replicating intermediates was
single-stranded, indicating that synthesis of the complementary strand
lagged behind synthesis of the viral strand.

Because of the existence of longer-than-unit-length strands, it is
widely believed that replication proceeds according to the rolling circle
model (Gilbert and Dressler, 1968). However, the linchpin of this
model-—longer-than-unit-length strands exist because the parental viral
strand is used as a primer for many rounds’ worth of continuous syn-
thesis—has not been proved. One can argue that initiation occurs by
some other device and that the reason a longer-than-unit-length strand
is generated is that it is necessary to keep the end of the viral strand
near what will be the terminus of replication so that a circular progeny
viral strand can be formed. I have outlined in Fig. 16 and elsewhere
(Denhardt, 1975) the details of this proposal. In essence, it assumes
initiation by an RNA or = protein primer, displacement of the newly
synthesized 5 -end by branch migration of the parental viral strand,
and covalent joining of the free 5"-end of the displaced, newly
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Fig. 16. Reciprocating strand
model. The parental viral
strand is shown as a thin con-
tinuous line, the parental com-
plementary strand is shown
as a thick continuous line,
and the nascent strands are
stippled. (a) Synthesis of a new
viral strand is initiated on a
closed circular duplex at the
origin of replication in the
region of gene A. Priming is
accomplished either by the
synthesis of a short oligoribo-
nucleotide or by the proper
placement of a nucleotide by
a w protein. After a short se-
quence of DNA is synthesized,

the accumulation of positive Ao
superhelical twists in the I#'N‘\':\'Ll /"Nx\’\
molecule (not shown) requires ;" 2,
that the parental duplex be ¢ one d ¢ several )
nicked. The gene A protein ¢ Vv-strond 5 g c-strand 5
together with cellular proteins Z‘, gap P \ gaps &
that are involved in the initi- I‘Xx‘x.‘/"# -\_NJU

ation or priming of a round

of DNA replication is imagined to do this and to catalyze a strand exchange process.
This results in the joining of the 5" -end of the newly synthesized viral strand to the
parental viral strand. If the 5"-end is a 5"-OH, then the reaction is not unlike that
catalyzed by ribonuclease where the 2°-OH attacks the phosphate and displaces the
5’-linked ribose (see Denhardt, 1975). Excision of 5 -terminal primer ribonucleotides by
this process would generate the requisite 5"-OH. Branch migration occurs at the same
time so that the 5" -end of the parental viral strand is retained within a duplex structure.
(b) Synthesis of the viral strand is unidirectional and continuous and proceeds clockwise
around the genome. Synthesis of the complementary strand is discontinuous and lags
behind synthesis of the viral strand. The synthesis of complementary strand fragments is
presumed to be primed by RNA by a mechanism like that discussed in Section 2.3.1. In
order to permit the parental strands to unwind, it is necessary for the exchange reaction
between the nascent viral strand and the parental strand to occur repeatedly; in other
words, to reciprocate. (¢) When synthesis of the viral strand is almost complete, a situa-
tion arises where the two parental strands are completely unwound. A strand exchange at
this point releases two separate and circular, but incomplete, duplexes. One has a single
gap of variable size in the viral strand. The other has several gaps separating nascent
pieces of complementary strand DNA. If the final strand exchange reaction should occur
before the two parental strands are completely unwound, a catenane would result. If the
37-end of the nascent viral strand should join the 5”-end of the parental viral strand, and
a strand exchange reaction occur between the complementary strands, then a figure-8
molecule (see Section 7.1) or circular dimer would be formed.
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synthesized strand (which is envisioned to be still in the process of being
synthesized) to the parental viral strand. In order to permit the parental
strands to unwind, this strand exchange process may have to occur
repeatedly and for this reason I call it a “‘reciprocating strand” model.

The major points of departure of the reciprocating strand model
from the rolling circle model are as follows: (1) Initiation occurs de
novo with an RNA or 7 protein primer rather than by elongation of the
nicked parental viral strand. (2) The complementary strand template is
used not in an “endless” and continuous fashion but rather in a
quantized manner requiring a new initiation event for each round of
replication. (3) A “free” 5”-end does not exist. There is no covalent
attachment to a ‘“membrane site.” No linear duplex intermediate is
ever formed, however transiently. (4) Strands longer than unit length
are formed only subsequent to initiation and are formed by a strand
exchange mechanism to allow proper termination and to ensure
production of a progeny circular molecule.

The reciprocating strand model is more complex than the rolling
circle model and is consistent with a larger body of data, especially the
presence of RF Il molecules with gaps, the existence of which is not
compatible with the rolling circle model. Also, Christian Hours
(unpublished work in my laboratory) has looked for a linear molecule of
the kind predicted to be excised from the tail of a rolling circle (cf.
Schroder et al., 1973) but has been unable to identify any structure with
the expected properties. Dressler and Wolfson (1970) found, as pre-
dicted by the rolling circle model, that the first RF I molecules to be
labeled after a short pulse were labeled in their complementary strands;
unfortunately, these workers did not determine whether the entire strand
was labeled or whether the label was incorporated as the result of gap
filling (cf. Schroder et al., 1973), so that it is not possible to interpret
their observations. The “double ring” replicating intermediate and the
shorter-than-unit-length nascent viral strands reported by Knippers ez al.
(1969¢) are in agreement with the reciprocating strand model. The
restriction on the number of dye molecules that can intercalate into the
replicating intermediate (Fukuda and Sinsheimer, 1976a) is explained by
the fact that the 5 end is interlocked with the circular duplex.

The reciprocating strand model suggests explanations both for the
disparate results on the location of the origin and for the variableness in
size and location of the gap in the viral strand of nascent RF II. The
key assumption is that the gene A protein nicks the RF in the middle of
the A gene but that actual replication only begins some variable
distance downstream, closer to the A/B border. Once replication,
which requires the rep function, initiates, it proceeds around the
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genome to the site of gene A action. As the replication complex
approaches this site, the parental viral strand becomes completely
disengaged from the parental complementary strand and both
molecules are released as circular structures. As indicated in Fig. 16,
the products at this point consist of a parental complementary strand
with a continuous, but incomplete, nascent viral strand and a parental
viral strand with fragments of nascent complementary strand DNA.
Thus the true origin of replication is close to the A /B border (Weisbeek
and van Arkel, 1976, and Fig. 14a), but in the absence of the rep pro-
tein an abnormal nick translation process can begin further upstream at
the gene A induced nick (Baas et al., 1976, and Fig. 14c). It is difficult
to interpret Godson’s (1974a) results (Fig. 14b) because of the gap-fill-
ing problem.

4.6. Selectivity of Subsequent Replication

As we have seen, there is a profound asymmetry in the semicon-
servative replication of the RF. The newborn RF molecule with the
parental viral strand initially contains a complementary strand consist-
ing of fragments, and as the complementary strand is the template for
transcription it is likely that transcription of this RF will be impaired
until the fragments are joined. The RF molecule with the newly
synthesized viral strand is, in contrast, complete except for a small gap
in the gene A region, and this molecule, because of the intactness of the
complementary strand, should support normal transcription. However,
competition between RNA polymerase and DNA polymerase, one
wanting to transcribe the complementary strand and the other wanting
to fill in the gap in the viral strand, would have to be resolved. If an
intact viral strand in the region of gene A is necessary for gene A func-
tion and initiation of a second round of replication, then it is not
obvious a priori which of the two products of a round of replication will
replicate first. According to recent experiments, however, it is the RF
with the intact parental complementary strand that is preferentially
replicated.

Thus in an elegant experiment Merriam et al. (19715b) found that
when [5-*H]cytosine was incorporated only into the complementary
strand of the parental RF it was effective at inducing reversions among
the progeny of a particular temperature-sensitive mutant. The mutant
used (z5s163) required a C to T change in the complementary strand.
When [5-*H]cytosine was incorporated only in the viral strand of the
parental RF of another temperature-sensitive mutant, zs41D, which
required a C to T change in the viral strand, it was not very effective at
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inducing reversions among the progeny. Decays in the free virus were
effective.

Merriam et al. (1971a) and Baas and Jansz (1972a) characterized
the progeny phage produced after infection of spheroplasts with
heteroduplex RF. Both groups observed that in single-burst experi-
ments a majority of the spheroplasts yielded only one phage genotype
in the progeny. This is presumed to be the result of repair of the
heteroduplex and reduction to a homoduplex state prior to replication.
The former workers found that among the total progeny there was a
preponderance of viral strand genotype, whereas the latter found
approximately equal proportions of progeny derived from the two
strands. The significant observation in both experiments was that in
those bursts which yielded progeny from both strands the predominant
genotype was that derived from the complementary strand. Iwaya and
Denhardt (1973a) provided direct physical evidence for the preferential
replication of the RF molecule containing the complementary strand
derived from the parental RF by their demonstration that the pool of
replicating RF molecules found in the cell after a short period of RF
replication only rarely contained the original viral strand.

4.7. Radiobiological Experiments and Parent-to-Progeny Transfer

This state of affairs is incompatible with an earlier concept of
¢X174 replication (Denhardt and Silver, 1966, Sinsheimer, 1970) that
ascribed an overriding role to the parental viral strand in the parental
RF, even after RF replication had ostensibly occurred. Belief in the
importance of the viral strand was founded in part on radiobiological
experiments (Denhardt and Sinsheimer, 1965b; Datta and Poddar,
1970) that indicated that the decay of a 3P atom contained only in the
parental viral strand could efficiently destroy the ability of the infected
cell to form a plaque, even after the RF had apparently replicated.
Similar, but not identical, results have been obtained with 3H suicide
(Denhardt, unpublished) and some illustrative data are shown in Fig.
17.

Despite the lower energy of the 3 particle emitted by a *H nucleus
(maximum energy 0.018 MeV) as compared with a **P nucleus
(maximum energy 1.7 MeV) and the fact that it is not part of the
covalent backbone of DNA, the decay of a tritium atom contained in
[*H]thymidine in single-stranded ¢$X174 DNA results in the inactiva-
tion of infectious phage particles with an efficiency per decay («) of
about 0.2. When the single-stranded DNA enters the bacterium, it
becomes less sensitive and is inactivated with an efficiency of 0.1. (The
details of this experiment are described in the caption.) The difference
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Fig. 17. Inactivation of the plaque-forming ability of ¢X174-infected cells by the
decay of *H atoms contained in [*H-methyl]thymidine. E. coli CR was grown in a
defined minimal medium, starved (Denhardt and Sinsheimer, 19654a), and then divided
into two portions one of which was infected with unlabeled ¢X174 and one of which
was infected with ¢X 174 labeled with [*H-methyl]thymidine at a specific activity of 15
Ci/mmole. The phage was allowed to eclipse for 10 min and then each culture was split
and one portion combined with medium containing nonradioactive thymidine and the
other combined with medium containing [*H-methyl]thymidine (15 Ci/mmole, 2 pg/ml
final concentration). Aliquots were taken from the cultures at various times (@, 5 min;
O, 10 min), divided into small portions, and stored in liquid nitrogen. Replication of the
phage in the cultures was monitored by premature lysis, and there was an average of
one phage/cell at 14 min after the addition of medium. This is a normal eclipse period
under these conditions. At intervals over the following 8 months, a set of samples was
thawed and assayed for infectious centers. The data are plotted as the surviving frac-
tion (normalized against the titers observed in the first set of thawed samples) vs. the
fraction of ®*H atoms that have decayed (cf. Denhardt and Sinsheimer, 1965b). A: Cells
were infected with radioactive phage; replication proceeded in the presence of radioac-
tive thymidine. B: Cells were infected with nonradioactive phage; replication proceeded
in the presence of radioactive thymidine. C: Cells were infected with radioactive phage;
replication proceeded in the presence of nonradioactive thymidine. V, Inactivation of
[*H]¢X174 alone; O, inactivation of the ‘“zero-time’” complexes (taken immediately
before addition of medium), cells infected with [PH]¢X174; A, stability of nonradioac-
tive complexes (control).
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in sensitivity in these two cases is probably the result of a greater
degree of radiation damage inflicted on the DNA molecule in the rela-
tively compact virion.

The three sets of curves (Fig. 17A,B,C) represent the sensitivity of
infected cells to inactivation by *H decays at various stages after infec-
tion. Sensitivity was measured by the loss of plaque-forming ability,
and complexes were taken at 5 min and 10 min after infection. The
eclipse period was 15 min. In A, cells were infected in radioactive
medium with radioactive phage. In B, cells were infected in radioactive
medium with nonradioactive phage. In C, cells were infected with
radioactive phage in nonradioactive medium. The bottom curve in C
shows the stability of nonradioactive complexes at 5 min after infec-
tion. Collectively, these curves show that if the infection is carried out
in radioactive medium the infectious centers are almost as rapidly inac-
tivated when nonradioactive phage is used to infect them as they are
when radioactive phage is used. When nonradioactive cells are infected
with radioactive phage, the sensitivity of the infectious centers to inacti-
vation at 5 min after infection is much reduced (efficiency of inactiva-
tion 0.017) in comparison with the zero-time complex. This probably
represents the difference between the efficiency of inactivation of an
RF molecule and a single-stranded DNA molecule. By 10 min after
infection, essentially all sensitivity has been lost. These inactivation
curves do not seem to suggest an important role for the parental viral
strand after RF replication has commenced.

The difficulty with this kind of experiment is the interpretation.
Although the infection is synchronized and RF replication in the entire
culture is in progress from about 5 min on, it is impossible to know
what is happening in each individual cell. The apparent paramount
importance of the parental viral strand in the *P suicide experiments
probably can be ascribed to a lag in RF replication in some of the cells
(especially when starved) and a general damaging effect that radiophos-
phorus decay has on the cell. In the case of tritium decays, the amount
of radiation damage absorbed by the cell is probably greater than in the
case of **P because there is a greater ionization density along the path
of the less energetic electron; on the other hand, there is the effect of
the recoiling *P nucleus to consider. In short, it is practically impossi-
ble in this type of experiment to sort out a specific effect of radioiso-
tope decay on the molecule involved from a nonspecific effect of the
emitted radiation on all the molecules in the vicinity.

The idea that the parental RF was special had been supported also
by the low amount of parent-to-progeny transfer of parental DNA that
occurred (Knippers et al., 1969b). Schnegg and Hofschneider (1970)
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Fig. 18. Transfer of *P from RF to single-stranded
DNA. Nonpermissive cells were infected with 3?P-
labeled ¢Xam3 (lysis-defective) phage in the pres-
ence of [*H]thymidine, and the amount of **P and *H °
present in viral DNA forms was determined after
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and Iwaya and Denhardt (1973b) showed that such transfer could be
detected in appropriately designed experiments. Figure 18 illustrates the
chase of parental radioactivity out of RF molecules and into progeny
single-stranded DNA. These results, and others presented elsewhere in
this chapter, suggest that all of the RF molecules in the cell are func-
tionally equivalent once their component strands are complete. Both
parental and progeny RF replicate, are transcribed, and can give rise to
progeny single-stranded DNA.

4.8. Role of the Membrane

Another concept whose virtue is in jeopardy is that of an ““essential
membrane site.”” Yarus and Sinsheimer (1967) first put forward this
idea in order to explain the limitation on the number of genomes
(usually one, sometimes two) that could father progeny in a previously
starved cell. In unstarved cells, no limitation was observed and up to at
least four different genomes could multiply. It was suggested that in the
cell there were a limited number of ‘‘essential membrane sites” at
which phage replication could take place. Unfortunately these experi-
ments are complicated by the damaging affects of high multiplicity
infections (Stone, 1970a). A parallel was drawn between the number of
“sites” for ¢X174 replication and the number of growing forks that
could coexist during replication of E. coli DNA in minimal or enriched
medium.

Later work by several investigators on the association of pulse-
labeled replicating ¢X174 DNA with the membrane (Knippers and
Sinsheimer, 1968a; Salivar and Sinsheimer, 1969) has been taken to
support the existence of one or more ‘‘essential membrane sites.”
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However, the “essential membrane site’” remains elusive, so much so
that its existence can be questioned. The fact that more RF molecules
could be found associated with the membrane than could supposedly
replicate (Salivar and Sinsheimer, 1969) required waffling. Tessman et
al. (1971) found that up to 40 S13 phage particles could replicate in a
cell even though there were only some 15 “‘sites” for binding RF to the
membrane.

Knippers et al. (1969a) argued that RF replication occurred on the
membrane whereas single-stranded DNA synthesis occurred in the
cytoplasm on the basis of the observation that a 20-s pulse given at 5
min after infection yielded a much higher proportion of “membrane-
associated” DNA than did a 20-s pulse at 50 min after infection. An
alternative explanation of this observation is that DNA synthesis is
occurring at a much greater rate at 50 min than at 5 min. It seems to
me that more definitive data are needed before anything can be made of
the fact that replicating DNA is often found in association with a
rapidly sedimenting membrane fraction. Because of the hydrophobic
properties of single-stranded DNA, known to be present in replicating
intermediates, a nonspecific association can easily occur. In addition,
some of the proteins (e.g., the gene A protein, van der Mei et al.,
1972b) involved in DNA replication may have hydrophobic properties.
The recent experiments (Section 2.3.1) showing that at least some of the
proteins known to be required for DNA replication are active in a solu-
ble fraction free of membrane material suggest to me that the

“‘essential membrane site” is a red herring.

5. SINGLE-STRANDED DNA SYNTHESIS
5.1. Asymmetric Displacement Replication

A major advance in our understanding of progeny single-stranded
DNA synthesis was made by Lindqvist and Sinsheimer (1968) when
they discovered that RF molecules were material precursors to single-
stranded DNA. They exploited the discovery that exposure of HCR~
(host cell reactivation deficient) cells to mitomycin C reduced host
DNA replication more severely than ¢X174 DNA replication
(Lindqvist and Sinsheimer, 1967a). Previous work had been compli-
cated by the incorporation of radioactivity into host cell DNA; the
labeled E. coli DNA masked the labeled $X174 DNA. Taketo (1975a)
showed that mutations in several different host genes (uvr A, B, or C
but not uvr D or F) that caused the cell to be sensitive to ultraviolet
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light also caused the capacity of the cell to support ¢X174 replication
to be mitomycin-resistant. The biochemical basis of this phenomenon is
not understood. (Treated HCR* cells will not replicate X 174.)

Very soon after the discovery that the RF was a material precursor
to progeny single-stranded DNA, it was established that the comple-
mentary strand was conserved in the RF molecule and that synthesis of
a new viral strand in the RF accompanied the displacement of the old
viral strand into a progeny virion (Dressler and Denhardt, 1968; Knip-
pers et al., 1968; Komano e al., 1968). It is now established that at a
time when net synthesis of RF has largely stopped, and net syn-
thesis of single-stranded DNA is under way, radioactive precursors
must flow through the viral strand of an RF molecule. Funk and Sin-
sheimer (1970a) obtained evidence that most, if not all, of the RF
molecules in the cell were used repeatedly for single-stranded DNA
synthesis and there seemed to be no preferential use of RF made late in
infection. ,

A study of the structure of the replicating intermediates pulse-
labeled during the period of single-stranded DNA synthesis revealed
that many of the labeled polydeoxynucleotide strands were linear and
longer than unit length (Knippers et al., 1969a; Dressler, 1970). Espejo
and Sinsheimer (1976a) found that when RF molecules with such
single-stranded tails were isolated from the cell they could exhibit a
restricted capability for binding an intercalating dye in a CsCl density
gradient. This was believed to result from branch migration and
interaction between the two single-stranded tails that resulted so that
unwinding of the duplex at the break was hindered. The presence of
these long strands suggests covalent attachment of the newly
synthesized DNA to a preexisting viral strand, and this in turn provides
much of the support for the rolling circle model (Gilbert and Dressler,
1968).

One essential aspect of this model is the insertion of a nick into the
viral strand of RF I and the use of the 3"-OH thereby made available
as a primer. This may be what happens, but alternative priming
mechanisms are known to exist. If another priming mechanism is used,
the question then arises: why are there strands longer than unit
length? 1 have suggested elsewhere (Section 4.5 and Denhardt, 1975)
that the newly synthesized 5°-end must be joined to the original
parental strand in order to provide the proper configuration for termi-
nation—i.e., for production of a progeny circular viral strand. In sup-
port of the possibility that the replicating intermediate need not
obligatorily contain a nascent viral strand longer than unit length is the
observation by McFadden and Denhardt (1975) that although much of
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the DNA pulse-labeled during single-stranded DNA synthesis is longer
than unit length some 10% is not. This is illustrated in Fig. 19.
Yokoyama et al. (1971) also found DNA chains shorter than unit
length during single-stranded DNA synthesis.

Fujisawa and Hayashi (1976a,b) discovered a 50 S structure that
had the properties of an intermediate in progeny single-stranded DNA
production. This particle appeared to contain the viral proteins
required for single-stranded DNA synthesis (A, D), the proteins in the
virion (F, G, H, A*, and X), and an RF molecule comprising a unit-
length circular complementary strand and a linear viral strand between
one and two times the complete genome. Functional gene A protein
was necessary for reduction of twice-unit-length viral DNA to unit-
length. The evidence for this was that in cells infected with mutant
phage coding for a temperature-sensitive gene A protein single-stranded
DNA synthesis stopped after a shift-up and 50 S particles containing
linear viral strands of twice unit length could be identified. This result is
not the result anticipated from a “‘rolling circle” process, but is in
accord with the reciprocating strand model.

Another fact that is not in agreement with the rolling circle model
is that there is a gap in the newly synthesized viral strand in the RF
molecules (Schekman et al., 1971). Johnson and Sinsheimer (1974)
showed that this gap was in the gene A region of the genome. As
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Fig. 19. Presence of viral strands shorter than unit length during single-stranded DNA
synthesis. ¢ X174-infected E. coli was labeled for 5 s at 60 min after infection during the
period of single-stranded DNA synthesis. The viral DNA was purified on a neutral su-
crose gradient and then centrifuged on an alkaline sucrose gradient. The distribution of
radioactivity is shown in the figure. Sedimentation is toward the left. O, **P marker cir-
cular and linear strands; @, *H-pulse-labeled DNA. From McFadden and Denhardt
(19795).
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Fig. 20. Location of the gap in RF II found in the cell during single-stranded DNA
synthesis. The RF was purified from cells infected for 45 min and pulse-labeled briefly
with [*H]thymidine. The RF II fraction was incubated with [a-**P]dTTP, unlabeled
deoxynucleoside triphosphates, DNA polymerase I, polynucleotide ligase, ATP, and
other components necessary for conversion to RF I. The RF I was repurified and
cleaved with endonuclease R.HindIl, and the resulting fragments were separated by
electrophoresis on a 5% polyacrylamide gel. Migration is toward the right. *H (O) is
found in all of the fragments, whereas 3P (@) is found only in the HindII3 fragment.
Reproduced from Johnson and Sinsheimer (1974), with permission.

illustrated in Fig. 20, radioactivity incorporated into the gap was found
only in the HindII3 fragment. The existence of this gap is incompatible
with the hypothesis that a DNA polymerase “rolls” continuously
around the complementary strand circle releasing a longer-than-unit-
length tail. Instead, each cycle of synthesis of a progeny viral strand
must be a separate event involving an initiation, an elongation, and a
termination step. Given unidirectional replication, the gap is at the
origin/terminus. The pyrimidine tracts present in the gap found in RF
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IT during single-stranded DNA synthesis appear equivalent to those
found in the viral strand of RF II during RF replication (Denhardt et
al., 1975).

In many ways, this process resembles the synthesis of a viral
strand during RF replication. It differs in that synthesis of a comple-
mentary strand is suppressed, a number of additional viral proteins are
required, and the viral strand becomes methylated at a unique site.

5.2. Methylation

The methylation phenomenon is intriguing, and one wonders
whether it just happens or whether it has significance with regard to
DNA replication or maturation and packaging of the DNA into the
virion. Razin et al. (1970) found 5-methylcytosine together with
thymine in the dinucleotide isoplith fraction of X174 DNA at a ratio
of about 1 mol/per mol viral DNA. Lee and Sinsheimer (1974b)
showed that the 5SMeC was in the gene H region in the overlap between
the Haelll2 fragment and the Hindll6c fragment (see Fig. 10). X174
DNA apparently is methylated only during single-stranded DNA syn-
thesis. It must be the displaced viral strand in the replicating intermedi-
ate during single-stranded DNA synthesis that is methylated: because
5MeC is not found in RF I or II (Razin et al., 1973). Evidence that the
virus codes for the methylase was obtained by Razin (1973) when he
showed that a mutant of ¢X174 (¢X410) that could grow in E. coli B
also induced a DNA cytosine methylase. E. coli B normally lacks such
an activity, in contrast to E. coli C. The ability of different mutants to
induce this activity has not been tested. If methylation has a function, it
probably involves interaction of the viral strand with the viral proteins
during morphogenesis since it is that process which most dramatically
distinguishes single-stranded DNA synthesis from RF replication.
Razin et al. (1975) found that nicotinamide interfered with methylation
of E. coli DNA and reduced the phage yield in ¢X174-infected cells.
Although they argued that this meant that DNA methylation was an
essential step in progeny viral strand maturation, alternative explana-
tions, such as inhibition of polynucleotide ligase activity, were not ruled
out.

5.3. Circularization

How the displaced viral strand is circularized is not known. An
attractive hypothesis (Knippers et al., 1969a; Iwaya et al., 1973), for
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which there is no evidence, is that the two ends of a hypothetical linear
intermediate fall within the duplex part of one of the hairpins known to
exist in ¢X174 DNA (see Section 1.4.3). This would provide a
mechanism to bring the two ends together so that ligase, or ligase plus
a DNA polymerase, could join them. According to this model, the ends
of any linear strand intermediates would be located in a specific region
of the genome. In E. coli ts7, a mutant with a temperature-sensitive
ligase, a portion of the viral DNA found in virions synthesized at the
restrictive temperature was found to be linear, and it was suspected that
these linear strands might be such intermediates. Iwaya er al. (1973)
showed that the ends of these linear strands could be covalently joined
by ligase plus T4 DNA polymerase, but not ligase alone, a result
consistent with the model. However, later work revealed that linear
strands with randomly located ends could be circularized equally well
(Denhardt et al., 1976). Furthermore, a study of the position of the ends
of the DNA molecules generated in the ts7 host revealed that they
could be located in many different regions of the genome (Miller and
Sinsheimer, 1974; Bartok and Denhardt, unpublished results). The
origin and significance of the linear strands found under conditions of
ligase deficiency are unclear.

Linear viral strands derived from RF II or from single-stranded
DNA synthesized under conditions of ligase insufficiency have been
reported to be infectious, and this has been taken as evidence for the
intrinsic ability of a linear viral strand with appropriately located ends
to circularize by forming a hairpin structure (Schekman and Ray,
1971; Schréder and Kaerner, 1974). Miller and Sinsheimer (1974) made
similar observations, but concluded that contamination with a low level
of complementary strand DNA was responsible for the infectivity since
removal of the complementary strands by equilibrium banding in CsCl
after annealing the DNA with poly(U,G) resulted in a selective loss of
the infectivity associated with the linear viral strand DNA.

The filamentous bacteriophage fl requires the drnaA function for
growth; progeny DNA is synthesized at the restrictive temperature but
it is found to be mostly linear (Bouvier and Zinder, 1974). ¢$X174,
however, does not require the dnaA function for growth (Manheimer
and Truffaut, 1974; Taketo, 1973), and even if it did it would not bring
us any closer to an understanding of how circularization is accom-
plished. The model presented in the section on RF replication
represents an attempt to fill this void. However, speculations of that
sort are useful only if they suggest experiments. Perhaps the reader can
think of one.
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5.4. Viral Proteins Required for Single-Stranded DNA Synthesis

In the presence of moderate amounts of chloramphenicol, or in
infections with phage coding for a defective gene A, B, C, D, F, or G
protein, progeny single-stranded DNA synthesis does not occur
(Lindqvist and Sinsheimer, 1967b; Funk and Sinsheimer, 1970b). The
gene B product is required for the assembly of F and G proteins into a
subviral particle (see Section 6.1) and it is probable that this complex is
necessary for a significant rate of single-stranded DNA synthesis to
take place. The gene D protein is also found as a major component of a
precursor virus particle and it may be acting together with the gene F
and G proteins to activate single-stranded DNA synthesis by packaging
the progeny single-stranded DNA. Neither the gene B nor the gene D
protein is found in the mature virion. Gene D protein resembles in some
ways the DNA-binding gene V protein of the filamentous phages, but
no evidence that it is a DNA-binding protein has been obtained (Bur-
gess, 19695b).

As discussed in Section 5.1, one function of one or more of these
proteins may be to block synthesis of a complementary strand. That
cannot be the only function, however, because in infections with B, D,
F, or G mutants one does not see the synthesis of RF at late times that
would be expected if displaced single-stranded DNA were being
converted to RF (Lindqvist and Sinsheimer, 1967b). Synthesis and
simultaneous degradation of the displaced viral strand do not occur
because a brief exposure to [*H]thymidine during the time of single-
stranded DNA synthesis does not yield asymmetrically labeled RF
(Iwaya and Denhardt, 1971). Fukuda and Sinsheimer (1976b) were able
to detect a small amount of labeling of the viral strand in RF at late
times. This could represent a low level of abortive synthesis of single-
stranded DNA or it could result from nick translation.

The gene C product appears to be required in small amounts for
single-stranded DNA synthesis. Gene C (then called gene VI) was first
identified by Tessman et al. (1967) in S13 as an ochre mutant
(suHT205) capable of complementing the other known complementa-
tion groups. They showed that this mutant was able to replicate RF
normally but was not able to synthesize single-stranded DNA. In later
work, a polypeptide of molecular weight about 10,000 was identified as
the product of gene C (Borras er al.,, 1971). Jeng and Hayashi (1970)
described a temperature-sensitive mutant in this gene.

Funk and Sinsheimer (1970b) also identified the corresponding
gene in $X174 as the result of a study of ochre mutants. These ochre
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mutations were induced by using [5-*H]cytosine decay to cause a C-T
transition in the CAA codon, a codon that cannot give rise to amber or
opal mutants in one step. It appears that there are no codons in the
wild-type gene C that can be mutated to give an amber codon, or if
there are the resulting amber mutants are too leaky to be picked up.
The ochre mutants in gene C are leaky, and at late times (40 min) after
infection a slow synthesis of infectious particles can be detected; to
observe this synthesis, it is necessary to use a gene E mutant to prevent
lysis of the cell. Both host DNA and RF replication are shut off at the
normal time in gene C infections. During the residual synthesis that
occurs at late times, much of the labeled RF sediments in neutral su-
crose gradients in the RF I position, or even a little faster, and Funk
and Sinsheimer (1970b) interpret these results to mean that in gene C
mutants there is an accumulation of RF molecules containing single-
stranded DNA tails. The leakiness of the gene C mutants, the result of
occasional readthrough of the nonsense codon, suggests that very little
gene C protein is needed in a normal infection. The gene C function
may be involved in a late step of single-stranded DNA synthesis—
perhaps involving maturation and packaging of the single-stranded
DNA into the virion. Phage particles made under conditions where the
gene C ochre mutation was suppressed with different suppressors had
normal sensitivities to thermal inactivation, but it has not been proved
that the gene C protein is not in the virion. The molecular weight
determinations of the gene C protein and the smallest protein
component in the virion are not accurate enough to permit the conclu-
sion that they are different.

The gene A protein is also required for single-stranded DNA syn-
thesis (Fujisawa and Hayashi, 1976b). As discussed in Section 5.1, evi-
dence has been adduced that it may be required for proper termination
of a round of replication and formation of a circular monomeric viral
strand. Although it is plausible to imagine that the gene A protein
cleaves a unique sequence in the viral strand at the beginning (to
provide a 3'-OH primer) and at the end (to excise the progeny single-
stranded DNA) of a round of replication (Henry and Knippers, 1974;
Fujisawa and Hayashi, 1976b), it should be noted that this does not
yield an RF molecule with a gap (Johnson and Sinsheimer, 1974;
Denhardt et al., 1975). It is likely that the origin for single-stranded
$X174 DNA synthesis is the same as for RF replication, i.e., in the
region of gene A. There is disagreement on the location of the origin in
G4 (Godson, 1975b; Ray and Dueber, 1975).
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6. BIOGENESIS OF THE MATURE VIRION
6.1. Assembly of the Virus Particle

Formation of the $X 174 particle is closely coupled to the synthesis
of progeny single-stranded DNA. Thus no empty phage capsids have
been observed in the cell in the absence of single-stranded DNA syn-
thesis. Conversely, the rate of single-stranded DNA synthesis is severely
reduced in circumstances where a subviral particle cannot be formed
(Lindqvist and Sinsheimer, 1967b; Knippers and Sinsheimer, 19685;
Iwaya and Denhardt, 1971). Proteins that are essential for virus
assembly include the products of genes B, D, F, and G.

Weisbeek and Sinsheimer (1974) have shown that the gene D pro-
tein is found in a fast-sedimenting 140 S intracellular particulate struc-
ture that also contains the F, G, and H proteins in their normal
proportions. The gene D protein is made in large amounts in the cell
and has been considered possibly to be analogous to the gene V protein
of the filamentous phages, although there is no direct evidence in sup-
port of this possibility (Denhardt, 1975). The 140 S particle is labile
and in the presence of Mg2* ions is efficiently converted into a mature
114 S virion. Conversion in the reverse direction, from a 114 S to a
140 S structure, has not been observed. Approximately 14-20% of the
protein content of the 140 S particle is gene D protein (this would be
about 80 molecules). Upon conversion to the stable 114 S particle, the
gene D protein is lost (or conceivably degraded to yield the small
molecular weight proteins in the virion). In a portion of the population,
the conversion is defective and 70 S particles (Section 1.4.2) are
formed.

It has been shown in Hayashi’s laboratory that the F and G pro-
teins each form a pentameric structure with S values of about 9 and 6,
respectively (Tonegawa and Hayashi, 1970; Siden and Hayashi, 1974).
In the presence, but not in the absence, of B protein these two
pentamers associate to form a 12 S structure. There is no evidence that
the B protein itself is part of the 12 S complex or the mature virion.
This is interesting because earlier work had been interpreted as indicat-
ing that the B protein was part of the mature virion (Sinsheimer, 1968).
Siden and Hayashi (1974) have speculated that the gene B protein may
modify the F or G protein, e.g., by glycosylation or methylation, so
that the FG complex can form.

I am not cognizant of any evidence suggesting that either the A
protein or the C protein is involved in ¢ X174 morphogenesis. There is
evidence that one or two copies of the A* protein are present in the
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mature particle (Linney and Hayashi, 1974), but the function of this
protein is unknown. Possibly it plays a role in circularization of the
single-stranded DNA.

The function(s) of the gene H protein is (are) of interest for several
reasons. As discussed in Section 5.2, the single methyl group is present
in X174 DNA in the gene H region. Also, it has been argued that the
gene H protein functions in the initial stages of the infectious cycle by
directing the single-stranded DNA to a replication complex (Section
2.3.3). In support of this idea is the association of the gene H protein
with the RF after infection and the fact that certain gene H mutants
will eclipse but not form parental RF. The importance of the H protein
in the virus structure is evidenced by the degradation of the newly
synthesized viral single-stranded DNA that occurs in the absence of
functional gene H protein. Although single-stranded DNA synthesis
occurs at almost a normal rate in gene H amber mutants, the DNA is
incorporated into a defective particle and is partially degraded (Siegel
and Hayashi, 1969; Iwaya and Denhardt, 1971). From the
stoichiometry of the viral proteins (12 gene H proteins with 60 each of
F and G proteins), one can surmise that each gene H protein interacts
with one of the F + G pentamers.

The coupling between single-stranded DNA synthesis and phage
morphogenesis makes for a very complex process, one that is easily
perturbed. For example, at 15°C single-stranded DNA synthesis
occurs, but is defective (Espejo and Sinsheimer, 1976b). Particles with
an S value of 80-90 are produced that appear to contain the normal
complement of proteins but only a fragment of DNA representing 20—
90% of the genome; all regions of the genome are represented among
the fragments derived from a population of particles.

6.2. Lysis of the Cell

In a normal infection, lysis of the cell commences shortly after the
appearance of mature phage and well before the full potential of the
infection has been realized. Thus any impediment to lysis will increase
the yield of phage, provided of course that other steps are not interfered
with. Agents that have been successfully used to retard lysis are
spermine (Groman and Suzuki, 1966) and 0.2 M MgSO, (Gschwender
and Hofschneider, 1969). Treatment of the cell with high concentra-
tions of mitomycin prior to infection also blocks lysis (Fukuda and Sin-
sheimer, 1976).

A component with lytic activity against cell walls has not been
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identified in ¢X174 lysates despite several attempts, and why the cell
lyses is not known. What little evidence is available is consistent with
the idea that one of the virus-coded proteins—the gene E protein—
interferes with cell wall biosynthesis in such a way that the cell wall is
progressively weakened and eventually ruptures. Bradley et al. (1969)
have described the sequence of events during lysis of cells by a3 as
follows: First the plasma membrane retracts and indistinct intracellular
particles become visible. The cell envelope then swells to form a sphero-
plast and further membrane retraction occurs. Normal intracellular
viral particles become more evident and the cell wall breaks, curling
back on the bulge of the spheroplast. Figure 21 shows an electron mi-
crograph of a cell at this stage after infection (27 min). Finally the cell
membrane breaks at the bulge and the cell contents are released. The
remaining cell ghost gradually disintegrates into cell wall and plasma
membrane fragments.

Various antibiotics, e.g., penicillin, seem to act in a similar man-
ner, and with this analogy in mind Iwaya and I sought E. coli mutants
resistant to ¢X174-induced lysis. In one series of experiments, we
isolated E. coli mutants resistant to various antibiotics but were unable
to demonstrate that any one of these antibiotic-resistant mutants was
also refractory to lysis by ¢$X174.

If lysis is indeed accomplished by interference with a specific reac-
tion involved in cell wall biosynthesis, then one consequence will be that
only exponentially multiplying cells will be lysed. This may explain why
UV irradiation or treatment with mitomycin interferes with cell lysis.
When cells approach stationary phase they lyse less readily, and
concentrated cultures (greater than 5 x 108 cells/ml in usual media) are
lysed very poorly. This trait is accentuated in a mutant called ¢Xp~
(Denhardt and Sinsheimer, 1965a). This mutation, whose position in
the genetic map is unknown, causes the phage to be even less efficient
at lysing cells, and consequently only very ‘healthy” cells in
exponential growth are lysed. Plaques have turbid edges and are smaller
than the larger, sharper-edged plaques produced by wild-type phage.

The relation between lysis and phage production actually seems to
be more complex than has been manifest so far. Thus Hutchison and
Sinsheimer (1966) found that not one of 17 ts mutants with altered lysis
properties produced progeny phage at the restrictive temperature. A
study of reversion rates suggested that one mutation was affecting both
lysis and phage production. Tessman (1967) reported that certain
temperature-sensitive mutations in genes F, G, and H delayed lysis.
One reason for the apparent complexity of the lytic process may be its
requirement for actively multiplying cells. In su~ cells infected with the
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Fig. 21. Electron micrograph of a cell 27 min after infection with «3. The cell wall
has broken and the membrane is beginning to disintegrate. There appears to be a small
hole at A; P indicates clusters of stained intracellular phage particles. From Bradley et
al. (1969), with permission.
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¢Xam3 gene E mutant, the cells continue to enlarge and to make
phage, but cell division is blocked, perhaps because host DNA replica-
tion is blocked.

7. RECOMBINATION
7.1.  Structural Intermediates

The molecular events occurring during recombination have long
been mysterious, and only recently have particular enzymatic functions
been directly linked to the recombination process. The small size of the
genome of the isometric phages and its dependence on host cell func-
tions have attracted the attention of scientists interested in identifying
molecular intermediates and gene functions involved in recombination.

One of the first candidates for an intermediate in recombination
between RF molecules was the circular dimer (Rush and Warner,
1968), and evidence was presented that some of the circular dimers
might be recombinant molecules. Benbow ez al. (1972a) directly con-
firmedt that this was the case using the deletion mutant de/E (Zuccarelli
et al., 1972; Kim et al., 1972). The delE mutant (see Fig. 10) has suf-
fered a deletion of some 7-9% of its genome in the region of gene E; it
is thus unable to lyse cells but otherwise appears to go through a
normal life cycle and to make normal, albeit less dense, phage parti-
cles. Because of the deletion in this phage DNA, it is possible to distin-
guish it from normal DNA (contour length of 1.53 um vs. 1.69 um).
Also, when heteroduplex molecules are formed between wild-type DNA
and delE DNA a deletion loop is formed. Using these two electron
microscopic techniques, Benbow ef al. (1972a) showed that although a
few of the circular dimers were recombinant molecules the majority of
them were not. Presumably the latter arose either by recombination
between sister duplexes or during replication as the result of faulty
termination. Most of the recombinant molecules were found instead to
be catenated dimers, and as many as 50% of the 1:1 catenated dimers
consisted of one normal-length and one de/E molecule. Catenated
dimers, circular dimers, and figure-8 molecules (see below) are
illustrated in Fig. 22. Since the preparations of circular dimers
analyzed by Rush and Warner (1968) contained catenated dimers, it is
possible that many of the recombinant molecules they observed were
catenated dimers.

t Benbow et al. (1972a) did not draw this conclusion from their data however (cf.
Doniger et al., 1973).
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Fig. 22. Relationship of the dimeric species of SI13 RF DNA. The configuration of
the figure-8 species is indicated diagrammatically in the center of the figure. Catenanes
(two interlocked monomer duplexes, shown at the bottom) could arise either by faulty
termination at the end of replication (4) or during the reduction of a circular dimer to
two monomers (5). Circular dimers (far right) can also arise during replication (3) or
breakdown of the figure-8 (2). The possibility that in some figure-8 molecules the two
monomer single-stranded circles are catenated is not excluded. Reproduced from
Thompson et al. (1975), with permission.

Doniger et al. (1973) investigated this question by fractionating the
oligomeric molecules into circular dimer and catenated dimer popula-
tions and investigating the properties of each class separately. A four-
factor cross between two S13 mutants each bearing both an amber and
a temperature-sensitive mutation was performed. They found that both
circular dimers and catenated dimers yielded about a threefold higher
recombination frequency than did the monomer molecules. Further-
more, they showed that the frequency of recombinants among dimer
DNA molecules was reduced about tenfold in a recA host, the same
reduction as was obtained with monomer DNA. Most recombinant cir-
cular dimers were heterozygous, because in single-burst experiments
almost all of the recombinant circular dimers yielded more than one
progeny type. (A homozygous recombinant dimer could, for example,
be formed by atypical replication of a recombinant monomer and
would not yield more than one recombinant progeny genotype.) The
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data also indicated that 18 of 21 bursts were composed of two or more
nonreciprocal genotypes, a result that implies that more than one event
can be involved in reducing the dimer to the monomer. This implies
that the dimer usually replicates before reduction to the monomer
occurs-—a quite reasonable possibility. Although both the circular
dimers and the catenated dimers can be intermediates in recombina-
tion, it does not follow that they often are. Hofs et al. (1972, 1973)
presented evidence that both circular and catenated dimers could be
formed either by replication or by recombination, and that they were
rather stable, showing little tendency to decompose to monomers.

A more attractive intermediate in recombination, and probably
also in the formation and breakdown of circular dimers and catenated
dimers, is the figure-8. Figure-8 molecules were observed by Gordon ez
al. (1970), and their structures were clearly elucidated by Thompson ez
al. (1975). They consist, as had been expected, of two monomer-length
strands and one dimer-length circular strand. All the strands are (or
can be) covalently closed. Figure 23 shows electron micrographs of a
figure-8 structure and of an « form that is produced when one double-
strand scission is inserted into one of the duplex rings. These molecules
were spread in the presence of ethidium bromide to stiffen and elongate
them so that accidental overlays could be more easily distinguished. An
important property of these fused dimers is that branch migration
readily occurs at the junction; thus the breakdown of the figure-8 into
monomers, perchance catenated, or a circular dimer, can occur at a
location far from the initial point of interaction.

7.2. Gene Functions Involved
72.1. recA

In recA mutants, the amount of recombination (¢X174 and S13) is
reduced, but not to the same extent as host cell recombination, and
from this result it was deduced that there was a secondary mechanism
of recombination, independent of the recA function, that permitted
about 10% as much recombination as the recA pathway (I. Tessman,
1966). The amount of recombination following this second pathway
was a function of which genes were involved in the cross. In subsequent
work, I. Tessman (1968) discovered that ultraviolet irradiation of the
parental phage stimulated recombination 20-40 times in recA* hosts
but not in recA hosts. Benbow er al. (1974b) confirmed this work and
showed in addition that thymine starvation of the host had the same
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Fig. 23. Electron micrographs of figure-8 molecules (a) and of an « form (b)
produced by introducing one double-strand scission into a figure-8 molecule. The
molecules were spread in the presence of ethidium bromide. The arrows represent a
length of 0.5 um. Reproduced from Thompson ez al. (1975), with permission.

effect. They inferred from these results that the single-strand breaks or
gaps in RF molecules were substrates for recA-mediated recombina-
tion. In recA mutants, the proportions of the recombinant circular
dimers (Doniger et al., 1973) and of figure-8 molecules (Benbow et al.,
1975) were considerably reduced. Benbow et al. (1975) detected figure-8
formation in sonicates of recA* cells and suggested that this could be
used as an assay for recA* gene function since in sonicates of recA
mutants the frequency of figure-8 formation was much less.

The recA gene product seems to act especially often in the region
of gene A. Benbow et al. (1974a) compared the genetic map of ¢X174
in a recA* host with that obtained in a recA host and observed a “hot
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spot” for intragenic recombination in the gene A region under recA~
conditions. A simple interpretation of this is that the recA function
both can stimulate recombination between intact duplexes at any point
(by nicking?) and can make use of a preexisting nick or gap.

7.2.2. recB

recB mutations alone have no effect on ¢$X174 recombination;
however, in the presence of a recA mutation they reduce the residual
recombination five- to tenfold (Benbow er al., 1974a). recB may be
involved in the secondary mechanism of recombination, but this has not
been shown directly.

7.2.3. Gene A

Baker et al. (1971) showed that the gene A function generally
stimulated the secondary, but not the primary, mechanism of recom-
bination. They observed that the absolute number of recombinants
formed in a recA host between gene A amber mutants was higher when
the amber mutants were suppressed than when they were not. In the
rec™ host, roughly the same number of recombinants was observed
regardless of whether gene A function, and hence RF replication,
occurred. It was necessary to compare the number of recombinants per
cell rather than recombination frequency because under nonpermissive
conditions phage was made only in cells where recombination reconsti-
tuted a functional gene A protein. These results suggest that the
primary mechanism of recombination acts as efficiently on the parental
RF alone as it does on the parental plus progeny RF present during RF
replication.

Benbow er al. (1975) have suggested that most recA-mediated
recombination proceeds via two parental RF molecules bound to an
“essential membrane site” (the cap in Fig. 24). This is unlikely because
the membrane sites are probably artifacts (Section 4.8), and even if
they are not it seems unlikely to me that two parental RF molecules
associated with two “‘essential membrane sites’” could form figure-8
molecules and undergo branch migration. The fact that recombination
frequently involves the parental RF (the RF containing the parental
viral strand) may reflect the large number of gaps present transiently in
the complementary strand associated with it.

The primary recA-mediated recombination process is stimulated
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by UV irradiation of the parental viral strand. Since it is only the
parental RF that contains the lesions, it is evident that the recA gene
product can use the parental RF as an efficient substrate. The presence
of an active gene A allele also has an effect since in the presence of
gene A function in rec™ cells there is an anomalously high intracistronic
recombination frequency in the gene A region that is not reflected in
the recombination frequency measured with outside markers (Benbow
et al., 1974a). This may be caused by the gap in the viral strand that is
left specifically in the gene A region of one of the two products of RF
replication. Since the other product has multiple gaps widely dis-
tributed about the genome, there would be no noticeable localized
effect (Eisenberg ez al., 1975).

The secondary mechanism of recombination observed in the
absence of the recA function is increased by the presence of an active
gene A product. Although it is not excluded that the gene A protein
participates directly in this recombinational pathway, it seems more
likely to me that the increased recombination detected in recA hosts in
the presence of active gene A function is the result of the production of
progeny RF containing nicks and gaps. This could be tested by looking
at the recombination frequency among the parental RF molecules
present in the rep host in the presence and absence of gene A function.

Some recombination occurs in recA hosts when gene A function is
absent, but the mechanism by which these recombinants arise is not
evident (Baker et al., 1971).

7.3. Heteroduplex Repair and Single-Strand Aggression

In the past decade, it has become apparent that many of the puz-
zling events that occur during recombination (gene conversion, marker
effects, nonreciprocal recombination, polarized recombination, and
high negative interference) can be explained at least in part by
heteroduplex repair. An illustration of the consequences of heterodu-
plex repair is seen in the model for recombination shown in Fig. 24.
The essence of heteroduplex repair is the recognition of a mismatched
base pair (or partially base-paired region) by one or more enzymes
whose net effect is to excise one of the offending DNA strands and
replace it with a strand perfectly complementary to its partner. There is
good evidence for heteroduplex repair in a variety of systems, includ-
ing, as we have discussed earlier, $X174.

Formation of heteroduplexes has been demonstrated in a variety of
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Fig. 24. Role of the figure-8 in recombination. Two genetically different genomes (a)
enter the cell and are converted to RF (b) at a hypothetical membrane site. A nick or
gap in one of the molecules (c) initiates an interaction with the other molecule (d) to
form a figure-8 structure (e). After branch migration (f) and heteroduplex repair (g),
the figure-8 is reduced to two monomers (h), only one of which is recombinant (i). The
jagged line indicates the repaired segment. Reproduced from Benbow et al. (1974c),
with permission.

systems. The presence of a break in one of the strands of an intact
duplex, or the presence of a free single-stranded end of a DNA
molecule, is generally considered necessary to initiate heteroduplex
formation. In the ¢X174/S13 system, nicks or gaps are known to be
created both by gene A function alone and by the act of replication. It
is likely that the recA function participates in heteroduplex formation.
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Benbow et al. (1975) have used the term “‘single-strand aggression” to
characterize the phenomenon of heteroduplex formation initiated by a
single-stranded end.

Once formation of a heteroduplex structure is initiated, it can
rapidly expand over a longer region by strand exchange and branch
migration. This migration of the junction occurs with little disruption
of the base-stacking and hydrogen-bonding interactions in the duplex,
provided that the two duplexes are essentially homologous. Regions of
nonhomology, or the presence of a break in one of the DNA chains,
will interrupt the process. In the figure-8 molecules formed between
wild-type X174 and the ¢X174 de/E mutant, branch migration would
be impaired at the boundary of the deleted region, and this may explain
the high frequency of catenated recombinant dimers observed by
Benbow et al. (1972a). In the absence of a break in one of the duplexes,
a nuclease will have to act on the figure-8 molecule to permit regenera-
tion of the component monomeric molecules.

The products of this process at this point (Fig. 24f) are sym-
metrical and complementary, and, if reduction to the monomers and
replication followed immediately, equal proportions of parental and
reciprocally recombinant duplexes would result. If on the other hand
mismatched regions were recognized and eliminated prior to replica-
tion, then one or the other of the complementary recombinant or
parental genotypes would be lost. The products of this single recom-
bination event would then be asymmetrical and nonreciprocal. The
precise outcome would depend on the specific mismatches involved and
the capriciousness of the process.

In the specific case of recombination among the isometric phages,
the observed products of recombination are (usually) the single-
stranded DNA molecules found in progeny virions, and these are
separated from the initial recombination event by single-stranded DNA
synthesis and perhaps RF replication. If there is any selectivity at either
of these two stages as to which RF molecule will be used, then the
interpretation will be correspondingly complicated. Thus by judicious
invoking of asymmetrical replication and heteroduplex repair it is a
simple matter to account for the variety and complexity of recombinant
genotypes observed to emanate from recombinational events. But how
valid this account is remains to be seen.

NoOTE ADDED IN PROOF

Barrell, Air, and Hutchison (1976) have sequenced the gene D
region of X174 DNA and have made the startling discovery that it also
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contains gene E. The nucleotide sequence coding for the last 60% of gene
D is also used to code for gene E, but is read in a different phase. There is
also a region between genes D/E and F that codes for the small protein
found in the virion. The gene that codes for this protein was called
(Benbow et al., 1972b) gene J on the basis of the properties of the am6
mutation, which, however, is not in gene J. Thus Figure 2 should be
revised so that gene E is within gene D and so that gene J is inserted
between gene D/E and gene F. The molecular weight of the as yet
unidentified gene E protein would appear to be around 10,000. The
“delE” mutants (Zuccarelli et al., 1972; Kim et al., 1972) appear to have
been erroneously identified; it is possible that they were simply a mixture
of a variety of nonviable deletions maintained as defective phages by
passage at high multiplicities of infection.

Fiddes (1976) identified a 111 nucleotide-long intercistronic space
between genes F and G and determined its nucleotide sequence. It
contained a region of hyphenated two-fold symmetry capable of forming
a hairpin loop. The pyrimidine tracts present in this loop were similar to
those characterized by Bartok ez a/. (1975) and it was speculated that this
loop was one of the major hairpin loops resistant to the Neurospora
crassa nuclease.

Jeppesen et al. (1976) have performed in vitro pulse-chase experi-
ments using DNA polymerase I and specific restriction enzyme frag-
ment primers to determine the order of restriction enzyme fragments.
The ¢ X174 cleavage maps produced by Haell (RGCGCY, 8 fragments),
Hindll (GTYRAC, 13 fragments), Hhal (GCGC, 16 fragments), 4/ul
(AGCT, 23 fragments), Hapll (CCGG, 5 fragments), Hinfl (GAXTC,
20 fragments), and Haelll (GGCC, 11 fragments) were reported. In
general there was good agreement with previous maps. They also (cf.
Grosveld et al., 1976) noted a positioning of the Haelll6 fragments dif-
ferent from Lee and Sinsheimer (1974a), and their order of Hapll frag-
ments 4 and 5 differed from the order reported by Hayashi and Hayashi
(1974). Brown and Smith (1976) have located the unique Pst cleavage
site in X 174 RF near the B/C junction, probably in gene B.

Farber (1976) has extensively purified the ¢ X174 gene D protein. It
appears to exist normally as a tetramer of molecular weight of about
61,000 and it does not bind to single-stranded DNA. Pollock (1976) was
unable to confirm the report of Clements and Sinsheimer (1974) that an
amber mutation in gene D reduced the amount of phage-specific mRNA
made.

Axelrod (1976a,b) has identified three promoters used in vitro when
¢X174 RF 1 is transcribed by E. coli RNA polymerase. By employing
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specific short oligonucleotide primers she was able to initiate transcrip-
tion selectively at any one of the three promoters. Transcripts starting
with A were initiated near the H/A boundary and the A/B boundary.
Part of the initiation sequence of the two A start promoters was inferred.
The third promoter signaled an RNA transcript starting with G around
the C/D boundary. These results accord well with those of Smith ind
Sinsheimer (1976a,b,c). Two rho-independent termination sites were
identified, the strongest of which mapped near the H/A boundary. Two
rho-dependent termination sites were also identified. Further research is
necessary to determine whether the promoters and terminators identified
in vitro are used in vivo and whether the RNA transcripts synthesized
using the different promoters and coding for different proteins are
equally stable. Kapitza er al. (1976) observed that there was a small
reduction in the size distribution of X174 RNA molecules synthesized
in vitro when exposed to RNase II1, and they suggested that RNase III
participates in the processing of X174 mRNA in vivo.

Fukuda and Sinsheimer (1976a) studied the structure of pulse-
labeled ¢X174 replicating intermediates during RF replication after
fractionating the replicating intermediates by CsCl density gradient
centrifugation in the presence of propidium diiodide. The viral strand in
newly replicated RF II was found as a full-length molecule whereas the
complementary strand was present in fragments (see also Eisenberg et
al., 1975). They observed pulse-labeled RF molecules that banded at a
heavy density in a dye-CsCl density gradient yet were not covalently
closed (see also Espejo and Sinsheimer, 1976a).

Funk and Snover (1976) found, as did Martin and Godson (1975)—
see Table 7—that certain (but not all) gene A mutants failed to terminate
host DNA synthesis at later stages of infection. The inability of the host
DNA to continue to be replicated did not seem to result from extensive
nucleolytic breakdown of the DNA, although one gene A mutant was
reported to cause breakdown of the host DNA.

Borrias et al. (1976a) described a method to produce mutations in
selected regions of the genome by mutagenizing specific restriction
enzyme fragments, annealing the mutated DNA with a complete viral
strand DNA of appropriate genotype and then infecting spheroplasts.
Borrias et al. (1976b) also reported that certain mutants (eg., t08, see
Figure 2) that map in gene A allowed RF replication but not progeny
single-stranded DNA synthesis. These amber mutants mapped in the
center of the A gene and were capable of complementing other gene A
mutants but not gene B mutants (compare I. Tessman ez al., 1976). It
appears that gene Bn is contained at least in part within Gene A.
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E. Tessman and Peterson (1976) similarly have found a class of rep
mutations (groL.~ mutations) that permit RF replication but not progeny
single-stranded DNA synthesis. In contrast to the original rep mutant,
¢ X174 mutants (called ogr mutants) can be found that will grow on these
groL~ strains. The ogr mutations were cis-dominant and appeared to
map in gene F; it was speculated that a specific complex between the rep
protein and the genes A and F proteins was involved in progeny single-
stranded DNA synthesis and phage maturation.

Studies on in vitro ¢X174 DNA synthesis continue unabated.
Wickner and Hurwitz (1976) discovered that the dnaZ gene product is
involved in DNA synthesis on primed single-stranded DNA catalyzed by
either DNA polymerase II or III. It was present together with another
protein in elongation factor II preparations Eisenberg et al. (1976) and
Sumida-Yasumoto et al. (1976) have reported preliminary studies on the
replication of ¢X174 RF in vitro. The replication was inhibited by
nalidixic acid and novobiocin and required both the X174 gene A pro-
tein and the E. coli rep protein. Superhelical X174 RF I was one of the
products of the in vitro replication. Ikeda et al. (1976) purified the
¢X174 gene A protein using a complementation assay and obtained evi-
dence that it interacted specifically with superhelical X174 RF I in the
region of gene A in the HindlI3 fragment. It appeared to have
nucleolytic activity against both superhelical RF and single-stranded
viral DNA, but not relaxed RF I (cf. Singh and Ray, 1975, and Henry
and Knippers, 1974). Eisenberg (personal communication) has purified
the rep protein, shown it to be functionally active, and determined its
molecular weight to be about 68,000 in SDS polyacrylamide gels. It
appears to cause duplex DNA to unwind.
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1. INTRODUCTION

This chapter will review the current state of knowledge of the
reproduction of filamentous bacterial viruses. The area of most intense
activity since the filamentous bacterial viruses were reviewed last (Ray,
1968; Marvin and Hohn, 1969; Pratt, 1969; Denhardt, 1975) has been the
study of the structure and replication of the viral DNA, and, accord-
ingly, these aspects will be the primary focus of the chapter.

Filamentous bacterial viruses have been isolated for several dif-
ferent bacterial strains. They were first isolated by Loeb (1960) and
characterized in more detail by Zinder et al. (1963). At the same time,
filamentous bacterial viruses were described in many different labora-
tories. In all cases examined, the virions are relatively heat resistant,
contain circular single-stranded DNA, have a diameter of approx-
imately 6 nm, are sensitive to shaking with chloroform, and are ex-
truded into the medium as the host cell continues to grow and divide.
Most such viruses are specific for bacteria that harbor sex factors.

Essentially all of the studies on the replication of the DNA of fila-
mentous phage have been performed with the Ff group, one of three
classes of Escherichia coli specific filamentous phages. The Ff group
includes fd, fl, M13, ZJ/2, Ec9, AE2, HR, and 6 A (Marvin and
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Hohn, 1969). Some of these viruses are serologically related, and a
genetic relationship has been demonstrated in some cases. All adsorb to
the tip of the F-type sex pilus (Fig. 1) and are about 870 nm long. Ff-
infected cells release filamentous virions through the cell wall without
lysis (Hoffmann-Berling ez al., 1963; Hofschneider and Preuss, 1963;
Hoffmann-Berling and Mazé, 1964). In liquid medium, titers of up to
2-5 x 10 per milliliter are readily obtained. Although the infected

Fig. 1. Electron micrograph of bacteriophage M 13 attached to the tip of an F pilus of
E. coli Courtesy of J. Griffith.
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Fig. 2. Electron micrograph of bacteriophage M13 being extruded from an infected
cell. Courtesy of J. Griffith.

cells are not killed, plaque formation based on the reduced growth rate
of infected cells permits assay in the standard way under appropriate
plating conditions. An electron micrograph of Ff phage being released
through the cell wall is shown in Fig. 2.

A second class of filamentous coliphage is defined by its adsorp-
tion to I-type sex pili specified by the transmissible drug resistance fac-
tor (R factor) of the type that does not inhibit F-promoted fertility
(fi). Two such viruses, Ifl and If2, have been isolated (Meynell and
Lawn, 1968), but they are possibly identical. Physical studies of Ifl
(Wiseman et al., 1972) show it to have a length 1.5 times that of Ff
viruses and to have a distinctly different base composition. However,
the capsid proteins are similar to those of Ff phage and some genetic
relationship is indicated by DNA-DNA hybridization (Denhardt and
Marvin, 1969) and genctic complementation (Kay and Wakefield,
1972).

Bacteriophage 1Ke may represent a third class of filamentous
coliphage (Khatoon et al., 1972). Although it is similar in its physical
properties to the Ff phages, it is serologically distinct and has a dif-
ferent host specificity. This phage is specific for strains carrying R fi~
sex factors of a type different from those determining the specificity for
If phage. Sensitivity to phage [Ke appears to define a distinct class of
bacterial sex factors.
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Two filamentous phages, Pfl and Pf2, have been isolated for
Pseudomonas aeruginosa and, like Ff phage, were found to form minute
turbid plaques and to be released from growing cells without lysis
(Minamishima et al., 1968). Pf appears to be the longest known fila-
mentous phage, with a length of 1915 + 77 nm (Bradley, 1973).

A filamentous phage, Xf, from Xanthomonas oryzae appears mor-
phologically very similar to the Ff phage but has a significantly dif-
ferent DNA base composition (Kuo et al., 1969). The length of Xf
phage is 977 nm, slightly longer than that of Ff phage. In addition, this
phage infects at least 16 different strains of Xanthomonas and, con-
sequently, is probably not sex specific.

The major coat protein has been sequenced for a number of the
filamentous phages (Asbeck et al., 1969; Lin et al., 1971; Snell and
Offord, 1972). These results indicate a definite relationship between the
major coat proteins of fd, M13, f1, ZJ/2, and Ifl. Amino acid com-
positions of the major coat protein of some of the filamentous phages
are presented in Table 1. The coat protein of the Xf phage is somewhat
smaller and has a distinctly different amino acid composition. A com-
mon feature of the composition of the major coat protein of all of these
phages is the absence of both histidine and cysteine. Most phages of the
Ff group also lack arginine in the major coat protein. These deficits
have been used to advantage in detecting minor capsid proteins by
labeling with radioactive arginine or histidine (Henry and Pratt, 1969;
Jazwinski et al., 1973).

The DNA base compositions of the filamentous bacterial viruses
clearly distinguish the Ff phage from the If phage and the Xf phage
(Table 2). However, unlike other filamentous phages, the If DNA may
contain a fairly large double-stranded portion. On the basis of the
physical properties of Ifl DNA, Wiseman et al. (1972) have speculated
that If]l may have arisen by insertion of half a complementary DNA
strand into the viral strand of an Ff-like virus.

The small size of Ff viral DNA limits these phages to no more
than eight to ten proteins of medium size. Their genome consists of a
single-stranded DNA of 5740 + 210 nucleotides (Berkowitz and Day,
1974), corresponding to a coding capacity of 1913 + 70 amino acids.
Plaque-type, conditional lethal, and restriction-modification mutants
have been obtained by mutation of the Ff genome with a wide range of
physical and chemical agents (Marvin and Hohn, 1969). Several
hundred conditional lethal mutants have been assigned to eight comple-
mentation groups (Pratt et al., 1966, 1969; Lyons and Zinder, 1972;
Mazur and Zinder, 1975b) which have been arranged into a circular
genetic map by recombination (Lyons and Zinder, 1972). The
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TABLE 1

Amino Acid Compositions of the Major Coat Protein of Some
Filamentous Bacterial Viruses

Number of residues

Amino acid fde M13e f1e zj/2b  If1° Xfe

Lys 5
His 0
Arg 0
Asp 3
Thr 3
4
3
1
4
0
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@ Modified from Asbeck ez al. (1969) to include an additional alanine
residue (Snell and Offord, 1972; Nakashima and Konigsberg, 1974).

® Snell and Offord (1972).

¢ Wiseman et al. (1972).

“Lin et al. (1971).

availability of these mutants has been an important factor in the
progress of much of the research with Ff phage. Table 3 lists the known
genes along with their physiological roles and the molecular weights of
the corresponding proteins, when these are known.

2. STRUCTURE OF THE Fi VIRION

The molecular structure of the rod-shaped Ff virion must differ
significantly from that of a rod-shaped virus like tobacco mosaic virus.
The nucleic acid of the Ff virion is a single-stranded DNA ring, even
though the virion itself is a linear filament. Also, there are two virion
proteins, the A protein (or gene 3 protein), a minor protein probably
present in only a few copies at one tip of the virion, and the B protein
(or gene 8 protein), the major capsid protein (Pratt et al., 1969). The
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TABLE 2
DNA Base Compositions of Some Filamentous Bacterial Viruses
Base composition (in mol %)

Virus Host Thymine Adenine Guanine Cytosine
fd* E. coli 34.1 244 19.9 21.7
Mi13¢ E. coli 35.8 233 21.1 19.8
Ec9¢ E. coli 343 24.4 20.6 20.7
AE2¢ E. coli 32 26 21 21
6A° E. coli 33.1 25.7 21.2 20.0
If1° S. typhimurium 28.4 27.1 23.1 21.7
Xfe Xanthomonas oryzae 19.3 20.6 32,6 27.5

2 Marvin and Hohn (1969).
® Wiseman et al. (1972).
¢ Kuo et al. (1969).

presence of a full amount of A protein in half-size defective phage
strongly supports its location at the end(s) of the phage filament
(Marco, 1975).

The B protein is a small protein only 50 residues in length and
largely a-helical (Marvin, 1966; Day, 1969). The amino acid sequence
of the major capsid protein of Ff phage shows a distinctly nonrandom
distribution of acidic, basic, and hydrophobic residues (Fig. 3), suggest-
ing that the acidic amino-terminal portion of the capsid protein might
be on the surface of the capsid and the basic carboxyl-terminal portion
might interact with the viral DNA.

TABLE 3
Gene Physiological role Protein molecular weight
1 Morphogenesis 35,000, 36,000°
2 DNA replication 40,000, 46,000°
3 Minor capsid protein 56,000,° 68,000°
4 Morphogenesis 48,000,° 50,000
5 SS synthesis 9,688
6 Morphogenesis 3,000¢
7 Morphogenesis ?
8 Major capsid protein 5,1967-¢

% Model and Zinder (1974).
® Konings et al. (1975).
¢ Henry and Pratt (1969).

¢ Nakashima et al. (1974) and Cuypers et al. (1974).

¢ Bertsch et al. (1974).
’ Asbeck et al. (1969).
£ Snell and Offord (1972).



Replication of Filamentous Bacteriophages 111

I 5 10 15 20

ACIDIC H-ALA-GLU-GLY-ASP -ASP-PRO-ALA-LYS-ALA-ALA-PHE -ASP-SER-LEU-GLN-ALA-SER-ALA-THR-GLU
39 35 30 25 21 )

HYDROPHOBIC @-ILE»THR-ALA—GL_YAVAL~ILE'VAL-VAL-\/AL>METAL_A—TRP—ALA-TYR—GL%ILE—TYR

40 45 50
BASIC LYS-LEU-PHE-LYS-LYS-PHE-THR-SER-LYS-ALA-SER-OH

Fig. 3. Amino acid sequence of the major capsid protein (gene 8 protein) of bac-
teriophage fd. From Asbeck et al. (1969) and Nakashima and Konigsberg (1974).

The arrangement of the circular DNA in the filamentous virion
has been a subject of considerable controversy. Some electron micro-
graphs have been interpreted in terms of a two-stranded structure in
which each strand is separately encapsulated in its own protein coat
(Marvin, 1966; Frank and Day, 1970; Griffith and Kornberg, 1972).
Alternatively, Bradley (1967) interpreted his electron micrographs in
terms of a one-strand model in which both DNA strands are encapsu-
lated in a central core by a single sheath of protein.

More recently, two independent lines of evidence have added
further support to the one-strand model. First, it has been found that
the two DNA strands can be cross-linked at a small number of points
by ultraviolet irradiation of the Ff virion (Francke and Ray, 1972).
These results suggest that the two DNA strands are probably in
physical contact rather than separated by two layers of coat protein.
Second, it now appears that no two-strand model can account for the
X-ray diffraction pattern obtained from fibers (Marvin et al., 1974b;
Wachtel et al., 1974). The only model consistent with the radial
electron density distribution and the heavy-atom replacement data is
one in which the protein coat forms a hollow tube encasing the DNA
with little or no interpenetration of DNA and protein. The protein shell
appears to be of 2.5 nm inner diameter and 6 nm outer diameter. In
this model, the major capsid proteins are arranged in a left-handed
helix of 1.5 nm pitch with 4.5 units per turn. Each protein molecule is
elongated in the axial direction, and the molecules slope radially so as
to overlap each other similarly to scales on a fish. The structure of the
Pfl and Xf bacteriophages appears to be similar to that of the Ff bac-
teriophages (Marvin et al., 1974a).

In addition to its role in phage adsorption (Rossomando and
Zinder, 1968; Pratt et al., 1969; Marco et al., 1974), the A protein
appears to be involved in viral DNA replication (Jazwinski et al.,
1973). Since this minor capsid protein remains associated with the viral
DNA even after conversion to the duplex replicative form, it is of
interest to know whether the A protein is associated with a specific site
on the viral DNA. Such a specific localization of the A protein on the
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viral DNA would imply that the DNA has a specific orientation in the
virion since the A protein appears to be located at only a single tip of
the filamentous virion. Experiments to look for a preferred orientation
of the circular DNA within the filament have exploited the capacity of
sonic fragments of the virus to bind to host cells (Fareed et al., 1966).
Only the fragments bearing the adsorbing end of the virus bind to the
host receptor site. Using quarter-length fragments derived presumably
only from the adsorbing end of the virion, Tate and Petersen (1974c¢)
found that the distribution of pyrimidine oligodeoxyribonucleotides
from these fragments is identical to that from intact phage DNA. This
result implies that there is no preferred orientation of the viral DNA in
the filamentous virion and that the A protein is not associated with a
specific site on the phage DNA. However, studies on phage attachment
in the presence of rifampicin (to be discussed later) appear to be incom-
patible with a random, fixed orientation of the DNA in the virion.

Studies on the disassembly of Ff virions suggest that the interac-
tions of the gene A and gene B proteins in the virion are qualitatively
different. The interaction of the B protein with the viral DNA appears
to be highly cooperative since numerous physical and chemical agents
cause an all-or-none disassembly of the virion (Rossomando and
Zinder, 1968; Rossomando and Bladen, 1969; Rossomando, 1970;
Frank and Day, 1970; Ikehara and Utiyama, 1975; Ikehara et al.,
1975). The B protein is a highly hydrophobic protein with a high «-
helix content. Loss of infectivity of Ff phage in alkali was found to cor-
relate directly with a-helix content (Frank and Day, 1970). The alkali-
induced disassembly of the virion appears to be initiated by an ioniza-
tion of the gene A protein followed by titration of the bulk coat protein
(Rossomando and Zinder, 1968). The high cooperativity of the
disassembly process has been taken to suggest that the phage structure
in aqueous media at neutral pH is stabilized primarily by protein-pro-
tein interactions of hydrophobic origin (Ikehara et al., 1975). Exposure
of hydrophobic groups upon removal of a single protein molecule is
thought to increase the free energy for the surrounding molecules suffi-
ciently to induce dissociation of these molecules. Thus the removal of a
single B protein molecule would trigger a rapid and sequential disorga-
nization of the entire virion.

The f1 gene A amber mutant R4 was found to have a decreased
alkali stability when grown in either a sul (serine) or sull (glutamine)
host as compared to mutant phage grown in sulll (tyrosine) host.
These results suggest a role for the gene A protein in maintaining the
structural integrity of the virion. However, X-ray diffraction data on
oriented fibers from R4(Tyr) and R4(Ser) phages show no significant
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differences between them (Dunker et al., 1974). Furthermore, the gene
A protein can be selectively removed from the virion by treatment with
2-chloroethanol without the complete disassembly of the phage particle
(Ikehara and Utiyama, 1975). The resulting defective particle lacks
infectivity but cannot be distinguished from intact virions by UV
absorption, circular dichroism, sedimentation velocity, or CsCl
buoyant density. Since the conditions for removal of the A protein
from the virion affect the stability of hydrophobic bonding only
slightly, it was suggested that the selective loss of the A protein is a
reflection of a difference in the electrolytic properties of this protein as
compared to the B protein. Segawa et al. (unpublished data, cited by
Ikehara and Utiyama, 1975) have found that 20% of the amino acid
residues of the A protein are acidic while less than 10% are basic. Thus
the chloroethanol-induced disassociation could have been induced by
the enhancement of the electrostatic repulsion between the DNA and
the A protein as a result of the decreased dielectric constant in the
presence of the alcohol.

Selective removal of the A protein has also been observed for
subtilisin-treated phage (Marco et al., 1974). The particles retain the
buoyant density in CsCl of untreated phage but are noninfectious. Heat
treatment of phage fl shows a structural alteration at one end of the
virion and suggests that thermal disassembly of the phage begins at one
end of the filamentous particle where the A protein is located
(Rossomando and Bladen, 1969; Rossomando, 1970; Marco, 1975).
These latter experiments have been interpreted to mean that the A pro-
tein is located at only one of the two ends of the filamentous virion.

Up to about 5-6% of the phage in a preparation consists of diploid
particles of double length and carrying two unit-length DNA molecules
(Scott and Zinder, 1967; Salivar et al., 1967). Such diploid particles can
be separated from unit-length phage by polyacrylamide gel elec-
trophoresis (Beaudoin et al., 1974; Beaudoin and Pratt, 1974). Infection
of nonpermissive cells with gene 3 amber mutants leads to the production
of large amounts of noninfectious ““polyphage” particles which contain
infectious DNA but are much longer than normal phage particles (Pratt
et al., 1969). Polyphage have the same UV absorption spectrum and
buoyant density in CsCl as normal phage but fail to attach to host cells.
Velocity sedimentation of the DNA from polyphage indicates that the
DNA is identical in size to that of unit-length phage. The specific
infectivity of DNA from polyphage is also equal to that of normal phage,
showing that the defectiveness is in the polyphage particle rather than in
the DNA contained in such particles.

The yield of diploid phage particles is also increased in infections
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with phage carrying a mutation in gene 6, a noncapsid protein (Salivar
et al., 1967). In mixed infections between amber mutants in nonper-
missive hosts, half of the diploid phage are heterozygous, carrying one
DNA molecule of each genotype (Scott and Zinder, 1967; Salivar et
al., 1967). The highest yield of diploid and heterozygous phage is
obtained in crosses between gene 3 and gene 6 mutants. In contrast,
mutations in genes 1 and 5 depress the frequency of such particles. The
high frequency of heterozygotes in crosses between phage mutants has
greatly hindered studies on genetic recombination of the phages of the
Ff group.

3. STRUCTURE OF Fi DNA
3.1. Single-Stranded Ring Structure of Ff DNA

The DNA of Ff bacteriophages is judged to be single-stranded on
the basis of its noncomplementary base ratio, broad melting profile,
unchanged buoyant density after heating to 100°C followed by rapid
cooling, and increased sedimentation rate in solutions of high ionic
strength (Hoffmann-Berling et al., 1963; Salivar et al., 1964; Marvin
and Hohn, 1969). The viral DNA is a covalently closed ring structure
(Marvin and Schaller, 1966; Ray and Schekman, 19695b) consisting of a
single polynucleotide chain linked by phosphodiester bonds (Schaller,
1969). Measurements of the molecular weight of Ff DNA have ranged
from 1.7 to 2.5 x 10° (for a review, see Berkowitz and Day, 1974).
However, this parameter has been reinvestigated recently by three inde-
pendent absolute methods (light scattering, equilibrium sedimentation,
and sedimentation and diffusion). These measurements are all in close
agreement (Table 4) and give a weighted average molecular weight of
1.90 £+ 0.07 x 10° for the sodium salt of Ff DNA (Berkowitz and Day,
1974; Newman et al., 1974). This molecular weight corresponds to 5740
+ 210 nucleotides. Based on these measurements, the circular duplex
replicative form (RF) would have a molecular weight of 3.8 + 0.14 x
108.

Thymine accounts for more than one-third of the bases in the viral
DNA, leading to a 1.54-fold greater thymine content than that calcu-
lated for the complementary strand using the conventional base-pairing
rules (Salivar et al., 1964). This large asymmetry in the thymine dis-
tribution between the two strands of RF provides the basis for separa-
tion of viral and complementary single strands in alkaline CsCl
gradients (Ray, 1969).
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TABLE 4
Physical Properties of Fi DNA

Diffusion coefficient, D,y (10 %cm?-s7*) 6.63 + 0.18¢
Sedimentation coefficient, $50.w (107" s) 24.6 + 0.4¢
Molecular weight, M (10° g-mol™*)
By sedimentation and diffusion 1.87 + 0.06*
By equilibrium sedimentation 1.92 + 0.06°
By light scattering 1.96 + 0.12°
Weighted average 1.90 + 0.07°
Number of nucleotides 5740 + 210°
Buoyant density in CsCl (g-cm~?) 1.722¢
Buoyant density in Cs,SO, (g-cm™?) 1.426¢
Radius of gyration, R; (nm) 41.6 + 3.5°
Density increment, (dp/dc) 0.483 + 0.010°
Refractive index increment at 436 nm, (dn/dc) ,(g™" - cm®) 0.175 £ 0.019°
Refractive index increment at 546 nm, (dn/dc)u (g~ ' cm?®) 0.170 + 0.015°

2 Newman et al. (1974).
® Berkowitz and Day (1974).
¢ Szybalski (1968).

3.2. Conformations of Fi DNA

Ff single-stranded viral DNA can exist in at least two different
metastable states with characteristic sedimentation rates and conforma-
tions (Forsheit and Ray, 1970). Either conformation can be obtained
from phage or from infected cells depending on the ionic strength, pH,
and temperature during isolation. Interconversion of these two forms
occurs at near-physiological conditions, suggesting the possibility of a
biological role for the conversion. The faster-sedimenting form
observed in high salt appears very compact by electron microscopy
while the slower-sedimenting form observed in low salt appears more
rigid and elongated with the appearance of single-strand ‘‘bushes”
separated by short double-stranded regions.

3.3. Self-Complementary Regions in Fi DNA

Further details of the structure of Ff DNA have been obtained
from studies of specific regions of the DNA. A DNA core of high GC
content remains after digestion of Ff DNA with Neurospora endonu-
clease and E. coli exonuclease I (Schaller et al., 1969). This portion of
the genome represents only about 150 nucleotides and has a simple dis-
tribution of pyrimidine runs. The average chain length of core frag-
ments is around 40 nucleotides, suggesting the existence of three or four
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such regions per viral DNA molecule. The core also has double-strand-
like spectral properties. [ts secondary structure recovers rapidly follow-
ing exposure to denaturing conditions. These data are interpreted in
terms of a GC-rich hairpin structure in the viral DNA. Such singu-
larities in the DNA might play important roles in the recognition of the
DNA (Gierer, 1966) by one or more enzymes involved in either the
replication of the DNA or the morphogenesis of the virion. The proba-
ble occurrence of the termini of linear single-strand intermediates in
such a hairpin region in the synthesis of $X174 circular single strands
has been postulated as a mechanism for allowing closure of the termini
by the host ligase (Schaller et al., 1969; Schekman and Ray, 1971;
Iwaya et al., 1973).

A region of similar size but rich in AT base pairs has been isolated
by digestion with an endonuclease which preferentially splits the dG-dG
and dG-dA bonds in DNA (Shishido and Ikeda, 1971). Further diges-
tion of this material with the single-strand-specific endonuclease Sl
yielded a core fraction with a near-equivalence of dA and dT residues
and dG and dC residues. This fraction also exhibited reversible thermal
denaturation, suggesting that it too may represent a hairpin structure.
The dAT-rich core fragments are in the range of 45-50 nucleotides long
and occur at a frequency of about two per viral strand.

3.4. Pyrimidine Tracts in Ff DNA

Degradation of DNA by diphenylamine in acid solution yields a
mixture of free purine bases, inorganic phosphate, and pyrimidine
oligodeoxyribonucleotides. The pyrimidine tracts released from Ff viral
DNAs have been obtained and separated on the basis of chain length in
several laboratories (Petersen and Reeves, 1969; Shishido and Ikeda,
1970a,b; Ling, 1972; Tate and Petersen, 19744,b).

Fractionation of pyrimidine tracts from Ff DNA on a two-dimen-
sional thin-layer system resolves the depurination products on the basis
of both size and base composition (Ling, 1972). The polypyrimidine
tracts of nine base residues or greater have been sequenced by a tech-
nique employing partial digestion with spleen and snake venom
phosphodiesterases and fractionation of the partial digests on a two-
dimensional thin-layer system. The largest pyrimidine tract contains 20
residues and has the sequence of 5°-C-T-T-T-C-T-T-C-C-C-T-T-C-C-
T-T-T-C-T-C-3". Since the amino acid sequences of the major coat
protein (Asbeck et al., 1969; Snell and Offord, 1972; Nakashima and
Konigsberg, 1974) and the gene 5 protein (Nakashima et al., 1974;
Cuypers et al., 1974) are known, it is possible to decide whether this
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polypyrimidine sequence could arise from the genes corresponding to
either of these proteins. From the amino acid sequences, it can be con-
cluded that neither of the genes for these proteins contains this excep-
tionally long pyrimidine tract.

The existence of poly(dA) tracts in Ff DNA has been inferred on
the basis of a 15 mg per ml density increase of Ff DNA in the presence of
a tenfold excess of poly(U) (Sheldrick and Szybalski, 1967). Cor-
respondingly, the complementary strand of Ff RF would be expected to
contain some dT-rich clusters.

3.5. RNA Polymerase Binding Sites

Another method by which a small and unique portion of the Ff
DNA has been isolated is by nuclease digestion of complexes of the E.
coli RNA polymerase and Ff RF (Okamoto et al., 1972; Heyden et al.,
1972). There appears to be one strong RNA polymerase binding site
per RF, as well as a second weaker binding site. Protection of these
specific binding sites by RNA polymerase is not observed in the absence
of the ¢ factor (Shishido and Ando, 1974). The protected DNA in the
first binding site contains approximately 40 base pairs. This fragment is
double-stranded and upon denaturation yields two distinct single
strands with electrophoretic mobilities corresponding to chain lengths
of 41 + 2 and 36 + 2 nucleotides. The protected DNA from the
stronger binding site contains 20 pyrimidines in the viral strand and 21
pyrimidines in the complementary strand. Both binding sites are
enriched in AT base pairs just as has been observed for RNA
polymerase protected regions in A DNA (Le Talaer and Jeanteur,
1971). The two binding sites contain none of the previously identified
structural peculiarities of Ff DNA, viz., self-complementary hairpin
structures or long polypyrimidine tracts. However, nucleic acid
sequencing of the stronger binding site (Sugimoto et al., 1975; Schaller
et al., 1975) has recently established that this site contains a sequence
having twofold rotational symmetry just preceding the point of initia-
tion of a pppGUA-initiated RNA chain (Fig. 4). The point of initiation
of the RNA transcript is located in the center of the binding site.

3.6. DNA Sequence Studies

The CoT,; polypyrimidine tract from Ff phage has been used as a
unique primer for the initiation of DNA synthesis by DNA polymerase
I on Ff complementary strands (Oertel and Schaller, 1972). By pulse
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3- - - -CGAAGACTGATATTATCTGTCCCATTTCTGGACTAAAAACTAAA----5'
5----GCTTCTGACTATAATAGACAGG GTAAAGACCTGATTTTTGATTT----3
-20 -0 0 10 20

ppp GUAAAGACCUGAUUUUUGAUUUAUGGUCAUUCUUCGUUUU - - - - =

Fig. 4. Nucleotide sequences of an RNA polymerase binding site and the 5" -pppG-
initiated message of bacteriophage fd. The polymerase-binding site contains a sequence
having twofold rotational symmetry just preceding the point of initiation of the RNA
chain. From Sugimoto et al. (1975).

labeling for short time intervals and analyzing the pyrimidine tracts of
the reaction products, it was concluded that the reaction products
consist of homogeneous single species of DNA growing from a unique
point on the DNA template. This approach may prove of value in
sequence analysis of limited portions of the Ff genome, particularly
with restriction endonuclease fragments which are available now. The
sequence of §1 residues of an Ff DNA has been obtained by extension
of a chemically synthesized octadeoxyribonucleotide primer (Schott er
al., 1973) by DNA polymerase I using labeled nucleoside triphosphates
and viral strand template (Sanger et al., 1973, 1974). The
octadeoxyribonucleotide A-C-C-A-T-C-C-A functioned as an efficient
primer for a specific sequence in the viral DNA. This particular primer
sequence was selected as a predicted sequence in the complementary
strand from the amino acid sequence Trp-Met-Val in positions 26-28 of
the major coat protein. Since the entire sequence of the major coat pro-
tein is known (Asbeck et al., 1969), it was expected that the DNA
sequence obtained could be checked against the known amino acid
sequence and that the intercistronic DNA sequence could be obtained.
Unfortunately, the sequence obtained did not correspond to that
expected but rather to some other unique sequence in the viral genome.
Recent reports of the amino acid sequence of the major coat protein of
the Ff phage group (Snell and Offord, 1972; Nakashima and
Konigsberg, 1974) suggest that the sequence in the selection region is
actually Trp-Ala-Met-Val and thus the hybridization of the primer to a
unique site on the viral DNA may have been entirely fortuitous.
Nonetheless, the octadeoxynucleotide provided a unique primer which
allowed the development of methods for DNA sequencing. The first 12
residues of the synthetic material were determined by use of a two-
dimensional ‘homochromatography” system. Additional sequences
were obtained by using the ribo-substitution method, which Salser et al.
(1972) have adapted for DNA sequencing. This method takes
advantage of the ability of DNA polymerase | to incorporate ribonu-
cleotides into DNA in the presence of manganese (Berg et al., 1963).
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The resulting product can be cleaved specifically with either ribonu-
clease or alkali and then analyzed by a two-dimensional system.
Extensive additional sequence information has been obtained for
several intercistronic regions of Ff DNA by analysis of (1) ribosome-
protected initiation sites in mRNA transcribed from duplex Ff DNA
(Pieczenik et al., 1974), (2) RNA polymerase protected regions of
duplex Ff DNA molecules (Sugimoto et al., 1975; Schaller et al., 1975),
and (3) mRNA molecules synthesized on restriction endonuclease frag-
ments of duplex Ff DNA (Sugimoto et al., 1975). These sequences are
shown in Fig. 5. Sequences (1) to (3) were derived from RNA
synthesized with «[**P]ribonucleoside triphosphates using fl RF DNA
as template. The RNA was bound to ribosomes and the initiation com-
plexes were digested with ribonuclease. The protected regions of the
labeled mRNA were purified and sequenced by conventional tech-
niques, taking advantage of the ability to determine nearest neighbors.

SOURCE SEQUENCE
() ft RBS no (1) UUUAAU GGA AAC UUC CUC RUGARAAAGIICUILUE]
fMet Lys Lys Ser Leu
(2) I RBS no (2) A AGGUAA UUC ACAlAUGlAUUIAAA[GUU!GAAIAU(U]
t lle Lys Vol Glu Ile
Gene 5 proten
fl RBS no (3) AAAA AAG GUA AUJCAAU(U)
Met Lys [
(4) td G-start RNA PPPG YA AGA CCU GAU UUU UGA UUUAUG GUC AUU CUC

GUU UUC UGA ACU GUU UAA AGC AUV UGA GGG GAU UCAALG MAUIAUUIUAUG(AClG'CAIGUAIUUG|GAC|G/M
Met Asn lle Tyr — — J

IUUCIG)CUIAUC[CAGIUCUlGCG@A[UC ]
- Alo lle Gh Ser Ak Gin Ser

——
(5) fl possible RBS GCG GUA CAA CCG AUU UAG CUU UAU GCU CUG AGG CUU UAU UGC UUA ALLle

AW

Cuue CuA AUU CUU UGC CUU GCC UG UG, G AUV UAUUGG(A GG
et Vol

Fig. 5. Nucleotide sequences of some identified and possible Ff ribosome-binding sites
and adjacent sequences. Hypothetical amino acid sequences are given beginning at
potential AUG initiator triplets within the sequences. Possible termination triplets are
indicated by a sawtooth underline. Sequences (1) to (3) were derived from in vitro
synthesized RNA protected from pancreatic RNase digestion by ribosomes (Pieczenik
et al., 1974). Sequence (4) shows the 5’-terminal sequence of an fd G-start RNA
(Sugimoto e al., 1975) and a conjectured point of initiation and sequence of the cor-
responding protein. Sequence (5) is derived from the DNA sequence obtained by the in
vitro extension of a chemically synthesized octadeoxyribonucleotide primer (Sanger et
al., 1973, 1974). These authors suggest that the AUG triplet at positions 54-56 might
be the initiation site for a protein since the sequence GAUUUA shortly before that is
similar to sequences characteristically found in this position relative to initiation sites
for several known proteins.
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Sequence (4) was derived from mRNA synthesized off a restriction
endonuclease fragment containing a strong promotor and was also
sequenced by conventional RNA sequencing techniques. The RNA
polymerase binding site just preceding the start of this chain has also
been sequenced and is presented in Fig. 4. Sequence (5) is the expected
RNA transcript from the region of f1 DNA sequenced by Sanger et al.
(1973, 1974) by extension of a chemically synthesized primer.

A common feature of all of these sequences is the presence of an
AUG codon preceded by one or more termination codons. In addition
to the AUG triplet likely to serve as initiator for translation of the
nucleotide sequence, three of the sequences contain one or more other
AUG triplets. The selection of the appropriate triplet corresponding to
formylmethionine is based on considerations of the presence of in-phase
terminators to the right of the AUG and/or the proximity of sequences
usually preceding the start of a protein sequence.

Further similarities between these sequences and those of some
other ribosome-binding sites are shown in Fig. 6. There appear to be
two classes of sequences common to these regions, those containing an
AGG triplet and those containing a UUU triplet. For the first class of
sequence, there is extensive homology between long sequences contain-
ing the AGG triplet. Where data are available for these sequences, a
string of purines followed by the triplet CAU precedes the AGG triplet,
which is then followed by either AUU or UAA. The sequence
homology around the UUU triplet is less extensive. Most often the
UUU triplet is surrounded by one or two purines on each side. The bio-
logical significance of these sequence homologies and particularly that
of the variation on a common sequence remain to be determined.

Another approach to the sequence of Ff ribosome-binding sites has
been developed recently (Robertson, 1975). E. coli ribosomes were
found to bind directly to Ff DNA and to protect a specific region of the
DNA from pancreatic DNase digestion. Such fragments can be
sequenced by present methods.

So far, only one of the five Ff nucleotide sequences has been
identified with a known protein. Seq ence (2) corresponds to the amino
terminus of the gene 5 protein. None of the sequences corresponds to
the known amino-terminal sequence of the major coat protein.
However, Pieczenik et al. (1974) have suggested that sequence (1) may
correspond to the initiation site for the coat protein since an RNA
transcript of less than 1000 nucleotides and containing only ribosome-
binding site (1) efficiently directs in vitro protein synthesis to yield
greater than 90% coat protein. This result suggests the possibility that
there may be a precursor form of the coat protein with the amino acid
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SEQUENCES AROUND AGG PRECEDING AUG

SOURCE SEQUENCE
W GG
fd G-start m-RNA AAAGCAUAGAGGAAUUCAAUG
ccC
RI7 Replicase RBS AAACAUG AGG AUUACAUG
CCAA
T7 Eorly m-RNA RBS AACAUG AGGUAACAAAUG
.. W CA
fi  RBS no.(2) A AGGUAAACAAAUG
uJ A
ft  RBS no.(3) AAAAAAGGUAAACAAAUG
AUU
DX Gene G RBS AGGAUAAUCAUG

SEQUENCES AROUND UUU PRECEDING AUG

UUUUUGA
Cu
UUUUAGA
fd G- start m-RNA
UGUUUAA
AUUUGA
f4  RBS no.(1) UUUAA
V]
AAUUUG
4 possible RBS
GAUUUA
RI7 A -protein RBS GGUUUGA
R (7 coat protein RBS GGUUUGA

Fig. 6. Comparison of sequences around possible translation initiation sequences from
some DNA and RNA bacteriophages. Data are from the following references: R17,
Kozak and Nathans (1972); T7, Arrand and Hindley (1973); fd, Sugimoto et al. (1975);
f1, Pieczenik et al. (1974); $X 174, Robertson et al. (1973).

sequence predicted by the nucleotide sequence of the fl ribosome-bind-
ing site (1).

Another interesting feature of the known Ff nucleotide sequences
is the presence of “true” palindromes (Pieczenik et al., 1974) to the
right of the AUG triplet. In fl ribosome-binding site (2), the “true”
palindrome AUUAAAGUUGAAAUUA appears immediately adja-
cent to the initiator triplet. Similarly, the palindromic sequence
UGAAAAAGU overlaps the AUG initiator in the f1 ribosome-binding
site (1). The similar presence of a “true” palindrome 11 bases long in
the X174 gene G ribosome-binding site (Robertson et al., 1973) sug-
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gests that such sequences may be of some general biological signifi-
cance. The presence of symmetry elements within coding sequences
would greatly restrict the possible amino acid sequences in that region
of the gene and could impose a second constraint on allowable nucleic
acid sequences in addition to the requirement for the formation of a
functional protein.

3.7. E. coli B-Specific Modification and Restriction Sites

Ff DNA contains a few methylated bases, as a result of the action
of bacterial DNA methylases on intracellular forms of the viral DNA
(Benzinger, 1968; Kiihnlein et a/., 1969; Kiihnlein and Arber, 1972;
Lautenberger and Linn, 1972; Smith et al., 1972; Hattman, 1973; Van
Ormondt et al., 1973; May and Hattman, 1975a,b). The bacterial genes
controlling the methylation of Ff DNA are the modification genes of
the bacterial restriction-modification system of E. coli (Arber and
Linn, 1969; Boyer, 1971). Ff phages lacking B modification (i.e.,
unmethylated at B-specific sites) have a lower plating efficiency on E.
coli B strains. The proportion of infected cells capable of yielding prog-
eny appears to depend on the precise balance between the activities of
the restriction endonuclease and the modification methylase.

The E. coli B-specific restriction of Ff phages M 13 and fd clearly
distinguishes between them. Unmodified M 13 and fd plate on E. coli B
with efficiencies of approximately 2 x 1072 and 4 x 10~*, respectively
(Arber, 1966). This difference appears to result from a different number
of E. coli B modification (methylation) sites in these viral nucleic acids.
M13 contains only a single site while fd and fl each contain two such
sites (Arber and Linn, 1969; Boon and Zinder, 1971; Boyer et al., 1971,
Lautenberger and Linn, 1972; Lyons and Zinder, 1972; Kiihnlein and
Arber, 1972; Smith et al., 1972; Horiuchi et al., 1975). Each site can
receive two methyl groups, presumably one on each strand.

Mutants of f1 and fd lacking one or both sites have been isolated.
Sites conferring susceptibility to the B-specific restriction endonuclease
are indicated by the symbols SB, and SB,. Mutants of fd and fl which
have lost either of the sites (SB;, or SB,) are less restricted in their
growth on an E. coli B strain than wild type. M 13 appears to contain
only a single such site since it is restricted to the same degree as an fd
or f1 phage which has lost one of its sites. Mutants lacking both sites
are not restricted in their growth on B strains. The B-specific restric-
tion-modification sites divide the circular genome into two segments
with a size ratio of approximately 2:1 (Boon and Zinder, 1971; Lyons
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and Zinder, 1972). These sites have been located within specific restric-
tion fragments of the fl genome (Horiuchi ez al., 1975). The primary
sequence of both strands of the RF appears to be involved in the forma-
tion of a functional recognition site for the restriction nuclease since
modification or mutation of either strand of a DNA duplex at the SB
sites protects the resulting hybrid molecule from restriction (Vovis et
al., 1973).

Methylation of f{d RF DNA in vitro with highly purified B-specific
modification methylase and [*H-methyl]-S-adenosylmethionine and
partial digestion of the labeled DNA suggest that the sequence sur-
rounding the methylated adenine residue may not contain a twofold
rotational symmetry as do the sites for the large number of type II
restriction endonucleases (Van Ormondt et al., 1973). However, other
lines of evidence support such a symmetrical sequence. First, single-
stranded fl DNA isolated from phage grown on E. coli B contains a
single N-6-methyladenine per SB site (Smith et al., 1972; Hattman,
1973) while f1 RF isolated from E. coli K accepts two B-specific
methyl groups per SB site as a result of in vitro modification (Kiihnlein
and Arber, 1972; Vovis and Zinder, 1975). Second, fl hybrid RF
molecules in which one strand is modified and the other unmodified
accept only one methyl group per SB site regardless of which strand
was originally unmodified (Vovis and Zinder, 1975).

Although the SB sites also serve as the recognition sites for the B-
specific restriction endonuclease (Linn and Arber, 1968; Boyer et al.,
1971; Lautenberger and Linn, 1972; Eskin and Linn, 1972), cleavage of
unmodified RF containing only a single restriction site appears to
occur at a single random site on the circular molecule since denatura-
tion and renaturation of restricted RF yield circular molecules
(Horiuchi and Zinder, 1972). The formation of the circles is not due to
the insertion of staggered nicks by the restriction endonuclease since
renaturation alone did not circularize the restricted DNA. In addition,
the recognition site appears not to be modified by the restriction endo-
nuclease since restricted RF molecules that have been circularized by
denaturation and renaturation can be cleaved again by the restriction
enzyme.

3.8. Type II Restriction Sites
The use of restriction endonucleases from a variety of bacterial

strains has proven to be an exceedingly powerful tool for the analysis of
the structure and function of Ff DNA molecules (Takanami, 1973;
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Sugisaki and Takanami, 1973; van den Hondel and Schoenmakers,
1973, 1975; Seeburg and Schaller, 1975; Tabak et al., 1974; Horiuchi et
al., 1975; Vovis et al., 1975). Many bacterial strains carry one or more
restriction endonucleases, each of which recognizes a specific base
sequence. These sequence-specific nucleases are designated as type II
restriction endonucleases. The high specificity of these enzymes allows
the cleavage of DNA molecules into a unique set of fragments. Table 5
lists the number of cleavage sites in Ff RF for some of the known
restriction endonucleases.

At least some of the restriction endonucleases are capable of cleav-
ing viral single strands as well as duplex RF molecules (Horiuchi and
Zinder, 1975; Blakesley and Wells, 1975). The sites of cleavage in viral
single strands appear to be identical to those in the duplex RF.

The order of the specific fragments produced by a single enzyme
can be determined from partial digestions followed by redigestion of
individual fragments or from the digestion of the product produced
using specific fragments as primers for in vitro DNA synthesis on a
viral template (Seeburg and Schaller, 1975; Takanami et al., 1975; van
den Hondel and Schoenmakers, 1975; Horiuchi et al., 1975). A
physical map of the Ff genome has been constructed using the single
HindlI site in Ff RF as a reference point. By hybridization of the com-

TABLE $§

Cleavage of Ff RF by Restriction Endonucleases

Number of cleavage sites

Enzyme Source fd RF MI3 RF fl RF References®
Endo R - HindIl H. influenzae Rd 1 1 1 (a—€)
Endo R - Hinf H. influenzae Rf >20 21 >20 (e)
Endo R - HinH-1 H. influenzae H-1 3 - — (a)
Endo R - Haell H. aegyptius 3 3 3 (c.e)
Endo R - Haelll H. aegyptius 11 10 9 (a,b,c,e)
Endo R - Hapll H. aphirophilus 13 13 13 (a,b,e)
Endo R - Hpall H. parainfluenzae 13 13 13 (d)
Endo R - Hha H. haemolyticus 17 15 16 (e)
Endo R - Hga H. gallinarum 6 — — (a)
Endo R - Hsu H. suis 0 0 0 (e)
Endo R - EcoR1 E. coli 0 0 0 (e)
Endo R - EcoRII E. coli 2 — 2 (f)
Endo R - EcoP1 E. coli — — S (c.g)
Endo R-Aiu A. luteus 15 18 18 (e)
Endo R -Sma S. marcescens 0 0 0 (e)

@ References: (a) Takanami (1973), (b) van den Hondel and Schoenmakers (1973), (c) Horiuchi ez
al. (1975), (d) Seeburg and Schaller (1975), (¢) van den Hondel and Schoenmakers (1976), (f) Vovis
et al. (1975), (g) Model Et al. (1975).
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Fig. 7. Bioassay of complementary strand fragments by hybridization to mutant viral
strands and transfection of bacterial cells (Middleton et al., 1972).

plementary strands of individual fragments from wild-type RF to dif-
ferent mutant viral strands and infection of bacterial spheroplasts with
these hybrids, known genetic markers have been assigned to specific
fragments (Fig. 7). These results allow a correlation to be made
between the genetic map and the physical map of Ff DNA (Lyons and
Zinder, 1972; Seeburg and Schaller, 1975; van den Hondel et al., 1975;
Horiuchi et al., 1975; van den Hondel and Schoenmakers, 1976).
Physical and genetic maps of Ff DNA are shown in Figs. 8, 9, and 10.
However, since not all of the gene sizes are known, the location of
restriction sites relative to gene boundaries is also only approximate.
The correlation between cleavage maps generated with different restric-
tion enzymes is considerably better since such maps can be constructed
with much greater precision than the genetic map at present. It may be
hoped that the precise localization of more known genetic markers to
specific restriction fragments will eventually refine the correlation
between the physical and genetic maps. Comparison of the restriction
cleavage maps of fl, M13, and fd reveals only slight differences
between these phages, confirming the close relationship of the members
of this group of filamentous phages.

An interesting feature revealed in the correlation of genetic
markers with specific restriction fragments is the presence of an
apparently noncoding intergenic space between genes 2 and 4 (Fig. 8).
This space is located in the region containing the origin of replication
(Tabak et al., 1974; Suggs and Ray, 1976).

3.9. Miniature Forms of Ff DNA

Filaments ranging from 0.2 to 0.5 of the unit length of the Ff
virion have been observed in Ff preparations (Griffith and Kornberg,
1974; Hewitt, 1975; Enea and Zinder, 1975a). These particles appear to
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FcoRII~,

Fig. 8. Physical and genetic map of the fl genome. The outer circle, representing the
physical map, shows the order of the endo R - Haelll fragments. Arrows on the outside
of the circle indicate the cleavage sites for endo R - HindII and endo R - EcoRII; those
on the inside of the circle indicate the cleavage sites of endo R-Haell. The middle
circle represents the genetic map with the genes indicated by Roman numerals. Gene
sizes were estimated on the basis of the known sizes of the gene products except for
genes VI and VII where the gene sizes are unknown. [.S. represents an intergenic space
for which no protein is known. The locations of several mutant sites are shown, based
on the sizes of the amber fragments synthesized in vitro. From Vovis et al. (1975).

be virions in which a large fraction of the genome has been deleted. The
DNA isolated from such particles represents an overlapping series of
circular single strands beginning in a common region of the genome
near the Hind site and extending in only one direction. The common
region shared by all miniphages in the population contains the site for
the origin of replication.

Since all of the Ff viral genes are necessary for a productive infec-
tion, miniphage are capable of replication only in the presence of a wild-
type genome. However, attempts to complement amber mutants in
each of the Ff cistrons by mixed infection with amber mutant phage
and miniphage have been unsuccessful, suggesting that the genetic
content of miniphage cannot be expressed. Yet specific markers can be
rescued from miniphage by recombination with two different amber
mutant phages, fl R124 (I1,,,) and f1 R143 (IV,4). These two mutants
are well mapped: II,,, is in the proximal portion of gene 2 and 1V ,,; is
in the distal portion of gene 4 (Horiuchi et al., 1975). This region of the
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genome is also known to contain the origin of replication (Tabak et al.,
1974; Suggs and Ray, 1976). Other gene 2 and gene 4 mutants were not
rescued by the miniphage, nor were mutants in other genes. Thus, at
least in the case of fl miniphage, the lack of complementing ability
could be explained by the absence of any intact cistrons (Enea and
Zinder, 1975a).

In cells coinfected with full-length Ff and miniphage, miniature
forms of both RF and viral single strands are observed (Griffith and
Kornberg, 1974). Figure 11 shows an electron micrograph of M 13 unit-
length and mini-RF molecules. In coinfections with Ff am5 mutants,
neither full-length nor mini-forms of single strands are synthesized,
although both full-length and mini-forms of RF are made. Similarly,
replication of both full-length and mini-RF is inhibited in coinfections
with Ff am2 mutants. Mini-RF has been observed in nonpermissive
cells infected with one particular unit-size gene 5 mutant but not with

Fig. 9. Physical map of the fd genome showing the cleavage sites for endo R - HindlI,
endo R - Hga, and endo R - HinH. From Takanami et al. (1975).
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mutants in other genes (Grandis and Webster, 1973b). Although this
particular gene 5 lesion might enhance the generation of miniphage
DNA, other workers have reported that particles in am5 phage
preparations are full length (Hewitt, 1975). The subsequent finding of
miniphage particles in the am5 phage preparation used by Grandis and
Webster leaves open the likely possibility that their results could be
specific to that particular phage preparation rather than to the specific
gene 5 defect (Enea and Zinder, 1975q).

Miniphage were first observed in phage preparations obtained after
multiple passages beyond the original single plaque isolation (Griffith
and Kornberg, 1974). In a study of the phage produced on repeated
serial transfer, it was found that the yield of infectious phage particles
drops sharply upon serial transfer (Enea and Zinder, 19754). This
apparent loss of titer can be accounted for by the concomitant produc-
tion of miniphage particles. In reconstruction experiments, it was found
that miniphage particles can outgrow the intact virion by a factor of
about 10 in 2 h. When miniphage particles first appear in an infected
culture, they are remarkably uniform in size, but upon additional serial
transfers they become very heterogeneous.

Fig. 10. Localization of the endo R-Hap fragments on the fd physical map. Frag-
ments produced by cleavage with both Hap and Hga endonucleases are indicated by
Roman numerals (II to XI). From Takanami et al. (1975).
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Fig. 11. Electron micrograph of M13 mini-RF molecules and a single unit-length
RF II molecule. Courtesy of J. Griffith.

Unlike most deletion mutants in other bacteriophages, the Ff mini-
phage particles are of the same density as intact virions. This is
probably due to the filamentous nature of the virion. The length of Ff
virions, like that of rod-shaped RNA viruses, appears to be determined
solely by the length of DNA to be encoated. Thus the loss of structural
proteins is directly proportional to the loss of DNA in the deletion
mutants.

Propagation of miniphage in the presence of a helper phage seems
to require only that the mini-form of the DNA be packaged into a fila-
mentous particle and that it contain the origin of replication. The
minimum size of miniphage particles observed so far is about 20-25%
of the genome. It will be of interest to see if still smaller variants can be
obtained. In principle, such mutants may need only the origin of
replication, a segment of DNA considerably less than that contained in
the smallest particles obtained thus far.

The generation of miniphage may be the result of an error in
replication or recombination of the unit-size viral genome. Large
amounts of mini-forms of viral DNA have been observed in infections
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of E. coli polA..;, a conditional lethal mutant having a temperature-
sensitive 5°—3’-exonuclease activity associated with polymerase I
(Chen and Ray, 1976). This strain was isolated originally on the basis
of its hyperrecombinant phenotype (Konrad and Lehman, 1974).

3.10. Multiple-Length Forms of Ff DNA

In addition to the unit-length progeny and replicative forms of Ff
DNA, both double-length single-stranded and double-stranded forms of
DNA have been detected in small amounts (Jaenisch ez al., 1969;
Wheeler et al., 1974). By zonal ultracentrifugation of nucleic acid
extracts of infected cells, a small amount of double-length and
catenated forms of RF can be observed. The origin and significance of
these rare forms are unknown. By electron microscopic examination of
viral single strands extracted from phage particles, it was found that
0.03% of the single-strand rings were of double length. Such double-
length progeny single strands might well arise by an error in processing
of the nascent single strands.

4. PHAGE ATTACHMENT AND INITIATION OF
INFECTION

Attachment of Ff phage particles to the host cell has long been
regarded to occur at the tip of the F pilus of male cells (Marvin and
Hohn, 1969). Both the presence of F pili on sensitive cells and the
electron microscopic observations of filamentous phage particles
attached to the end of the F pilus in male cells have provided the basis
for this concept (Caro and Schnos, 1966; Jacobson, 1972). Further-
more, the number of adsorption sites on a sensitive cell is very limited,
as are the number of F pili per cell (Tzagoloff and Pratt, 1964).
However, the recent work of Marco et al. (1974) has raised serious
doubts concerning the accepted role of the F pilus. These workers have
found that the binding of phage to sensitive cells is inhibited under the
conditions of low temperature or cyanide poisoning used in earlier
electron microscopic studies and that phage binding and conversion to
the parental replicative form occur as efficiently in disrupted cell
preparations from F~ cells, lacking F pili, as in preparations from F*
cells. Furthermore, decapsidation and penetration of the DNA into the
cell were found to be tightly coupled to formation of the parental RF.
These results raise the possibility that the phage particles observed
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bound to the tips of pili may not lead to productive infections. This
view is supported by the electron microscopic observation of phage
binding at 37°C in the absence of cyanide to the cell surface rather than
to pili (Jacobson, 1972). Marco and colleagues suggest the possibility
that the phage receptor may be located in the inner membrane such
that it is masked in intact F~ cells but revealed in F* cells, perhaps by
shedding of the F pilus.

Injection of the viral DNA into the host cell is inhibited by
thymine starvation of a thymine-requiring host (Forsheit and Ray,
unpublished results); treatment with rifampicin, a specific inhibitor of
RNA polymerase (Brutlag et al., 1971; Marco et al., 1974); or infection
at nonpermissive temperature with a mutant in the gene 3 protein
(Jazwinski et al., 1973). The kinetics and binding of Ff phage to sensi-
tive cells are not altered by rifampicin except for the accumulation of
noninfectious (eclipsed) phage particles which retain the size and
appearance of infectious phage. However, these eclipsed filamentous
particles are sensitive to DNase attack after removal from the cell
membrane. It therefore appears that infection can proceed up to the
point of RNA polymerase attachment to the DNA origin of replication
while still preserving the phage structure. Parental RF formation also
does not occur in cells infected at nonpermissive temperature with a
temperature-sensitive gene 3 mutant. Thus in the absence of either a
functional A protein or an active form of RNA polymerase the viral
DNA is neither decapsidated nor converted to the parental RF. The
amount of viral DNA in an eclipsed phage particle available for interac-
tion with cellular enzymes must be extremely small, suggesting that the
exposed portion of the DNA must carry both the RNA polymerase
attachment site required for the unique initiation of the complementary
strand (Tabak et al., 1974) and the binding site for the A protein. Since
the complementary DNA strand is not initiated in the absence of either a
functional A protein or RNA polymerase, both proteins may interact
with the viral DNA at overlapping or adjacent sites. These results imply
that the viral DNA has a unique orientation in the filamentous virion and
is incompatible with models of the virion in which the DNA is fixed in a
random orientation (Tate and Petersen, 1974¢). It also conflicts with
earlier models in which the F pilus served to conduct free phage DNA
into the cell (Brinton, 1972).

Infection of cells with phage labeled in the coat proteins as well as
in the DNA results in the essentially complete retention of the coat pro-
tein label by the cells relative to the DNA label (Trenkner et al., 1967;
Smilowitz, 1974; Marco et al., 1974). The major capsid protein (gene 8
protein) enters the cytoplasmic membrane, where it is subsequently
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reutilized in the assembly of new phage. However, the kinetics and effi-
ciency of utilization of parental coat protein monomers in phage
assembly clearly distinguish parental coat proteins from newly
synthesized monomers. Eighty percent of the label in newly synthesized
coat proteins is released from the cell as phage by 6 min after synthesis,
whereas 75% of the label derived from parental phage coat is released
from the cell by 2 h after infection and only one-third of the counts are
in phage (Smilowitz, 1974). The remainder of the parental label can be
recovered from the medium as phage coat protein molecules. Since the
parental coat protein is inserted into the cytoplasmic membrane from
the outside and the newly synthesized coat protein is inserted from the
inside, this difference may determine the rate of utilization of each.
However, both the parental and newly synthesized coat proteins are
located in the cytoplasmic membrane (Smilowitz et al., 1972;
Smilowitz, 1974), and in the same orientation (W. Wickner, 1975).
From studies of the binding of '#I-labeled anticoat antibody to sphero-
plasts or to inverted vesicles, the parental and newly synthesized coat
protein were both found to be exposed only on the outer surface of the
cytoplasmic membrane. The different rates of utilization of parental
and newly synthesized capsid proteins therefore may reside in more
subtle differences in these proteins which have not yet been detected.

The A protein (gene 3 protein) is also transferred on infection to
the host cell, where it is found in tight association with the viral DNA
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