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The virus ¢X1T74 has no natural impact upon human health. It
does not infect people and its beneficial enteric host bacterium easily
acquires an immunity to its assault. In fact it is considered so
innocuous that it has been approved for injection into infants for the
study of their immune response (234). As a consequence it may seem
somewhat misguided to have directed such an immense effort at under-
standing this virus and how it works. However, it is this very harm-
lessness combined with its small size and simplicity that makes this
virus so valuable due to the ease with which it can be studied. Research
on ¢X174 has, in the absence of the cumbersome precautions necessary
with pathogenic organisms, progressed rapidly to a rather complete
understanding of many aspects of its infection process. These studies
have then served as models for the investigation of more complex and
dangerous viruses by permitting one to proceed more directly to the
most fruitful lines of experimentation in more demanding systems.

Several of the experimental approaches developed during the
course of my own research on ¢X174 will, hopefully, contribute in this
way to a better understanding of viruses of more direct significance to
human welfare. The first two years of my graduate study were devoted
to a study of the antigenic structure of ¢X1T7L. One of the experi-
mental approaches developed in the course of that research enables one
to measure the number of inactivating antigens per phage particle, the
antibody-phage association constant and the molecular concentration of
inactivating antibody in crude serum, This method is generally
applicable to the measurement of these same parameters in other viruses

as well, including pathogenic ones and the information so obtained
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could eventually be very helpful in the design of vaccines and other
antiviral strategies. Other immunological experiments conducted during
that study provided some insight into the mechanism by which antibody
inactivates virus - another process which, when completely understood,
could contribute significantly to the control of viral disease.

The major emphasis of my research, along with that of several
others, has been to understand how the new X174 viruses are assembled
from their constituent parts. After several years of investigation
those of us who have been studying this problem are still at the very
beginnings of a complete understanding.

What I have gained in return for many tedious trials and set-
backs is an appreciation of the delicate and uniquely viral nature of
the morphogenetic process. The viral specific nature of this process
in turn suggests that a thorough understanding of morphogenesis could
result in potentially far reaching consequences for human health and
welfare in the form of viral-specific anti-viral drugs. This is
because a useful anti-microbial agent must be able to attack the
microbe without damaging the host. This condition can be satisfied
most easily if the agent disrupts some microbial process (in this case
viral morphogenesis) not shared by the host. Penicillin is an example
of an antibiotic drug that works in this way against certain bacteria.
The penicillin molecule interferes with a uniquely bacteriological
function, cell wall synthesis, and kills bacteria without harming the
host. (Animal cells do not have cell walls.)

Unfortunately, there are very few antibiotic drugs that attack

uniquely microbial functions. Most common antibiotics disrupt analogous
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vital functions in the animal and bacterial cell alike, They owe their
effectiveness to the greater susceptibility of the bacteria to the
toxic effects of the drug. It is unlikely that drugs analogous to
these will ever be discovered for viruses. This is because viruses use
the host biosynthetic apparatus to carry out almost all of their own
biosynthetic functions. Any drug that disrupts these processes, as
many of the existing antibiotics do, will damage the virus and host
equally severely. This is undoubtedly a major contributing factor to
the lack of safe antibiotic type drugs that are effective against
viral infections (204).

What is needed is a unique viral function against which to
direct a viral specific drug therapy. As suggested earlier the viral
maturation process is a priori a uniquely viral function against which
viral specific antiviral agents might be developed. It is my hope that
my observations will contribute to the eventual solution of this problem.

Having considered several possible ways in which my own
research may eventually contribute to the solution of human problems,
it is now necessary to emphasize that I forsaw none of these possibil-
ities at the time I initiated these projects. My original, and in
large part continuing, interest in the antigenic structure of the ¢X
particle, the mechanism of inacitvatidn by antibody, and the morpho-
genetic process has had virtually nothing to do with any hope or expec-
tation of the direct or indirect applicability of the results of these
studies to the control of viral disease. These justifications for my
rescarch arose after the fact of having already conducted it.

My original interest in ¢X17h was purely academic. ¢X was
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considered by many at the time I began my graduate work to be the

simplest possible model for living systems. I was sure that the
infection process held the greatest promise for the first completely
mechanistic explanation of a living form. At the time I joined Dr.
Sinsheimer's group I had no idea as to what particular aspect of that
problem I would be involved with, but rather only the expectation that
I would be a part of a historic effort to understand a living organism
totally in terms of physical laws. As a consequence I have been moti-
vated in my work purely by a desire to know how viruses work, not by
how this information can be applied. It was only during the last stages
of this effort that I realized, quite accidentally, what some of the
practical consequences might ultimately be. I was, of course, happy to
have thought of these ideas, certainly because they may benefit mankind
in some way, but also because they provide a justification for contin-
uing research in this area, an endeavor that I should like to remain a
part of.

However, I do not think that such a justification, based upon
an expectation of applicability, should be necessary for the continued
support of basic research. This is because the basis for this justi-
fication may not exist or simply may not occur to anyone at the time
that a study is begun. This is often the case. The investigator sel-
dom knows in advance where his enquiry will lead him and yet this does
not in any way affect the ultimate applicability of his research to the
solution of human problems. For example, the contribution of the
study of phage morphogenesis to the eventual chemical interdiction of

viral diseases would be the same whether or not we thought of a justi-
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fication for that study this year or the year we discover a viral spe-

cific disruptive chemical or a particularly weak link in the maturation
process which suggests an anti~viral strategy.

Thus the nature of basic research is such that it can only be
meaningfully directed at understanding a phenomenon. One can seldom
predict what practical rewards may accrue from such understanding, but
historically we know that every major technological achievement of
our civilization has been founded upon the observations and enquiries
of individuals who were, in the tradition of basic research, seeking to
understand some phenomenon apart from any application that might result.

To the academician, at least, basic research can be justified
without any reference to eventual applicability at all. For these
people basic research is conducted in the interest of advancing the
realm of collective human experience. It is this contribution to the
cultural heritage of man, rather than the eventual applicability of
their research to human problems, that is most meaningful to these
individuals. They have joined a quest for knowledge which as it con-
tinues to grow brings man ever closer to either confronting or assuming
control of his own destiny. In this sense basic research is, for
those who can appreciate it, a continuing high adventure on the frontiers
of human experience, and, as such, these adventures are worthy of
collective support from the human community, for it is these continuing
quests (not only in science) that give collective meaning and purpose to
our existence. We can merely survive or we can grow and evolve by the
process of cultural evolution. Tf we choosethe latter course we must

try to know all things. As we proceed, we can only hope that what we



xiii
learn will lead, as well, to the continued improvement of the human

condition and our constantly increasing effectiveness as human beings.
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Abstract

A search was conducted for possible intermediates in the
assembly of bacteriophage ¢X1TL. Artificial lysates of ¢X1T74 infected
cells labeled with either amino acids or nucleotides were fractionated
by velocity sedimentation and the viral DNAs and infection specific
proteins analysed by recentrifugations and electrophoreses. Infection
specific proteins were detected by comparing the incorporation patterns
of differentially labeled infected and uninfected cells. Many experi-
ments employed 3H, th and 32P labels simultaneously and an exact
solution to the discriminator ratios equations for three channel scin-
tillation counting was derived to process these data.

A major proportion of the phage structural proteins that had
not yet been incorporated into phage was observed in a very unstable
1118 particle composed of ¢X proteins F, G and D all three of which are
also required for ¢X SS DNA synthesis. The 111S particle does not
appear to contain DNA. The D protein, present in large proportional
amounts, is not found in whole virions. Depending upon the storage
buffer, the 111S particle degrades into 125 (F,G protein), 9S (G pro-
tein) and 2.5S (D protein) subunits. These same particles are also
observed in whole lysates. However, conditions can be found for which
the 9S and 12S particles are not present suggesting that they may be
111S particle decomposition artifacts as opposed to in vivo particles.
The properties of the 111S particle are those expected of a procapsid
although this role in the infection has not been demonstrated. Analysis
of" Lhe proteins in the 708 region of the gradient revealed that a simi-

lar D protein containing particle (distinct from the 708 lysis artifact)
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sediments there,

Approximately 10% of the total ¢X replicative intermediate
DNA in these gradients sedimented in the 70S ~ 114S regions. After
deproteinization this DNA resedimented at the slower velocities
expected for free replicative intermediates, indicating that it may
have been associated with ¢X proteins. This associated protein moiety
is obscured by the much more extensively labeled pools of whole virus,
1118 particle and the T0S lysis artifact. It could, however, be the
same as the 111S particle.

A radioimmunoassay was developed for ¢X viral proteins and was
employed to show that replicating intermediates in SS DNA synthesis
(sedimenting from 20 -~ 30S), but not the "resting" RF II form DNA, are
tightly complexed with a ¢X viral antigen. A major peak (the 20S par-
ticle) of infection specific protein also sediments in this region.
However any association of the DNA replicative intermediates with this
protein peak is too fragile to account for the serum binding result.
The concentration of DNA-binding antigen is below the resolving power
of the amino acid labeling technique.

The infection specific 20S protein peak contains ¢X gene F
protein, lesser amounts of other infection~specific components and a
host protein (the major constituent); the host protein is also observed
to sediment at 20S in uninfected cells. This protein has a molecular
weight of about 67,000 daltons and is one of three ¢X stimulated host
proteins with molecular weights greater than that of the largest ¢X
coded protein, A'.

The ¢X1T74 literature is reviewed with an emphasis on those



observations that bear upon the ¢X174 assembly process. A model of
the ¢X maturation process incorporating the major features of our

present knowledge is proposed as a working hypothesis for future study.
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GENERAL INTRODUCTION



The infection of bacteria by the small DNA phage ¢X1Th has
been the subject of 15 years of intensive study in numerous laborato-
ries around the world (1,181). Many of the molecular species involved
in the infection have been carefully characterized with respect to
function as well as structure, with the result that most of the central
features of the infection process are now quite well understood.
However, there does remain one notably large discontinuity in our con-
ception of the ¢X life cycle and it is the structures and events
occurring during this morphogenetic stage of the infection process that
have been the subject of this investigation. This introduction will
emphasize those aspects of the ¢X structure and function that bear most
directly upon the morphogenetic process. For other reviews of the
¢X174 infection process see Sinsheimer (2,3), and for complete reviews
and bibliographies on viral morphogenesis see Eiserling (4) and

Bancroft (5).



3

Structure of the ¢X1T74 Virion

The most obvious and easily purified component of the infection,
and therefore, the most thoroughly characterized, is the infective
particle or virion. A careful considerstion of the structure, physical
properties, and biological function of the virion provides important
insights into the processes by which, and the constraints under which,

it is assembled.

The Virion Proteins

The virion is comprised of a covalently closed, single stranded
cirecle of DNA (13,14,26) which is enclosed in an icosahedral protein
shell constructed from four major proteins, F, G, H and J, and several
minor ones. The twelve vertices of the icosahedron bear small mushroom
shaped projections termed "spikes" (17,18,19). Edgell et al. (16)
devised a method whereby the spikes (as identified by electron micros-
copy) could be selectively removed from the virion by means of a L M-
urea treatment. Polyacrylamide gel electrophoresis was then used to
determine the protein compositions of the spikes and the spikeless
virion (termed the capsid by Edgell et al.). In this way the spikes
were shown to be composed of G and H proteins. The icosahedral sphere
or capsid was shown to be constructed of F protein. The J protein was
found with both structures. |

The icosahedral symmetry of the virus was originally established
by electron microscopy (17,18,19). Since then this symmetry has been
shown to be consistent with the stoichiometry of the protein subunits

as well. Thus, the molecular ratios of F, G and H proteins are
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60:60:12, respectively (8,11,20). It is thought that the 60 gene F
proteins constitute the 60 identical structural subunits that are
required for construction of the simplest possible icosahedron (6) and
that gene G proteins are arranged in pentamers which are located at
the icosahedral vertices as part of the spike projection. The twelve
molecules of H protein are expected to be located at the vertices as
well, one H per vertex.

Burgess (11) noted that.the existence of a single H protein
per vertex would belie the five-fold symmetry of the spike unless the
protein binds one of five equivalent sites in such a way as to steri-
cally prevent additional binding of H protein. In order for this
binding to occur without disrupting the five-fold symmetry arrangement
between the G protein pentamer and the F protein shell, from which the
virion presumably derives considerable structural stability, the H
protein binding must either be interior to, exterior to, or in a pore
formed at the center of the five-fold symmetry axis of the F and G
protein shell, Indirect evidence suggests both an external and an
internal exposure for this protein--a property that would be compatible
with its location in a pore traversing the virion shell.

Conditional lethal mutants in gene H give rise, when grown
under restrictive conditions, to noninfectious particles (7,8,9,10,68,
T1) containing infectious DNA (9,10,68). One particle sediments
slightly slower, 1055-1075, than the wt infective virion, 114S, and
contains unit length viral DNA (7,67) and 80-85% of the DNA infectivity
(9). Another particle, derived from the 105S particle (71), sediments

at 705, and eighty-five percent of its DNA is in the form of fragmented
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viral single strands (7,67,71). Electrophoresis of the defective
particles shows them to be lacking the H protein (8,9). On the other
hand, electron microscopy shows the 107S particle to be indistinguish-
able from infective particles (9). Hutchison, in the absence of
molecular weight data for these proteins, interpreted this to mean that
the H protein was a minor component of the spike added at a late stage
of assembly (9). 1In fact, gene H protein contributes 27% of the
protein mass to a spike constructed of one H protein of MW 37,000 and
five G proteins of MW 20,500. (Molecular weights are from 12.,) One
might expect that the loss of a protein of this relative size would
have a significant impact upon the spike morphology, unless, of course,
it occupied some interior position in the particle.

Mayol & Sinsheimer (8) observed a relative enrichment in G
protein compared to F protein in gene H-defective particles. This
could account for their morphological similarity to wt particles if
the additional G protein was bound to the spike. However, this enrich-
ment was not observed by Benbow et al. in another gene H mutant (12).

Hutchison has shown that restrictive lysates of am23, a
mutant in gene H (15) (which was incorrectly assigned to gene G at the
time the experiment was performed) do not contain serum blocking power
(9). This suggests that the protein bears inactivating antigens.
Presumably the H protein would have to be on the exterior of the
particle to elicit an antibody response. [This interpretation is com-
plicated somewhat by the observation that lysates of am9, gene G, also

do not contain serum blocking power (9).]
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The H defective particle is also incapable of absorbing to
bacteria in spite of its seemingly normal morphology (2,7,21,84). By
comparison, empty phage coats prepared from infective phage particles
absorb efficiently and specifically to the normal ¢X hosts (32). [The
limited increases in host range observed for empty coats can be conve-
niently explained by the change in the electrostatic properties of the
virion after the loss of its DNA (32,84).] The inability of the H
defective particle to absorb to E. coli argues strongly for an external
locus for the H protein as well as its involvement in the host recog-
nition and absorption process.

Jazwinski et al. (22,23) have shown that several molecules of
H protein are tightly bound to the viral DNA, such that they are resis-
tant to phenol extraction. The protein label enters the cell along
with the infecting single strand DNA and remains associated with the
parental RF throughout the infection. However, for an as yet undeter-
mined reason, these researchers have not yet been able to extract the
RF-associated label as intact H protein.

An association of the H protein with the virional DNA, as well
as the insensitivity of the spike morphology to its loss, would seem to-
argue for an internal H locus, whereas its association with the spike
(loss in L4 M-urea), its possible antigenicity, and its effect on absorp-
tion to bacteria would suggest an external exposure. All of these ob-
servations could be accommodated by a model in which the H protein resides
in a pore at the center of the spike. In this position it could bind DNA
on its interior end and be exposed to antibody recognition at its

exterior end without



disrupting the five-fold symmetry of the G and F protein interaction.
The electron microscopic correlate of such a structure has been observed
by Tromans & Horne (19) in relatively crude preparations of ¢X1ThL.

The gene H composition of highly purified phage is somewhat
variable (see Results). Gene H is, among the capsid proteins, partic-
ularly sensitive to the harshness with which a sample is prepared for
SDS acrylamide gel electrophoresis. It completely diseppears from the
acrylamide gel pattern after exposure to 100°C in 9 M-urea for greater
than 10 minutes, whereas this treatment does not seriously affect the
other virion proteins (R. Rohwer, unpublished). Zuccarelli et al. (77)
and Godson (20) have also noted this variability and Burgess, Mayol &
Sinsheimer, and Godson find that gene H is present in slightly less than
12 copies per virion (8,11,20). This sensitivity may account for the
handling problems encountered by Jazwinski.

The li protein also electrophoreses in close proximity to the
gene A product in SDS acrylamide gels and can only be reliably identified
in the presence of markers for each of these genes. It will be shown
later that there is approximately one copy of gene A product per virion
in highly purified phage. As a consequence, it is possible that these
two proteins have been confused in Jazwinski's analysis.

Several efforts to reconstitute infectious particles by in
vitro complementation of the gene li-defective particles or capsids
derived from 4 M-urea have proved unsuccessful (C. A. Hutchison, III
& M. H., Idgell, unpublished results; 1. Siden, personal communication).

The behavior of the smallest virion protein, defined by the

am6 mutation as a ¢X gene product and tentatively assigned to cistron J
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(12) (see discussion below), suggests that it is internally located.
After 4 M-urea disruption of the virion, it distributes with both the
capsid and spike fractions (16), suggesting that it may leak out of the
interior of the particle after removal of the spikes. Its high mobil-
ity in several electrophoresis systems suggests a small molecular
weight, but just how small has not been accurately determined. Ldgell
et al. (16) note that it must have a molecular weight larger than 200
daltons, the molecular weight range of the polyamines, or it would
elute from their gels during staining. Burgess (11), Benbow et al.
(12), and Mayol & Sinsheimer (8), estimate its molecular weight as
5,000, 9,000 and 15,000, respectively. Possibly due to an unusual:
amino acid composition, the mass contribution of J protein is also
variable in the hands of different experimenters (8,11,12,52; R. Rohwer,
unpublished). As a consequence of the uncertainty surrounding its
molecular weight and its mass contribution of infective phage, the
virional stoichiometry of J protein is as yet undetermined. In this
regard, it should be noted that there may be viral proteins which
function enzymatically or serve to stabilize the DNA, or which are
fortuitously trapped inside the virion during maturation that do not
contribute to the structure of the icosahedron and therefore do not
have to satisfy the stoichiometric expectations of that structure.
Experiments presented in the Results demonstrate that the
J protein is very lysine-rich indicating that it may be basic. Small
size and bas?city in turn suggest that J protein may serve to neutralize
the acid charge on the DNA, both in conjunction with some DNA condensa-

tion step during ¢xX maturation and later intravirionally.
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Experiments by !lMaclean & Hall (17) suggest that the viral DNA
that is extruded from disrupted particles is stabilized by protein in-
asmuch as it has, when observed by electron microscopy, the smooth
contours of nucleoprotein as opposed to the less rigid conformation of
deproteinized viral DNA. Also the strand width of shadowed preparations
of extruded DNA is too great to be accounted for by SS DNA alone.

On the other hand, the observation that infective DNA is
packaged into uninfective particles in the absence of J protein (in
restrictive lysates of am6) indicates that this protein does not play
a significant role in either the maturation process or the structure
of the virion, but rather is essential for infectivity. These particles
have not been inspected in the electron microscope but their protein
composition is normal except for the absence of J protein (12).

Several viruses (4,211,212,213,214,215,216,218) have been
demonstrated to undergo proteolytic cleavage of the principal capsid
component as a step in the viral maturation process. In the case of
$X17h a splitting of the gene F peak occasionally is observed during
the SDS gel electrophoresis of infected lysates from UV irradiated
cells (R. Rohwer, unpublished; L. Miller, personal communication).
This splitting could be due to a protease-induced difference in the
molecular weight of cytoplasmic and virional F protein. If such a

cleavage were to occur during ¢X morphogenesis, the "J protein" might
merely be a consequence of that proteolysis rather than the gene J

product itself, which, presumably, would have effected the hydrolysis.
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In addition to the four main virion proteins several other
¢X proteins, most notably A and D proteins, as well as a few host
proteins, copurify with the phage particle in amounts of from 1 to 0.0l
copy per phage (R. Rohwer, unpublished). It is not known whether
these proteins play a functional role in either the structure of the
virion or the early stages of infection, or whether they are instead
merely trapped fortuitously within the capsid during phage maturation.
It should be noted, however, that proteins present in stoichiometric
quantities of less than one may still have some essential role in the
infection, as the specific infectivity of purified ¢X1(h preparations
is seldom greater than 0.2 (11,32,181; Results) and this may be the

consequence of a limiting concentration of some essential component.

Organization of the Intravirional DNA

Several lines of evidence suggest that the viral DNA is
localized inside the protein coat. The intact virion is insensitive
to exposure to DlNase or streptomycin sulfate, whereas both of these
reagents destroy the infectivity to spheroplasts of the deproteinized
DNA (17,19,28,29,30,31,32,33).

Several procedures exist by which the viral DNA can be
partially or completely removed from the virion without changing its
appearance in the electron microscope (9,17,24,31). One would not
expect this to be the case if the viral DNA were a major structural
component of the viral envelope. Exposure to high temperature (17,33),
concentrated ammonium sulfate (17), storage in Tris buffer (2L4), or

anti-¢X antiserum (28,29,30: R. Rohwer, unpublished), results in the
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loss of infectivity to whole cells and the partial extrusion of the
DNA from the virion as indicated by sedimentation behavior, DNase
sensitivity, electron microscopy, and infectivity to spheroplasts.
Abortive infection of cell wall extracts gives rise to a similar par-
ticle, but in this case the extruded DNA has been fragmented and is
no longer infectious (25,31). The infection itself gives rise to a
completely empty coat (32). The majority of the defective particles
from restrictive lysates of cells infected with gene H mutants also
contain extruded DNA. It is thought that they arise from an inherent
inability of the gene H-defective 105S particle to contain its DNA
(7,9).

In all cases that have been checked the virion itself sustains
the disruption with no great change in its external appearance in the
electron microscope (9,17,24,31). This indicates that the viral
envelope per se does not require some internal DNA lattice for its own
structural integrity. The spikeless particles prepared by L M-urea
treatment also retain their morphological integrity even though varying
amounts of DNA have been extruded from them (16). This indicates that
the structure of the F protein capsid is also independent of the viral
DNA. These observations do not exclude the possibility that the viral
DNA plays some role in the assembly of these structures, but merely
indicates that, once assembled, the DNA is no longer needed to maintain
them.

In those disrupted particles that have been well characterized,
the extruded DNA amounts to T0-80% of the SS circle, indicating that
the bulk of the DNA is not tightly bound to the protein envelope. On

the other hand, the extruded 5SS does not dissociate completely from the



12

particle, and even after DNase degradation of the exposed DNA tail, a
significant proportion of the original DNA remains with the protein
particle (7,16,24,25,32,33,130,181). This suggests that a portion of
the DNA may be bound rather tightly to the capsid. However, the base
composition (25) and sequence specificity (130) of this residual DNA,
and its saturation plateau when hybridized against ¢X messenger RNA
produced iE.XiEES.(Y)s are identical to those of ¢X viral DNA, indi-
cating that no unique region of the DNA is binding.

¢X shows a strong, if not exclusive, preference for its own
DNA or closely related DNAs in the packaging process. In genomic
masking experiments with the filamentous phage fd, only 0.02 to 0.05%
of the ¢X phenotypic progeny from mixed infections packaged fd DNA,
and only 2 to 4% of the phenotypic fd packaged ¢X DNA, even though
both of these phage DNAs are single stranded circles and have very
similar molecular weights (37). By comparison, the mixed infections
of ¢X174 and the closely related phage S13 produce phenotypically
mixed, infectious progeny which presumably package either parental DNA,
although this has not been determined explicitly (9,34). ¢X174 and
813 share one small region of highly homologous DNA (4.7% of the genome)
and the rest of their DNA shows an average homology of 64% (35; J. L.
Compton, personal communication). By comparison, ¢X174 and unrelated
fd would not be expected to have homologous DNA sequences. It is
conceivable that the highly conserved sequence in the ¢X1T4 and S13
DNAs results from the interaction of this sequence with phage proteins,

possibly in conjunction with phage morphogenesis.
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The DNA itself is packed into the particle in such a way
that distal parts of the circle are brought into close proximity to
each other, such that they can be crosslinked by UV radiation (L40).

It is not known whether or not identical regions of the DNA are
compacted together in all virions.

It is conceivable that the DNA might be organized in some
regular way by the H protein. The very strong binding of H protein
to SS DNA observed by Jazwinski (22,23) would be expected to occur
at specific DNA loci. If these proteins were then associated with the
spikes, the H binding loci of the DNA would be fixed to the vertices
of the icosahedron, effecting some regularity in the intravirional
organization of the DNA.

The spontaneous discharge of the 5S DNA, observed as a
consequence of the disruptive procedures described above, indicates
that the free energy of dissociation of the infectious particle is
substantial and that the DNA must be constrained within the capsule,
However, the extent of this constraint is apparently very dependent
upon the molecular environment of the particle. Dann-Markert et al.
(24) could partially reverse the DNA extrusion from defective particles
generated by storage in Tris buffer by addition of Mg++ to the buffer.
This process was itself reversible.

Tt is still an open question as to whether the phage DNA is
injected spontaneously into the cell. Injection can occur in the
presence of lethal concentrations of KCN and NaN3, but the fact that
the injected DNA is converted immediately to the double-stranded

parental replicative form indicates that the triphosphate pools have



1k

not been exhausted even under these harsh conditions, and that cellular
energy, perhaps in the form of minus strand replication, may have
assisted the injection (21,42,43,89). When DNA synthesis has been in-
hibited prior to infection by thymine starvation of a thymine auxo-
trophic host, the infecting DNA is recovered in the single-stranded
form. However, in this case there is nc assurance that cellular ATP
was not involved (43,47). This same ambiguity is associated with the
observation that SS DNA is recovered from certain host strains that are
defective in DNA replication (dnaB ts, 122) when the infection is
carried out at the restrictive temperature (96,127). It is apparent
from these experiments that DNA replication is not required for in-
jection. On the other hand, these experiments do not exclude the
possibility that DNA replication is a normal adjunct of this process,
Phage will absorb, eclipse, but not inject cells that have
been starved for a carbon source, nor will they superinfect a ¢X-
infected cell (43,44). In these cases, the infection is thought to be
blocked by some unfavorable condition of the cell wall. De novo protein
synthesis is apparently not required as pretreatment of the cells with
high concentrations of chloramphenicol (2,72,87,88), or starvation
of the host for a required amino acid does not prevent injection or
parental R’ formation (86). Phage will inject isolated cell wall
preparations with high specificity for ¢X hosts, but the DNA does not
completely dissociate from the phage, thus leaving open the question
of whether or not the complete separation of the DNA and protein

requires cell-derived energy (25,31,94).
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The failure of heavily UV irradiated phage to infect cells
(33,41) is probably due to crosslinking of the DNA (L40) rather than to
the impediment to DNA synthesis that the UV-induced thymine dimers
pose (L2). This observation is consistent with the idea that the phage

DNA either leaves the virion or enters the cell through a small pore.
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Genes of ¢X1Th

Besides genes F, G, H and J mentioned above in conjunction
with the virion structure, the ¢X174 genome contains five additional
complementation groups. These nine genes have been organized onto a
circularly permuted map by genetic recombination (9,15,3L4). Most of
the genes have also been correlated with their respective gene products,
as assayed by SDS acrylamide gel electrophoresis. This technique has
also been utilized to obtain the molecular weights of the identified
gene products (12,20,52,53). Recently the genetic map of ¢X1T74 has
been correlated with a physical map of the ¢X DNA by utilizing the
methods developed by Hutchison & Fdgell (54) and Weisbeek (55) for
mapping the relative positions of ¢X DNA fragments produced by restric-—
tion endonuclease degradations of ¢X DNA (56,132)., Although some
inconsistencies still remain to be resolved, the greater part of these
three maps are in good agreement (Amy Shiu Lee, personal communication).

The small size of the ¢X1TL genome suggests that the virus
must make extensive use of the host biosynthetic systems for its own
replication. On the other hand there is no reason to expect host
pathways for the synthesis of single-stranded DNA, as this DNA form is

not observed in bacterial cells. As a consequence it is not too
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surprising that a large proportion of the ¢X1Th genome is implicated
in this process. In this section the various genes will be discussed
one by one with special emphasis on the role they may play in SS DNA
replication or viral maturation.

In several instances, information derived from the closely
related phage S13 will be cited to fill in various gaps in the charac-
terization of the ¢X1TL4 system. The validity of this comparison
depends upon the degree of similarity between the two phages, which in
turn depends upon the level at which they are compared. The great
functional similarity between S13 and ¢X1Tl4 is best indicated'by the
fact that they complement each other in almost all combinations of
complementary cistrons (9,34). The exceptions are notable for what
they imply about the gene functions involved. A comparison of the SDS
gel electrophoresis patterns of wt UV lysates of both phages indicates
that the major gene products are of very similar, if not identical,
molecular weights, and that the various genes are expressed with
approximately the same stoichiometries (34,35). The virions are
serologically related, though not identical (70). On the other hand,
the two DIIAs seem to have diverged considerably in that hybridization
studies show only 6L4% average homology between their base sequences
and only a small region (4.7% of the genome) of highly homologous DNA

(35, J. L. Compton, personal communication).

Gene A
It is still uncertain whether or not gene A function is required

for 05 DINA synthesis or viral assembly. The only published experiment
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addressing this question suggests that it is not (57), but the inter-
pretation of this result has been confused by the subsequent discovery
that cistron A codes for two different proteins. The function of at
least one of the proteins (which is as yet undetermined) is absolutely
required for ¢X progeny RF synthesis (2,57,63,87). Whether the other
protein is also involved in RF synthesis or some other function is
not known. The smaller protein is associated with completed phage
particles at concentrations of approximately one copy per virion (R.
Rohwer, in preparation). This suggests that it may be functionally
involved with virus maturation. Alternatively, it may play some role
in introducing the viral DNA into the host. However, it must not be
essential for this process, inasmuch as deproteinized SS DNA is able
to infect spheroplasts without it.

The relationship between the two gene products of cistron A
has been worked out by Linney et al. (45,46). Using SDS acrylamide
gel electrophoresis to monitor ¢X proteins in UV irradiated host cells,
they noted that when gene A mutant phage are grown in nonsuppressor
host strains, am mutations at the l-terminus of cistron A delete a
62,000 MW protein, termed A', whereas those at the C-terminus delete
both A' and an additional 35,000 MW protein, termed A. (llote: This
nomenclature has been reversed by Henry, 50.) The trypic digest pattern
for A protein is included in that for A'. Apparently the entire
translation of cistron A gives rise to A' protein, whereas an internal
promotor, or ribosome binding site, in that gene gives rise to the
smaller A product. A pulse chase experiment, mentioned by Linney but

not shown, demonstrates in another way that A does not arise from A'
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by proteolytic cleavage (L5).

Cistron A function is absolutely required for the second stage
of ®X DNA replication, the synthesis of progeny RF DNA from parental
RF (2,57,63,87). However, due to the uncertainty of the map positions
of those cistron A mutants that have, so far, been tested for this
function, it is still unknown whether it is the A or A' protein, or
both, that are required. ¢Xam30 is the most N terminal cistron A
nutant that has been checked explicitly for its ability to synthesize
progeny RF (63), but it has not yet been established whether or not
am30 is inside or outside of the A protein region. Consequently, it is
conceivable that only the A protein is required for progeny RF synthesis,
and that, once checked, mutants known to be located I terminal to the
origin of the A protein (such as am86, see Results) will exhibit some
other phenotype than that so far observed for cistron A. Should it
turn out instead that mutations located exclusively in the A' region
do prevent progeny RF synthesis, then an ambiguous situation will
remain due to the impossibility of deleting the A protein function
independently of A'. In this case the A protein might or might not
be involved in RF synthesis. If it is involved then both proteins,

A and A', must function as necessary, but not sufficient, ¢X contributions
to that process.

Francke & Ray (48,49) have demonstrated that gene A functions
in vivo by introducing a nick into the viral strand of the ¢X parental
RF, and that only & small number of the infecting parental RF molecules
are nicked, regardless of the multiplicity of infection and the size

of the intracellular pool of parental RF. They postulate that the
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nicking activity is restricted to those RF that are associated with
the limited number of essential bacterial membrane sites that have
been demonstrated to be required for progeny RF synthesis (59,60).
This is consistent with the observation of Van der Mei et al. that
the A' protein is tightly associated with the cellular membrane (51).

I'rancke & Ray (49) have shown that, in nonsuppressor host
strains, specific nicking is also restricted to those parental RF
which carry wt gene A. This is consistent with the asymmetric comple-
mentation behavior of gene A observed by others (2,9,58). From
their results, Francke & Ray could not discriminate whether the A'
protein promoted the binding of its homologous parental RF to the
membrane where nicking was mediated by host enzymes, or whether membrane
association was necessary for the transcription and translation of
A' protein, which then acted in cis fashion to nick the membrane-bound
RF which encoded it.

Henry has since shown that purified A' protein introduces a
single nick into ¢X RF I, specifically, in the viral strand (50). This
in vitro activity does not require the presence of bacterial membrane.
Therefore, the in vivo restriction of A' activity to only certain RF
must be a direct consequence of the cis-acting property of this gene
and only an indirect consequence of the membrane association of the
nicked parental RF. In the experiments of Francke & Ray where all
progeny RF synthesis is blocked by a host mutation, rep3_, apparently
only the site-associated parental RF are transcribed and translated,
and the resultant A' product reacts only with the DNA molecule which

encoded it (ho).
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Hutchison's experiments on the physiological requirements of
$X1Th complementation also suggest that transcription is limited to
those parental RF (and/or their progeny) which are associated with the
essential bacterial membrane sites (9). He has shown that ¢X comple-
mentation in starved cells which contain only 1 or 2 replication sites
per cell (59) occurs only in that subpopulation capable of producing
both genotypes of progeny RF, regardless of the multiplicity of
infection of each input phage and the resultant size of the intra-
cellular pools of parental RF (9). Truffaut & Sinsheimer have since
demonstrated that the progeny RF are the major intracellular substrates
for transcription (138). Apparently there is some special property
conferred upon the progeny RF which is not shared by the non-site-
associated parental RF, and which makes them a suitable transcription
substrate, whereas the cytoplasmic parental R} are not. This special
property would have to be conferred in cis fashion at the time of
synthesis of the new progeny RIFF and before its release to the cytoplasm.
The only ¢X gene whose expression is limited in this way is gene A,
thus making the A or A' proteins reasonable candidates for this function.

Gene A function is resistant to suppression by chloramphenicol.
Progeny RF synthesis, but not SS DNA synthesis, can occur in the pres-
ence of 30 pg/ml chloramphenicol, when overall cellular protein synthesis
has been reduced to 2% of normal (72). This was originally interpreted
to mean that the A gene product was synthesized in normal amounts in
chloramphenicol-treated cells and would be present in relatively greater
proportions than in normal cells. This assumption led Levine to search

for a chloramphenicol-resistant protein in chloramphenicol-treated
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cells (57,73,74). It now appears that functional escape from
chloramphenicol treatment is related instead to the numerical require-
ment of the function for active protein. All protein synthesis is
suppressed rather uniformly by chloramphenicol and only those proteins
which are required in very small amounts are functionally expressed
(8,51). This in turn suggests that the role of gene A function in
progeny RI' synthesis may be enzymatic and that the protein involved

is reused. However, reusability of the protein is not necessarily
consistent with its cis mode of action or the properties of the in
vitro reaction of the A' protein. In Henry's preliminary investigation
of the purified A' activity, the protein was required in equimolar
concentrations to its RF I substrate for quantitative nicking to occur.
This indicates that a given molecule of A' may only be able to nick
once in the in vitro reaction.

A rather weak temperature-shift experiment with ¢X 25;28,
thought to be mutant in both genes A and B, suggested to Levine &
Sinsheimer that gene A function was not required for SS DNA synthesis
(57). Regardless of the interpretation of this experiment, it is
probable that only the A' function was screened, as §§;28 maps at the
Il terminus of the A cistron (15). Thus a temperature-sensitive
mutant in the A protein region of the gene might have given a more
dramatic response. It is also possible that an experiment of this type
would not be able to detect the essential role of a cis-acting,
reusable, protein if the temperature shift was performed after suffi-

cient active protein had already been synthesized to carry the infection.
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Levine & Sinsheimer (57) have shown that wild type cistron A product(s)
persists in this way. When chloramphenicol, at a concentration suffi-
cient to completely block protein synthesis (150 pg/ml), is added at
the time of infection by ¢X1TL, the infection does not proceed past
the synthesis of the parental RF DNA. However, when ﬁhe same concen-
tration of chloramphenicol is added eight minutes after infection,
progeny RF synthesis continues for at least 50 minutes, although at
only one half the rate observed before addition of the drug. Presumably,
this continued synthesis makes use of gene A proteins‘synthesized
before the addition of chloramphenicol. In the case of a temperature-
sensitive mutation in gene A, ones ability to observe this effect would
depend upon the nature of the temperature-sensitive lesion. Newbold &
Sinsheimer (95) have demonstrated that appropriste mutations do exist,
as many ¢X temperature-sensitive strains give rise to proteins that are
only inactivated by synthesis at their restrictive temperatures but
remain active if shifted to the higher temperatures after synthesis.
(They did not test a gene A mutation.)

It is clear that a definitive test of the A cistron's involve-
ment in the process of SS DNA replication has not yet been made.
Meanwhile, the strong affinity of both the A and A' proteins for SS
DIIA, the plus strand specificity of the A' protein, and the association
of the A protein with completed particles are all consistent with, and
suggestive of, a possible role in SS DNA synthesis.

The assignment of the A' product to a protein in the infected
lysates of non-UV irradiated cells, by employing the method of Mayol &

Sinsheimer for detecting ¢X-specific proteins (8), has been confused
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due to the presence of several host proteins of similar molecular
weights whose synthesis is stimulated by the ¢X infection. Data
presented in the Results will show that all of these host proteins have
molecular weights greater than A' protein, and that their synthesis
greatly exceeds and often obscures that of the A' protein.

The large size of the A' protein, estimated variously from
55,000 (51) to 67,000 (12) daltons, is inconsistent with the physical
map of ¢X1T4 derived by Benbow (12). The addition of such a large
protein to the phage genome causes the v 228,000 daltons of protein-
coding capacity of the phage to be exceeded. However, reassignment
of Benbow's A, B and C proteins in the light of more complete charac-
terizations of these cistrons (46,61,62), and the knowledge that both
A' and A arise from the same gene, as well as the discovery that the
putative gene I mutant (H532 in A) does not define a new complementation
group but was assigned to one as the result of a complementation artifact
(M. Hayashi, personal communication), restores the known protein output

from the genome to within the limits of its coding capacity (Table 1).

Gene B

Many gene B mutant phages have altered thermal stabilities
compared to wt ¢X1T4 (2,9). The thermal instability of gene B phage
was originally taken to mean that B protein was a virion component.
However, SDS acrylamide gel electrophoresis of highly purified virions
(R. Rohwer, in prenaration) demonstrates that gene B protein is present
in far less than one copy per phage, when using either Siden's (61) or

Benbow's (1”) B protein assignment. Apparently the mutant B protein
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affects the thermal stability of the phage as a consequence of some
nonstructural role that it plays in phage assembly.

Siden has provided more direct evidence that gene B functions
in the assembly process (61). Under his conditions, ¢X-infected
lysates contain a ¢X-specific particle that sediments at 12S. Upon
storage, the 128 particles gradually dissociate to equimolar quantities
of 6S and 9S particles previously characterized as containing only
F or G protein, respectively (65; R. F. Mayol & R. L. Sinsheimer,
unpublished). Siden deduced that the 12S particle is equivalent to a
single capsomeric subunit of the virus composed of five F and five G
proteins. In the absence of gene B function this 125 particle pool
disappears. Apparently gene B product either promotes the formation of
the 125 particle directly from 6S and 9S subunits, or it is essential
for the construction of some structure from which the 12S particle
later arises by decomposition.

Whatever the origins of the 12S particle, Siden has shown
that the structure formed as a consequence of B function is a direct
precursor of the phage particle. In temperature-shift experiments with
ts mutants in cistron B, SS DNA synthesis continues for a short time
at the restrictive temperature and phage are matured, but only from
pre-existing protein pools. In the absence of B function, nascent
virion protein is prevented from entering the nool of precursor struc-
tures from which phage are being assembled. This precursor pool does
not include the large pools of cytoplasmic 6S G pentamers and the 9S
F pentamers, inasmuch as neither of these structures require any other

®X gene for their formation (65). Therefore the protein source for
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this residual phage synthesis must either be the 12S structure favored
by Siden, but present in very small quantities in the lysates of other
researchers (this thesis; llayol & Sinsheimer, unpublished; Tonegawa &
Hayashi, 65), or the much larger pools of 20S, T0S and 111S ¢X-specific
subviral particles which are the subject of this thesis.

As indicated above and as originally characterized (63), gene
B function is also required for SS DNA synthesis. If it is absent from
the time of infection as is the case in a nonpermissive infection with
an amber mutant, SS DNA synthesis is apparently never even initiated
(7T1). If the B protein is inactivated during SS DNA synthesis by a
"shift up" of a ts mutant, then SS DNA synthesis occurs for only a
short time until some phage precursor structure is used up. This is
Just one of many examples indicating the interdependent nature of SS
synthesis and the phage assembly process. It is conceivable that gene
B functions directly at the level of SS synthesis but, if this is so,
it must function after the DNA is already committed to its phage
protein in order to be consistent with Siden's findings. For example,
B protein might serve to introduce the nascent SS DNA into a procapsid
which later is matured into a form that gives rise to 125 capsomers
when disrupted.

Using amber mutations, Siden has identified the gene B product
in highly resolving SDS acrylamide gels as a peak migrating between G
and D proteins and closer to D. Prior assignments of this protein have
been by a process of elimination utilizing the assumption that it was
a phage component (8,12). Siden's assignment corresponds to the protein

tentatively assigned to gene L by Benbow et al. This protein has a
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MW of 17,500 daltons (12).

The experiments presented in the Results show that the B
protein (as assigned by Siden) accounted for L-5% of the ¢X-specific
labeled leucine incorporation after pulses of from 18 to 90 minutes.
If the labeling period is extended to several hours, the relative
incorporation often drops to 1 or 2%, indicating that B protein may be
used up or is especially labile to intracellular proteases. Mutants
from either end of the gene A cistron give rise to a two-fold enhance-
ment of relative B protein synthesis when grown under restrictive
conditions. The cause of this phenomenon is uncertain, but it is
unlikely that it is related to Godson's observation that charged t-RNA
migrates in this region of the gel (20), as the host labeling pattern
observed under identical conditions does not show any distinct peaks

in this region of the gel which could account for this effect (Results).

Gene C

The C cistron is defined by a single ochre mutation site in
¢$X17h (67) and an ochre and opal site in S13 (62,69). These mutants are
very leaky., a property which Funk & Sinsheimer attributed to an
enzymatic function requiring very few active copies of the gene product
(67). Alternatively, it is Jjust as conceivable that gene C product is
not essential for successful infection but merely expedites it.

This gene is apparently required for normal SS DNA synthesis.
When the C mutant is grown in nonpermissive cells the early events of
the infection occur normally., but SS DNA synthesis and phage production

are greatly retarded. DNA isolated from these cells during the period
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in which SS DNA is being synthesized at a very slow rate has the sedi-
mentation behavior characteristic of the replicative intermediates of
SS synthesis. Very little RF II form DNA is present in these lysates
whereas this is the most prevalent conformation in the normal infection.
Since it is not clear whether C protein is essential for SS DNA
synthesis or whether it merely facilitates it, one does not know, in
the absence of pulse chase data, whether these intermediate structures
are producing the SS DNA that eventually ends up in the phage, or
whether theyv are an accumulating pool of inactive "dead end" molecules.
In the latter case, the residual SS synthesis would be occurring nor-
mally, utilizing normal gene C product rescued by translation errors.
However, this normal synthesis would be obscured by the large pool of
inactive aberrant DNA forms. In the former case, where these inter-
mediate structures are the precursors of SS DNA and phage, the effect
of the C protein would be to shift the rate limiting step (93) in SS
DNA synthesis from the initiation of a new strand on the 'resting" RF
IT molecule to the completion of the new SS and its release from the
replicating intermediate.

By analogy with gene B function, one cannot exclude the
possibility that the C function is only indirectly related to SS DNA
synthesis. It is conceivable that C protein promotes some step in
viral assembly, such as the formation of a precursor structure which
is essential if SS synthesis is to continue beyond the stage at which
the replicating intermediates accumulate. The effect of the C mutation
on the intracellular pools of virion subunits has not been investigated.

By preparing the gene C mutant phage in several different
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suppressor strains, each inserting a different amino acid at the

ochre mutation site, and then comparing the thermal stability of

the resultant phage with wild type ¢X, Funk was able to show that

none of the insertions gave rise to virions with altered thermal
properties. As the likelihood is great that one of these insertions
would create a temperature-sensitive gene product, it appears that

the C protein is not a structural element of the virion (67). This
result would have been more certain if Funk & Sinsheimer had established
the temperature-sensitivity of the ochre C infection in these same
suppressor strains.

Barras et sl. (62) have been &ble to assign the S13 gene C
product to a particular peak in an SDS acrylamide gel pattern by the
stringent criterion of a shift to greater mobility in restrictive
lysates of the gene C suppressible mutations. This peak runs faster
than gene D product and corresponds to Benbow et al.'s tentative gene
A assignment. Benbow et al. determined the molecular weight of this

protein to be 13,500 daltons (12).

Gene D
Gene D product is synthesized, in the normal infection, in
greater molar quantities than any other ¢X protein. It is present at
almost twice the concentration of the major virion protein, F (Results;
12). It also accounts for approximately 12% of the mass of intracellular
¢X protein as monitored by a radiocactive leucine label. In UV irradiated
cells it is the largest mass constituent. The preferential synthesis

of this protein is consistent with its position at the beginning of a
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polycistronic message defined by a gradient of polarity extending at
least as far as gene H in the order D, E, F, G, H (12). Its assignment
to a 14,500 dalton peak in SDS acrylamide gels is generally agreed

upon by all authors, although the most rigorous requirement for assign-
ment, the demonstrated appearance of a D fragment coincident with the
disappearance of D protein, has not yet been met (12,20,52,53).

In spite of its intracellular prominence, the function of
this gene remains obscure. When D mutants are grown under restrictive
conditions progeny RI' synthesis and host synthesis terminate at the usual
time but no SS synthesis commences (63,71). It is therefore one of
the five ¢X1TL genes absolutely required for SS DNA synthesis, but as
is probably the case for several other genes, its involvement in the
replication process per se may be rather indirect. It does not bind
strongly to DNA, as indicated by its behavior on SS DIIA cellulose
columns (D. Gelfand & E. Linney, personal communication; 46), and it
is only a minor component of the virion, present in from one to two
copies per particle (R. Rohwer, in preparation).

Until now, it has been found intracellularly only as the free
monomer, sedimenting at approximately 2S5 (65; R. Mayol & R. Sinsheimer,
unpublished data). Van der Mei et al. (51) have shown that it is a
cytoplasmic rather than membrane-bound protein. Ixperiments presented
here (Results) will show that, after lysis at low temperature in the
presence of Mg++, a large proportion of the D protein is associated
with ¢X-specific complexes sedimenting at 111S, TOS and perhaps 20S, as
well as the 2S5 monomer peak. At least one of these complexes, TOS,

contains replicating DNA but at least one other does not. Weisheek &
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Sinsheimer have recently discovered gene D product in association with
an infectious ¢X particle sedimenting at 1L40S in lysates prepared
in 0.25 M-Tris and saturating EDTA (165). It seems quite likely that
the D protein is involved in the assembly of some particle that is
required for the synthesis of SS DNA rather than in DNA replication
per se.

Jeng et al. (34), in their investigation of ¢X1TL-S13
complementation, have provided, contingent upon the complete charac-
terization of the phage mutants used in their analysis, indirect
evidence that gene D function involves some interaction of D and F
proteins such as might be expected if D protein were involved in phage
assembly. Of all of the gene combinations tested (Cene J was not yet
known. Genes C and D were known only in 513 and ¢X, respectively, so
the crosses were performed in only one direction. Gene L of ¢X was
not tested.) only gene D protein in S13 and gene F protein in ¢X were
shown not to complement.

Of the two most obvious explanations for this complementation
failure, the simpler, if less interesting one, is that the S13 gene F
mutant used in the test, §3§8, is in fact a double mutant in genes F
and D. In this case, active gene D product would have been lacking in
the mixed infection. It has not been possible to detect a double mutant
of this type in S13 by complementation procedures as no gene D mutants
have yet been identified in this phage. On the other hand, the gene
D protein 1s observed in SDS acrylamide gels of lysates of 513 infected
cells (34) and, as a consequence, a hidden gene D mutation should be

detectable by this method. However, experiments of this type have not
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yet been performed and, as a consequence, this explanation cannot yet
be excluded. (Jeng et al. also assayed S13 gene F mutants su39 and
su52 against an unidentified ¢X D mutation with the same negative
results. However, because these mutants were not used in any other
complementation assays, their failure to complement the ¢X gene D
nutant cannot be assumed to be a specific effect. This is because S13
gene F mutant su39, and another unidentified F mutant, were found by
Hutchison (9) not to complement any ¢X cistrons, apparently due to
their very poor absorption to the E. coli C host used in the comple-
mentation assay.)

A more interesting explanation for the gene F-gene D comple-
mentation failure can be advanced if it turns out that S13 strain, su68,
contains only a single mutation in gene F. In this case, the mixed
infections with ¢X gene D mutants H81 and H119 would have failed to
produce progeny phage even though four configurations of active virion
proteins were possible, including a wild type configuration (see Table
2, Complementation I), and active gene D product was supplied by the
S13 gene F mutant. Other complementation tests (II and III in Table 2)
demonstrate that these same configurations of virion proteins do give
rise to infective particles in other mixed infections. This indicates
that the failure to produce infective particles in complementation I
(Table 2) was not due to a structural incompatibility of the virion
proteins per se but rather an incompatibility of one of those proteins,
F, with the nonhomologous D protein. Complementations IV and V (Table
2) demonstrate that this incompatibility does not arise from the

relationship of D protein to H and G gene products. Together, the data
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suggest that there is some direct and essentisl involvement between the
I" protein and either the homologous D protein itself, or, conceivably
some other homologous molecular species produced as a direct consequence
of the cis functioning of D protein. An example of the latter case
might be the interaction of F protein with its homologous SS DNA, which
perhaps can only be synthesized in the presence of active, homologous

D protein. In this case, only the F and D homologous SS DNA would be
expected to be matured into particles. Unfortunately the genetic
composition of the progeny phage was not monitored, so these two
possibilities cannot be distinguished on the basis of these data alone.
llowever, in either case the expression of F function is shown to involve
a strong and essential interaction with some ¢X-specific molecular

species other than the virion proteins.

Genes E and J(?)

Mutant phage from the gene I complementation group are unable
to lyse nonpermissive host cells. In the absence of lysis, all but
one of them, ggﬁ, produce very high titers of infectious virions which
are physically indistinguishable from wild type phage in all comparisons
conducted to date (9,12,20,52,63,76). The production of apparently
wild type phage without cell lysis has been taken to mean that the E
function is exclusively lytic and that the absence of this function
has little substantive effect on the rest of the infection process. The
gene I lysis-defective mutants have, as a consequence, been a great
boon to ¢X research, hoth in enabling one to study the late events of

the infection process without the complication of lysis, and in preparing
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high titer phage stocks. Most of the experiments in this thesis were
conducted with the gene E mutant am3.

Even though the gene E function may be exclusively lytic (and
this is now questionable), lysis itself is probably not the exclusive
consequence of gene E expression. Hutchison & Sinsheimer (76) have
demonstrated, and one can infer from Siegel & Hayashi (7), that some
mutations in gene H are also lysis-deficient. If the 926 mutation defines
a new cistron J (see discussion below), then this cistron may also be
required for lysis. Apparently genes L, H and J(?) are, when taken one
at a time, necessary but not sufficient for the lytic event,

The exclusively lytic nature of the gene E function is now
open to question due to the pleiotrophic behavior observed for the
putative gene E mutation, ggﬁ (12). égﬁ is lysis-deficient like the
other I mutations, its complementation behavior places it in the E
cistron (Table 3, data from 9); and it maps in the E region (9). How-
ever, unlike other gene E mutations, gﬂﬁ produces very few infective
virions (76). Instead, it packages infective DNA into a phage-like
particle lacking only the low molecular weight protein component (12).
If the 526 mutation is in cistron E, these properties suggest that the
E protein, like the H protein, may be an essential virion component as
well as an essential element in the lytic process. One can speculate
that other gene E mutations, like am3, are located close to the C-
terminal end of the cistron, giving rise, in nonpermissive hosts, to
fragments with molecular weights so similar to that of the wt protein,
that the differences cannot be discriminated by the methods utilized

so far. These small changes must then be sufficient to destroy the
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lytic function of the E protein but not its structural function in the
phage.

The fact that both gene E (ggﬁ) and gene ll mutations produce
phage-like uninfective particles as well as a lysis deficiency suggests
that the intact virion may be the lytic principle. This is refuted by
the observation that mutations in several other cistrons produce lysis
in the absence of any particle production or even SS DNA synthesis (9,
63,71). Therefore lysis cannot be mediated by the phage particle per
se. This also suggests that the lytic and structural roles of any of
the genes involved in lysis are apparently operationally segregated,
even though they may be very similar functionally. For example, it is
conceivable that the E protein is stabilizing when incorporated into
virions but destabilizing when incorporated into cell membranes.

The phenotypic differences between ggﬁ and the other gene E
mutations, the effect of a ¢X deletion mutant on the virion composition,
and an analysis of the acrylamide gel electrophoresis patterns of
proteins from mutant infections of both types, led Benbow et al. (12)
to tentatively assign Eﬂ§ to a new cistron, J. The new cistron was
located between genes E and F [map order -- D, B, J (am6), F, G...] on
the basis of the close linkage of ggﬁ to the gene E mutant am3 during
three factor crosses. These crosses were, due to the low recombination
frequencies, poorly resolved but suggested that ggﬁ was located C
terminal to am3. [It was also stated that am6 could be resolved from
gene I mutant am?7 in three factor crosses. The map order--D, Lk am2T,
I am3, V..., was previously established by Benbow et al. (15) by means

of two factor crosses. Unfortunately, this critical experiment was
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not presented and it must be assumed that amb was found to map N
terminal of am27 to give the map order favored by Benbow et al. (12)
(i.e., ...D, E (am27), E (am3), J amb, F...).]

The placement of the ggé mutation between genes E and F
contradicts Benbow et al.'s (15) previously published data for two
factor crosses which clearly locates the amb mutation at the N terminal
end of cistron E. The data for these crosses aregiven in Table L and
strongly supports a map order of [...D, J (am6), L, F...]. This order
was obtained for crosses from three separate loci adjacent to the E
cistron and, due to the unique problems associated with the three factor
crosses presented in reference 12, would appear to be based upon the
more compelling data.

If the am6 mutation is located at the li-terminal end (12) of
the gene L complementation group, several alternative explanations can
be advanced for its pleiotrophic effects other than its assignment to
a new cistron.

An N-terminal locus is consistent with, and suggestive of, the
interpretation advanced above -~ that cistron E codes for a low molecular
weight protein that functions both in the lytic process and as a phage
structural component. In this case is it necessary to postulate that
the latter function is unaffected by small deletions from the C-terminal
end.

Tt is also conceivable that the low molecular weight phage
component arises as a secondary consequence of gene E function. For
example, the E protein may be a highly specific protease that generates

the low molecular weight phage component from a ¢X precursor during the
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phage maturation process. lMany examples of this kind of reaction are
known (211,212,213,214,215,218). The same activity might also be
directed against specific host proteins with similar structures, thus
accounting for its role in the lytic process as well.

It is also possible that, as proposed by Benbow et al. (12),
ggé defines a new cistron J which codes for the low molecular weight
phage structural component. Benbow et al. have postulated that this
gene functions both in lysis and as a phage structural component.
However, as long as the hypothetical cistron is located N-terminal of
cistron B, this pleiotrophy need not be explained in terms of functional
duality. In this case, the J protein itself would not necessarily
have a lytic function. Rather, the lysis deficiency could be the
consequence of a strong polarity of the ggé mutation for the E gene.
This polarity could not be too strong, however, inasmuch as the F, G
and H proteins are made in normal amounts in the am6 infection. The
protein to which gene E was originally assigned by Benbow et al. is
actually synthesized in greaté} rather than lesser amounts in the ggﬁ
infection. This is probably an indication of an incorrect protein
assignment rather than a refutation of a polarity affect.

Perhaps the strongest evidence for a separate cistronic
identity for the §E6 mutation is Zuccarelli's finding that synthesis
of the low molecular weight phage component is unaffected by lysis
deficient ¢X1TL deletion mutants missing as much as 7% of the wt DNA
complement (77). Inasmuch as the gene E function is the only one known
that is not essential for the production of infective particles, it

is assumed that these deletions must be in the E cistron. DBenbow et
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al. (15) estimated the genetic size of the E cistron as 5.5% of the
genome. Thus, if in fact these deletions are gene E-specific, it is
unlikely that only a C-terminal portion has been deleted, leaving a
functional N-terminal region. Even if this were the case, such a large
deletion would surely be noted as & change in size of the low molecular
weight phage component, if in fact this were the E protein.

Several unresolved anomalies serve to temper the otherwise
compelling nature of this observation. As yet, the deletion mutations
have not been correlated with the loss of any ¢X-specific protein from
deletion phage infections. This is not too surprising, inasmuch as it
has not yet been possible to identify the gene E product utilizing
suppressor mutations either (12,20,52,53). However, it does detract
from the significance of the observed conservation of the "J" protein
in these same infections. This result becomes more auspicious when
combined with the observation that both in vivo RF isolated from the
deletion mutant infection and in vitro RF II prepared from deletion
phage DNA produce perfectly normel fragment patterns after cleavage
with various restriction enzymes (Amy Shiu Lee, unpublished data). One
would expect a disappearance or a substantial alteration in the
behavior of the DNA fragment normally carrying the deleted DNA (105).
On the other hand, a normal pattern is the expected consequence of a
randomly distributed deletion. Apparently the ¢X deletion mutants
may be more complicated than their preliminary characterization has
indicated, and until these latter observations are understood, it
would be premature to assign the am6 mutation to a new cistron on the

basis of these data. At present the cistronic identity of the amb
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mutation remains in doubt. It could plausibly define the N-terminus
of the E cistron, expanding our concept of the role of that gene, or
it may be the sole representative of a new cistron coding for the
small virion protein. Regardless, it is associated with a particular
protein and for the sake of convenience, but without any commitment
to its unique cistronic identity, this smallest virion component will
be referred to as the J protein.

It is somewhat surprising that a definitive identification
of the gene E product has not been made in the SDS acrylamide gel
systems. Inasmuch as the E cistron is the second or third in the chain
of polarity extending from gene D to gene H, one would expect it to
be synthesized in large amounts, i.e., at a molecular concentration
between those of genes D and F'. If the molecular weight of this protein
is between those of the D and F proteins (tentative E protein assign-
ments by both Godson (20) and Benbow et al. (12) fall in this region),
one would also expect a substantial mass contribution ranging from at
least half that of the D protein (D protein is synthesized at twice the
molar concentration of F protein) to greater than that of the F protein,
depending upon the molecular weight of the E protein. However, the G
protein is the only other protein in this molecular weight range besides
D and F that is synthesized in anywhere near these quantities. The
numerous electrophoretic characterizations of suppressor mutations in
all of these genes rules out the possibility that the E protein could
be concealed by any of these peaks if it is present in the quantities
expected (12,20,52,53). Apparently the E protein must have a molecular

weight considerably less than gene D product to he present in the
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expected stoichiometric amounts. Unfortunately the low molecular
weight proteins are, due to diffusion, the most poorly resolved in the
SDS acrylamide gel electrophoresis system, and their high mobilities
under the experimental conditions used to date place them out of the
linear region of the molecular weight calibrations of the gel systems
(12,20,53). As a consequence, their molecular weights have not been
accurately determined and their intracellular stoichiometries are
unknown,

It should be noted that the D cistron utilizes only 6.4% of
the ¢X DNA. If, as this analysis has suggested, the E cistron is
much smaller than this, it could not by itself contain the 6-T%
deletion measured for the deletion mutation (77).

These same arguments would apply equally well to the J cistron,
if it exists.

The mechanism by which ¢X lyses the host cell and the role
of the E protein in that process is as yet unknown. However, it
probably does not involve a conventional lysozyme, inasmuch as repeated
attempts to isolate such an activity from ¢X-infected cells have been
unsuccessful (78,79,25). Also, more than one ¢X gene [at least E and
H, and perhaps J(?)] is implicated in the lytic mechanism. [Lysis is
also delayed by mutants in gene A (76) even though those phage proteins
that are assayable by SDS acrylamide gel electrophoresis are made in
normael amounts in A deficient infections (66)]. Whatever its function,
the position of the E cistron in the chain of polarity of the ¢X genes
(12,15), indicates that it is made in large amounts and is, therefore,

presumably required in high concentrations for function.
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The lysis of a ¢X1Th-infected culture is very gradual, with
the time of individual cell bursts extending twenty minutes past the
minimum latent period. The lysis of the individual cells is, however,
very abrupt, releasing the entire phage burst to the extracellular
fluid in less than 30 seconds (75). This lysis can be prevented by
stabilizing the cells against osmotic shock with the addition of 20%
sucrose (79), or in an unknown way by the addition of 0.2 M—MgSOh but
not MgCl2 (81). Lysis can also be avoided by exposing the cells to

uv radiation (20,52, Results) or to mitomycin C (A. Fukuda, personal

260
communication) prior to infection. Both of these agents prevent further
cell growth and division. When infected with a gene E mutant the

host cells continue to grow but do not divide. The resulting snake
morphology is often encountered in cells metabolically blocked in DNA
synthesis (198) and may be the consequence of the displacement of the
host DNA from the DNA replicating machinery by the infecting phage. In
¢X wt infections, lysis occurs long before these snakes would have had
time to develop. The lysed cells show only local disruptions in the
cell wall (79). :In the closely related phage, a3, lysis is preceded

by a bulge along the fission plane of the cell. This bulge eventually
ruptures, freeing the phage to the extracellular environment (83).

Taken together, this phenomenology suggests that lysis may be the
consequence of an aberrant cell division induced by the ¢X proteins.

If this proves to be the case, the responsible proteins may prove useful

in the study of cell division or as antibacterial drugs.
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Gene T

The gene F product has been unambiguously assigned to a 50,000
MW protein in the SDS acrylamide gel system on the basis of the behavior
of the protein fragments produced by the gene F suppressor mutations
(12,20,52,53). It has been identified as the structural unit of the
capsid by means of the 4 M-urea treatment (53). In the normal infection,
F protein is present in the greatest mass concentration (35-40% of a
radioactive leucine label) of all the ¢X proteins (Results; 12). Sedi-
mentation analysis of infected lysates reveals that very little of it
is present as the F monomer. As the time after infection increases, an
ever greater proportion of the F protein accumulates in the completed
phage particles. A fixed proportion of the virional F protein is found,
after lysis, in the T0S lysis artifact produced by abortive infections
of the cell debris (27). The rest is distributed among at least five
¢X-specific subviral particles of varying degrees of complexity, and
ranging in S value from 111S to 9S (65; R. M. Mayol, unpublished data;
this thesis). These particles will be discussed at greater length below.

The primary function of the F protein as the capsid structural
protein is obvious. However, like the other main virion protein, G,
functional F is also required for SS DNA synthesis (68,71). Once again
this illustrates the strong interdependence of particle assembly and
8S DNA synthesis. In the absence of F function, SS DNA synthesis is not
even initiated (71). When temperature-sensitive F protein is inactivated
late in infection by a temperature shift, SS DNA synthesis stops
abruptly (68; E. Siden, personal communication). As discussed in

conjunction with gene D, the F function apparently involves some inter-
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action with D protein.

Gene F has several other properties that would be expected of
a cistron coding for a virion component. In a comparison of the
antigenicity of the spikeless ¢X particle produced by means of the
4 M-urea procedure (16) and whole phage, it was demonstrated that phage
inactivating antibodies are produced against the F protein or some
complex of F proteins (R. Rohwer, in preparation). Several host-range
mutants are located in this cistron in S13 (58), and it is supposed
that some of the unassigned ¢X host range mutants may also be in gene
F (9). However, no ¢X host range mutants have yet been assigned to
this cistron. An extension of the host range of the ¢X or S13 virion
by mutations in gene F does not necessarily mean that the F protein is
directly involved in phage attachment to the bacterial host. It is
more likely that this phenotype reflects an altered charge on the
entire particle [as indicated by the altered electrophoretic mobility
of many host range mutants (85)] rather than a change in the phage
absorption apparatus per se (84). Other gene F mutations affect the
thermal stability of the mutant virion (9), and possibly its host

absorption kinetics as well (8k4).

Gene G

The ts79 mutation in cistron G gives rise to a gene G product
with an altered electrophoretic mobility in non-denaturing gels. This
property, in conjunction with the i M-urea dissociation procedure,
has been used to unambiguously identify the G protein as the second
greatest mass constituent of the virion and as a spike component (16).

Suppressor mutations in this same cistron eliminate a 20,500 MW protein
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from nonpermissive infections, although without generating an observable
fragment (12,20,52,53). The G protein is produced at a slightly lower
molecular concentration than F product, as is consistent with its
position in the polarity gradient (12). Like the F protein, very little
of this gene G product exists intracellularly as the monomer (65).
The rest accumulates with time in the pool of completed phage or dis-
tributes among various subviral particles (65; R. M. Mayol, unpublished
data; Results). As is true for gene F, gene G function is also
required for SS DNA synthesis and mutant infections in G give rise to the
same phenotypes with regard to that process (71,98; E. Siden, personal
communication).

Two gene G mutants, ts79 and am9, are known which do not produce
serum blocking power under restrictive conditions, suggesting that the
G protein harbors inactivating antigens (9,10). One of these mutants,
ts79, also exhibits aberrant attachment kinetics to host cells (84) and
an altered electrophoretic mobility in non-denaturing electrophoresis
systems (16,85). Still others give rise to phage with altered thermal
stabilities (9). Weisbeek has employed a physical mapping technique
to locate several host range mutants within or very close to the G

cistron (6L4).

Gene H

Although it is a phage structural component, H protein is
synthesized in much smaller molar proportions than are F or G (Results;
12). Using suppressor mutations, the H gene product has been identified
as a 37,000 MW protein whose disappearance is correlated with the

appearance of lower molecular weight fragments in the unsuppressed
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infection (12). Because this protein is made in relatively small
quantities and possibly (as discussed earlier) because of its unusual
sensitivity to manipulation, the intracellular distribution of this
protein is still unknown, except, of course, that it does accumulate
in phage particles. Jazwinski's finding that it binds tightly to
the phage SS DNA, in conjunction with an antibody binding experiment
to be presented in the Results section, suggests that the H protein
might be associated with the repliceting SS DNA. However, unlike the
gene F and G proteins, gene H function is not required for SS DNA
synthesis and, as noted above, a phage-like particle can be assembled
in its absence.

Like the other virion proteins, gene H product is also required
for the normal production of serum-blocking power (9) and normal
absorption to host bacteria (84). Curiously, both isolated capsids
and spikes can absorb to bacteria in a non-gpecific way, but the gene
H-defective particle does not attach at all (84). Other cistron H
mutants have altered thermal stabilities and possibly host ranges as

well (9).

Unassigned Infection-Specific Functions

A1l of the known ¢X genes have now been associated with some
function in the infective process, but not all of the infection-specific
functions have yet been correlated with the action of specific ¢X genes.
Thus, several ¢X genes must be, as yet, undiscovered or several of the
known genes must have more than one phenotype. In the case of each of
these unassigned functions there is at least one gene that has not yet

been screened for its effect upon the given process, and an untested



L6

gene may therefore be responsible for the function. Alternatively, in
the case of pleiotrophic genes, it may be that the mutations utilized
for the screening were not stringent enough. If, for example, the ggﬁ
mutation is in gene L, then only half of the L phenotype is revealed by
the lysis mutations at the C-terminal end of the cistron. Consequently,
the am6 mutation should be screened for its effect on these processes,
regardless of whether or not it is in gene I or J. The cistron A, A'-
protein presents a special screening problem due to the complication
that it cannot be deleted without simultaneously affecting the A’
protein. It is also conceivable that many of the host responses to the
infection are the result of synergistic effects of several ¢X genes

and are not therefore altered by mutations in single genes. The
infecting DNA, by itself, may be responsible for inducing some of the
host changes.

Perhaps the most intriguing phenomena still to be correlated
with a gene activity are the events surrounding the transition from the
"early'" stage of the infection, parental and progeny RF synthesis,
to the late stage of infection, SS DNA synthesis and phage maturation.
During this transition, host DNA synthesis ceases (67,90), progeny
RF synthesis is reduced to a very low rate (63,71,91,93,97,98), DNA
replication shifts from the membrane to the cytoplasm (93), and SS DNA
synthesis and phage maturation commence. As noted earlier, genes B,

D, F and G are required for the initiation of SS DNA synthesis, and C
is required for this process to occur normally. However, none of the
gene functions yet tested are required for the termination of host DINA

or ¢X progeny RF synthesis. Genes B, C, I and G have been tested for
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their role in the shut-off of host DNA replication (67,90), and B, C,
D, E, F, G and H for their role in the cessation of progeny RF synthesis
(51,63,67,71,91). It is suspected that both of these processes may be
terminated by the same mechanism, in which case only A and J have not
been tested. It is unlikely that gene A is involved, as it is required
for progeny RF synthesis. Also, gene A function continues to be
expressed in the presence of 30 ug/ml chloramphenicol, whereas the shut-
off mechanism for ds-DNA synthesis is inactivated at this concentration
(57,72,73,76,90,91,92). This chloramphenicol effect indicates that ¢X
proteins are required for shut-off and that they must be present in
fairly large amounts. Addition of chloramphenicol at any time prior
to 15 minutes after infection prevents the shut-off of RF synthesis.
Addition of chloramphenicol at even later times causes a renewed syn-
thesis of RF after a delay (57,76,91). Apparently, continued protein
synthesis is required to maintain the obstruction to ds-DNA synthesis.

Superinfection exclusion is another unassigned function that
can be blocked at early times or partially reversed at later times by
the presence of 30 ug/ml chloramphenicol. Again, continued synthesis
of large amounts of some protein must be required for expression of this
phenotype (44). The exclusion is established from 5 to 10 minutes
after infection (4kL,76), with the consequence that subsequent infections
are sborted at the level of eclipse (21,43). Apparently the cell membrane
has been altered in some way so as to prevent injection of the viral DNA
(43). It is known that gene E function is not required, in spite of its
presumed interaction with the host membrane (LkL,76). As yet the other

¢X cistrons have not been screened for their effect on this process.
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Assay of the infection-specific proteins from non-UV irradiated
cells by the method of Mayol & Sinsheimer (8) reveals the presence of
two and sometimes three high molecular weight host proteins that are
apparently induced by the infection (8; Results). These proteins are
not labeled during infection of UV-pretreated cells, indicating that
their de novo synthesis is not required. As yet, this induction has
not been correlated with the expression of particular ¢X genes, nor
is the function of these proteins known.

Razin has shown that there is a cytosine-specific DNA methylase
associated with the ¢X1T74 infection. This activity can be demonstrated
in infected host cells that do not normally have this methylation
specificity. It has not yet been esteblished whether ¢X induces or
modifies an existing host enzyme or whether it codes for the enzyme
itself (162). 1In the former case, it may be that one of the ¢X-
stimulated host proteins mentioned above is an induced methylase.

In any case, the gene responsible for this activity has not been iden-

tified.
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Single Strand DNA Synthesis

All lines of evidence suggest that SS DNA synthesis and ¢X
maturation are highly interdependent processes. In the absence of
functional B, D, F or G protein, SS synthesis is not initiated
(63,68,71,91,98). Even when it is allowed to begin, it can be effi-
ciently terminated by a shift to the restrictive temperature in
temperature sensitive infections with mutants in any of these four
cistrons (Siden, E., personal communication). Just how these four
genes function in SS synthesis is still unclear. None of them appear
to be directly involved in the replication event. Two are major
structural components of the virion and the other two have been impli-
cated in the assembly process. Apparently, the replication of SS DNA
cannot occur in the absence of some intermediate structure in the
phage assembly. One might expect that this intermediate is rather
complex as all four of these genes are apparently involved in its con-
struction. As a consequence of the interrelatedness of these two
processes, a study of ¢X morphogenesis must necessarily consider the
process of SS DNA replication as well.

In the normal infection, SS DNA synthesis begins rather
abruptly 10 - 13 minutes after infection (76,90,100,151). The commence-
ment of SS synthesis marks the beginning of the "late stage" of the in-
fection process and this transition is accompanied by several other
notable changes in the infection physiology. 1In particular, host DNA
synthesis ceases (67,90) and ¢X progeny RF synthesis is reduced to a
very low rate (63,71,91,93,97,98). At the same time the site of DNA

replication shifts from the cellular membrane to the cytoplasm (93).K
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How these events are interrelated and whether or not they are the con-
sequence of a single ¢X gene function has not been determined. They

are uncoupled from SS DNA replication to the extent that ds DNA syn-
thesis will terminate even in the absence of SS synthesis (9,67,90,91,98,

100).

Precursors to S5 DNA Synthesis

S5 synthesis is preceded in the early stage of the infection
by the accumulation of a pool of approximately twenty progeny RF mole-
cules per cell (76,95,96,100,152). This pool of progeny RF is derived
by semiconservative replication of one or a few parental RF molecules
associated with an essential bacterial replication site located on the
host membrane (59,60,88,129,151). Once synthesized, the majority of
the evidence suggests that the progeny RF do not participate further
in DNA replication until the late stage of infection when they become
the templates for SS synthesis (59,60,88,99,145,146,147,148,150,151).
(A contrary interpretation has been advanced by Iwaya and Denhardt for
their data (1L9). However, their results do not necessarily contradict
the idea of a unique role for the parental RF in progeny RF synthesis
(82). VNevertheless, a definitive experiment may not yet have been per-
formed. )

Under the same conditions in which the parental RF is found
associated with the host membrane, the progeny RF are found free in
the cytoplasm as a mixture of the RF I and RF II forms (60,63,71,93,95,
96,97,100,101,102,152,154). The relative proportions of each form
apparently depends upon the isolation procedure. The RF II form is

preferentially lost to the phenol phase during phenol deproteinization
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unless the lysate is first treated with pronase and detergent (T71).

One interpretation of this preferential loss is that the RF II form

is complexed with a protein which carries it into the phenol phase.

Both the RF I and RF II forms are however, precursors to SS DNA syn-
thesis (93,95,97,100,152).

S5 synthesis is also preceded by an accumulation of the ¢X
gene products. With respect to the proteins that can be monitored,
either by antiserum precipitability (10) or by SDS acrylamide gel
electrophoresis (8,20), there does not seem to be any early or late
class of ¢X protein. Rather, all proteins seem to be made at the same
relative rates throughout the infection. Thus, the temporal sequence
of expression of various ¢X specific functions (superinfection exclu-
sion, v 5 minutes; shut-off of host DNA synthesis, V12-15 minutes;
initiation of SS DNA synthesis, V12-15 minutes; lysis, “20 minutes)
is probably a conseguence of the time required to accumulate sufficient
material for activity rather than of some "early" - "late" control
mechanism at the level of transcription or translation.

The pools of precursor proteins can be greatly expanded by
carrying out the early stage of the infection at 15°C. Under these
conditions SS DNA synthesis is blocked due to some cold sensitive step
in that process. However, other aspects of the infection develop nor-
mally though at a lower rate. Thus, both the shut-off of host DNA
synthesis and lysis occur eventually. Progeny RF accumulate to approxi-
mately 50 molecules/cell and over two hundred phage equivalents of
serum blocking power are synthesized.If, after the accumulation of these

pools, the infection is shifted to 37°C in the presence of 100 ug/ml
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chloramphenicol up to 7O pfu/cell can be matured without any additional
protein synthesis. After the shift to 37°C, 40% of the progeny RF
DNA accumulated at 15° is transferred to viral single strands. These
experiments demonstrate that the progeny RF are precursors of SS DNA
and that concomitant protein synthesis is not required for SS DNA
synthesis or phage assembly (95).

In the normal 37°C infection the ¢X protein pools established
prior to SS DNA synthesis are apparently not nearly so extensive inasmuch as
the addition of chloramphenicol just prior to or during the late stage
of infection blocks the synthesis of any additional infectious particles
(72,76). TFrom this continuing need for protein synthesis, one can
infer a continuing need for transcription as well. Puga et al. (159)
have shown, in phage S13, that even though the "structural" half
life of the virus messenger RNA (measured as the ability of the in vivo
message to hybridize to viral DNA) is much longer, 10 minutes (a
similar half life has been observed for the ¢X message (225,226)), than
the half life of the E. coli message, 2 minutes, the functional half
life (measured as the ability of the in vivo message to give rise to
new gene F product) remains short, 1.5 minutes, throughout the infec-
tion. As a consequence, phage messenger synthesized at early times in
the infection cannot be responsible for protein synthesis at late times.
Thus during the late stage of the infection, some portion of the intra-
cellular RF must be engaged in the transcription process as well as in
S5 DNA synthesis. It is not known whether or not RF molecules freely
exchange between these two functions, whether some RF are sequestered

for protein synthesis alone, or whether both processes cun occur
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simultaneously on the same DNA template.

Mechanism of SS DNA Synthesis

Pulse chase experiments performed in numerous laboratories
have unambiguously established the progeny RF as the immediate pre-
cursors of SS DNA synthesis (93,95,97,100,152). There is also general
agreement that synthesis of the SS DNA proceeds by an asymmetric dis-
placement of the plus strand from an RF II molecule by a newly replica-
ting plus strand (93,96,97,100,101,142,152,153). This synthesis
mechanism is known as the rolling circle model of DNA replication (102).
Most investigators find that the nascent plus strand is covalently
attached to the old plus strand giving rise to a continuum of replication
intermediates, RI, comprised of unit-length, closed, circular minus
strands and linear viral strands of from once to twice unit length (93,
96,101,102,142).

Yokoyama et al.(103) have observed that some of the nascent
plus strand DNA is also of less than unit length prompting them to pro-
pose a discontinuous model of SS DNA synthesis more in accord with the
discontinuous mechanisms established for many other replication systems
(155,156,157,158). Nascent plus strand fragments can also be observed
in the data of others (96,97,101,102,142). However, the significance
of this material is still uncertain as Yokoyama et al. could not rigor-
ously exclude the possibility that the fragments were the consequence
of an artifact of sample preparation (103).

No investigator has reported nascent viral strands of greater
than twice unit length. (It should be noted, however, that the methods

so far employed would not distinguish a molecule of slightly greater



5k
than twice unit length as proposed in Gilbert and Dressler's formulation
of the rolling circle model (102).) Tt is thought that after a unit
length of SS DNA has been displaced from the RF II template this SS tail
is cleaved off to be matured into an infectious particle thus freeing
the RF II moiety for another round of replication. Because pulse label
accumulates in this RF II species, it is thought that initiation of
a new round of synthesis represents a rate limiting step in the normal

replication process (93).

Origin of Replication - Nicks and Gaps

Several investigators have demonstrated that these "resting
RF TI" molecules contain a nick or a short gap specifically in the
viral strand (93,97,104,142). Knippers et al.(93) and Yokoyama et al.
(104) have shown that the nick occurs in a unique nucleotide sequence.
Johnson and Sinsheimer (105) have utilized the restriction endonuclease
fragment assay to demonstrate that in both nicked and the gapped mole-
cules the discontinuity is located within the gene A cistron. Miller
and Sinsheimer (38) have shown that the SS linear plus strands isolated
from resting RF IT can be specifically circularized by a particular
restriction endonuclease fragment that includes the A cistron.

It has also been surmised that SS DNA synthesis is initiated
at a unique point. Knippers et al. (93) have shown that the displaced
viral strand is terminated by a unique 5° nucleotide, G. Surprisingly,
this is not the same 57 nucleotide, C, that is found at the unique
nick in the resting RF II. They suggest that this anomaly may have

something to do with the mechanism of circularization of new viral

strands. It is assumed however, that the unique 5” end originated
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at the specific nick in the precursor RF II (93). Apparently SS DNA

synthesis is both initiated and terminated at a specific DNA locus in
the vicinity of the A cistron.

It is not yet known how this specificity is established. On
the basis of their limited sequence data Knippers et al. postulated
that the nick occurred in a self-complementary region of the viral
strand that could provide secondary structure both for recognition by
a specific nuclease and for circularization of new viral strands.
Fiers and Sinsheimer reported an E. coli phosphodiesterase insensitive
discontinuity in viral SS DNA and speculated that it arose from some
secondary structure inherent in the free SS (13 ). Razin and Sinsheimer
(106) have demonstrated that the RF II nick is resistant to the 57 » 3~
exonucleolytic activity of the host Polymerase I enzyme. They speculate
that nonspecific nicks in the RF plus strand are translated to the
specific site by the nick translation function of Pol I. However, the
concomitant conservation of the RF IT minus strand circle and the un-
nicked RF I pool would seem to argue against random nicking as a frequent
intracellular occurrence. It has also been shown that the ¢X infection
proceeds normally in Pol I~ host cells (107,108) and that the other host
polymerases do not have an exonuclease function (133,134,135). Iwaya
et al. (164) have reported that ¢X viral strand linear DNA is an effi-
cient template for the T4 DNA polymerase, indicating a self-annealing
of the 37 end of the molecule to some internal region to provide an
initiation point. Their data suggest that some of these molecules may
be circularized by polynucleotide ligase.

Kato et al. (199) have found that ¢X RF I supercoiled DNA, but
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not ¢X RF IT DNA or artificially prepared non-supercoiled RF I, is nicked

once by a single strand specific endonuclease from Neurospora crassa.

Indirect evidence suggests that this nicking may occur at a unique site.
They speculate that the stress inherent in the RF I supercoil establishes
a small endonuclease sensitive single strand loop on the RF I molecule.
Such loops may be similar to the anticodon regions of t-RNAs and serve
as recognition signals for various DNA dependent viral functions.

These loops, the result of palindrome sequences in the DNA,
are very common in some eucaryotic DNAs (209) and must also exist, at
least to a limited extent, in ¢X1T4 DNA, as well, as ¢XLT4 DNA is

susceptible to Hemophilus influenzae restriction endonuclease R (5k)

which has been shown to cleave double stranded DNAs at the center of a
specific palindrome sequence (208).

Razin et al. (160,161,162) in a continuing study have demon-
strated that the ¢X viral DNA contains one 5-methylcytosine residue
per DNA molecule. Resting RF II are unmethylated whereas the SS
replicative intermediates again contain one 5-methylcytosine per
replicative intermediate molecule. Amy Lee (Lee, A.S., personal commun-
ication) has recently shown that the 5-methylcytosine residue from viral
DNA is located in a specific restriction endonuclease fragment that
overlaps both cistrons H and A and, thereforé, the junction between these
two genes. Although no specific role has been demonstrated for the
S-methylcytosine residue, its association with the replicative inter-
mediate and its location near the origin of replication suggest that
it may serve as a recognition signal in the initiation and termination

of that process. Razin has proposed a model for the recognition role
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of the 5-methylcytosine residue (161).

Other evidence has established that the A cistron is also the
origin of parental and progeny RF synthesis (42,136,137). In the case
of parental RF synthesis it may be that the origin of replication is
indicated by the 5-methylcytosine residue. In the case of progeny RF
synthesis it seems likely that the cistron A, A” protein is responsible
for establishing the origin of replication by means of a specific nick
in the viral strand of the RF I. However, it remains to be demonstrated
that this nick is in the A cistron.

Once 5SS synthesis has commenced, the replicating RF templates
remain in the RF II form for the duration of the infection (93). How-
ever, just prior to the initiation of S5 synthesis a substantial frac-
tion of the progeny RF are in the RF I form. At least some of this
RF I serves as precursor to SS DNA synthesis (93,95,97,152). In this
case it is not known how SS synthesis is initiated on these molecules.
Again, one might speculate that the A” protein introduces a specific
plus strand nick into the progeny RF I.

This function has not been established, however, and one
might infer from the experiments of Francke and Ray(49) that cytoplasmic
RF are not suitable substrates for the gene A nicking activity. How-
ever, their investigation was limited to a consideration of the cyto-
plasmic parental RF only, and it appears, from the experiments of
Hutchison (9), on limited participation in complementation, and Truffaut
on the role of progeny RF in transcription (138), that cytoplasmic
parental, and progeny RF are not equivalent molecular species. Apparently,

only membrane-site associated parental RF and their progeny can serve
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as transcription substrates. (For a more extended discussion, see the
section on gene A.) It seems probable that the transcribing cytoplasmic
RF might be a suitable substrate for the cis-acting A” activity.

This activity and its role in SS DNA synthesis might be missed
in a conventional screening for gene A function utilizing temperature
shift experiments with ts mutants in gene A (57). If the shift were
conducted prior to SS synthesis then SS replication could still be
initiated on that fraction of the progeny RF pool already in the
RF IT form. A shift conducted after SS synthesis was underway would
have little effect as most of the RF pool would already have been con-

verted to the RF II form.

Circularization

The mechanism by which the newly formed viral strand is cir-
cularized has been the subject of considerable speculation. Knippers
et al. (93) have postulated a self-complementary region of the SS DNA
which would enable the specifically nicked circle to close spontaneously
forming a substrate for a ligase activity. Razin and Sinsheimer (106)
have discovered a GC rich region of the DNA on the 5° side of the nick
which might serve to establish this secondary structure. Gilbert and
Dressler (102) have proposed that a small fragment of minus strand
template binds the two plus strand ends together and also serves as
an initiator for complementary strand synthesis during parental RF for-
mation in the new infection. Others have postulated that ¢X coat pro-
teins hold the two ends of the new plus strand together for some sort
of ligase reaction (103,139).

In every case the expectation is that the discontinuity in the
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nascent SS DNA is in a well defined locus. Schekman and Ray (39) have
observed that unit length linear plus strands are matured into a
large proportion of the virions during infection of a ligase deficient
host strain, ts7. It was assumed that these linear molecules repre-
sented a normal intermediate in the production of circular viral DNA.
Iwaya et al. (16L4) have since demonstrated that these molecules serve
as efficient templates for polymerization by the T4 DNA polymerase,
thus indicating that the 37 end of these molecules is self-annealing to
some internal region. From much less convincing experiments they con-
clude that a small percentage of these molecules are circularized by
the polynucleotide ligase reaction. Contrary to expectation, Miller
and Sinsheimer (38), by monitoring the efficiency with which specific
restriction endonuclease fragments can circularize SS linear viral DNA,
have demonstrated that the great majority of the linear viral strands
from the ts7 infection are randomly nicked. Using the same procedure
they observed a specific circularization (by a particular fragment) of
the nicked viral strand from the resting RF II isolated from an infec-
tion of the same host. It is apparent that the origin and significance
of the randomly nicked viral DNA from the tsT restrictive infection is
as yet undetermined, and it remains to be demonstrated that these mole-
cules are intermediates in the normal circularization process.

It has been reported that the specifically nicked linear viral
DNA isolated from RF IT molecules (39,140), as well as the linear viral
DNA obtained from the tsT infection (39) has an enhanced infectivity
over that expected for randomly nicked SS DNA. In carefully controlled

experiments, Miller and Sinsheimer (38) have been able to demonstrate
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that, in the cases so far reported, this effect can be explained either
by contamination of the plus strand linears by circular molecules or

by the adventitious annealing of the plus strand linears to contaminating
minus strand linear DNA. Thus a definitive demonstration of this in-

fectivity has yet to be established.

Role of Host Enzymes in SS DNA Synthesis

Prior to the isolation of the Pol I  strains of E. coli (109),
it was reasonably expected that the Pol I enzyme was responsible for
$X DNA replication. It manifested all of the requisite enzymatic acti-
vities (131) and could be used to replicate ¢X in vitro (163). Since
that time two additional polymerases, Pol II and Pol ITI, have been
isolated from E. ggli_(llo,lll,ll2), and ¢X has been shown to replicate
normally in the absence of both Pol I and Pol II (107,108). This sug-
gests, but does not prove, that the third enzyme, Pol IIT, is required
for all stages of ¢X replication. It is conceivable that a ¢X gene
codes for a polymerase activity. However, the only likely candidate
is the ¢X gene C product, and the low molecular weight of this protein
suggests that, at most, it might serve to modify the activity of an
existing host polymerase.

Several groups have utilized the conditional lethality of’
temperature sensitive mutations to define seven host genes, denoted
dnaA through dnaG, that are absoluted required for replication of the
bacterial chromosome (113,114,118,119). One of these, dnaE, is the
host Pol III gene (115). Host polymerases I and II are not represented
by any of these mutations as neither enzyme is absolutely required for

bacterial survival (107,108).



61

Unfortunately most of these mutations do not yet exist in
¢X sensitive E. coli strains. As a consequence, these mutations have
been only partially characterized with respect to their role in ¢X
DNA replication. The greatest effort has been directed at determining
the in vitro requirements for the conversion of ¢X SS DNA to the RF
form. The laboratories of J. Hurwitz and A. Kornberg have demonstrated
that host dna genes, A, B, C, D, E and G are all required for this con-
version in soluble extracts from Pol I~ cells. (Wechsler has shown
that dna C and dna D are the same gene (141).) Because of the similarity
of this requirement to that for host replication, these groups have
employed this system as an assay for the purification of the dna gene
products (116,117,120,121).

The host genes required for ¢X174 progeny RF or SS DNA syn-
thesis have not been determined so completely. Steinberg and Denhardt
(127) as well as Sinsheimer et al. (96), have utilized ¢X17h sensitive
mutants in the dna B gene (122) to demonstrate an in vivo requirement
for that gene in all three stages of ¢X DNA replication. Taketo (122)
has investigated several ¢XiTl4 insensitive dna strains by means of
transfections with purified ¢X SS or RF DNA. He showed that dna A and
F mutants support all stages of the $X1T4 infection at the restrictive
temperature whereas dna E mutants do not. Dumas et al. have under-
taken to re-isolate the dna temperature sensitive mutations in an E. coli C
strain sensitive to ¢X. To date, they have demonstrated an in vivo
requirement for host dna E and dna C during progeny RF synthesis and dna
E but not dna C during SS DNA synthesis. Neither the dna E or dna C

gene was required for the in vivo conversion of ¢X SS DNA to parental
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RF (123,12L4). The dna C gene has been shown to be required for the
initiation of host cell replication (113,125).

It will be noted that there are several discrepancies be-
tween the in vitro and in vivo gene requirements for parental RF for-
mation.While dna genes A, C and E are all required for the in vitro
conversion of ¢X SS DNA to the RF form, none of these genes are re-
quired in vivo. Significantly, the in vitro system is prepared from
cells lacking Pol I. Experiments by Greenlee indicate that the discre-
pancy between the two systems is probably due to the functional over-
lap between several of these genes and the polymerases I and IT. Green-
lee demonstrated that, in vivo, the dna E product and Pol T can sub-
stitute for each other in the formation of parental RF but that one or
the other must be present (126). It is conceivable that Pol I can
also substitute for the dna A and dna C functions at this stage of
the infection. Greenlee's experiments indicate that Pol I can partially
compensate for the dna E function during progeny RF synthesis as well,
but both Greenlee and Dumas demonstrated an absolute requirement for
the dna E protein during SS replication. The in vivo experiments per-
formed with dna B and dna C mutants were conducted in Pol T+ cells
indicating that the Pol I activity cannot substitute for the dna B gene
at any stage of the infection or the dna C gene during progeny RF syn-
thesis.

It is of interest that the in vitro replication systems developed
in Hurwitz's and Kornberg's laboratories are soluble systems extracted
from the cell cytoplasm. These extracts contain all of the dna A

through G gene products and yet the in vivo production of ¢X progeny
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RF and the replication of the bacterial chromosome both require some
sort of attachment to an essential bacterial membrane site (59,60,143,
144 ,166,169). Evidently, the "site" genes are not represented by the
dna ts mutations nor are the dna gene products structural components
of the site. The fact that DNA synthesis does not progress beyond

the formation of the first parental RF in these systems suggests that
the addition of other components, including presumably, the membrane
"site", will be required to obtain progeny RF synthesis. It may

be necessary to employ a system such as that of Nusslein et al. for this
purpose (128). TInasmuch as such a large proportion of the host re-
plication apparatus is represented by soluble enzymes, the role of
this membrane association becomes more intriguing than ever.

The lack of a "site" requirement for ¢X parental RF formation
in vitro is in accord with the in vivo observation that at high multi-
plicities of infection far more parental RF are formed per cell than
can ultimately be accomodated at the limited number of essential bac-
terial membrane sites (60,129). Apparently, association with the
essential site occurs after the conversion of the infecting SS DNA to

an RF form.
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Asseémbly of ¢X1T4 Virions

The assembly process itself is one of the least well charac-
terized aspects of the ¢X1T4 infection. This is, at least in part, a
consequence of its complicated nature and inaccessibility to study. As
the culmination of the entire infection process, the success of this
stage ultimately depends upon the expression of every ¢XLTL gene except
E. (Gene E may be required as well, if it turns out that the E and
J phenotypes are both expressed by the same protein.) Moreover, at
least six ¢X genes are directly involved and two others cannot yet
be definitely excluded. Thus, by way of summary of the preceding dis-
cussion, the four virion proteins F, G, H and J are obviously required
as precursors; the B protein has a demonstrable role in the formation
of a subunit structure; and the D protein is implicated by virtue of
its association with various subviral particles presumed to be assembly
intermediates. Gene C product is required for normal SS synthesis but
whether its role is at the level of DNA replication or particle assembly
has not yet been determined. Gene A has not been adequately screened

for a role in this stage of the infection.

Precursors To Assembly

Several lines of evidence suggest that the precursors to
assembly are withdrawn at random from common pools. With the exception
of mutations in cistron A, most nonallelic combinations of ¢X mutants
complement each other in symmetric fashion, though seldom with the same
phage producing efficiency as wt (9). 1In order for complementation

to take place, the wt protein of one phage must be able to substitute
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for the mutant protein of the other, and vice versa. If one or the
other of the mutant proteins is not merely inactive but rather partici-
pates in the infection in such a way as to produce aberrant structures
or otherwise interfere with the normal functioning of the wt proteins,
the efficiency with which new phage are produced will be reduced. Thus,
both the fact of complementation itself and the reduced efficiency of
the complement infection argue for a freely exchanging pool of intra-
cellular protein.

The phenotypic mixing experiments of Hutchison et al. (85) pro-
vide a direct demonstration of the commonality of the precursor pools.
These investigators found that when host cells were mixedly infected
with two ¢X mutant strains with electrophoretically distinguishable
virions, they produced a continuum of progeny phenotypes ranging from
the extremes of the parental strains through all combinations in be-
tween. The existence of hybrid phenotypes indicates that there has
been at least some mixing of the subunit pools of both infecting phage
types but one might have expected a completely homogeneous hybrid
composition (within the limits of statistical variation) had the sub-
units been selected entirely at random. Hutchison et al. surmised that
this deviation from homogeneity was a consequence of the way in which
the infecting genomes were distributed in the host cells as a function
of the multiplicity of infection and the limited number of infecting
parental types that can participate in the infection of a single cell
(59). When these factors were taken into consideration it was found
that the distribution of progeny phenotypes and genotypes fit the ex-

pectation for particles assembled at random from distinguishable but
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equivalent subunits (85).

The concept of common intracellular pools of assembly pre-
cursors is also in accord with Newbold's and Sinsheimer's observation
that SS DNA synthesis and phage assembly are uncoupled from protein
synthesis. When infected cells are shifted from 15°C, a temperature
at which they do not undergo SS DNA synthesis, to 37°C in the pre-
sence of chloramphenicol, they are able to mature large numbers of phage
from the protein pools that accumulate at 15°C (95).

The extent to which precursor pools accumulate during the
late stage of the normal infection is still uncertain. Krane (10) has
reported that from the time of eclipse to the end of the infection the
intracellular pools of ¢X serum blocking power exceed the concentration
of intracellular infective particles by a relatively constant factor
of thirteen fold. This observation has often been taken to indicate
a huge excess of intracellular ¢X protein over that which is ultimately
matured into virions. However, it should be noted that the serum block-
ing power of these lysates was measured as phage particle equivalents.
On the other hand, phage stocks of ¢X1T4 have rather low specific in-
fectivities which rarely exceed 0.3 and are more often on the order of
0.1 pfu/particle (32,181, this thesis). As a consequence, the observa-
tion of thirteen phage particle equivalents per infective particle does
not necessarily indicate a large excess of intracellular non-vironal
protein, since many purified phage stocks are no more active than this.

Hutchison and Sinsheimer (76) observed that infected cells con-
tinued to produce infective SS DNA but not infectious particles when

chloramphenicol was added at 30 pg per ml at late times. They did not
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determine whether this SS DNA was complexed with protein. Nevertheless,
inasmuch as mutant infections with at least four ¢X genes are unable
to sustain any SS synthesis at all, this result supports the notion
of a substantial pool of precursor protein. Morishima et al. obtained
a contrary result when SS synthesis was monitored as radioactive thymi-
dine incorporated into mitomycin C treated cells (91). In this case
incorporation stopped abruptly upon addition of 30 ug/ml chloramphenicol.
It is conceivable that chloramphenicol interferes with thymidine up-
take when administered at late times.

Siden and Hayashi (61) have observed that in infections with
ts mutants in cistrons F, G, or D, there is an immediate cessation of
5SS synthesis when the infection is shifted to the restrictive temperature.
However, this is not true of gene B mutants which continue to replicate
SS DNA for a considerable time after the shift. Surprisingly, this post-
shift DNA is not packaged with de novo synthesized capsid proteins, but
rather is matured into rapidly sedimenting particles containing protein
that pre-existed before the temperature shift. Siden and Hayashi argue
that the cell contains a large pool of assembly precursors which require
gene B function for their construction. In the absence of gene B pro-
tein, SS DNA synthesis and phage assembly can continue only so long as
these precursors last.

With regard to this model, one would expect this same precur-
sor pool to be present during the permissive infection with other mu-
tants as well. However, temperature shifts with mutants in genes G
and F result in an immediate cessation of SS DNA synthesis. Presumably,

this is due to the thermal inactivation of the temperature sensitive G
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or F protein pools after the shift up. However, this is not necessarily
the case. Newbold and Sinsheimer found that out of six ¢X temperature
sensitive mutant proteins that they investigated, only one was inacti-
vated by a shift to the restrictive temperature after being synthesized
under permissive conditions. All others, including representatives

from cistrons F, B and D, expressed their temperature sensitive phenotype
only when synthesized at the restrictive temperature (95). As a con-
sequence, the thermal sensitivity of the mutant phage precursor pools
should be substantiated in an independent experiment such as that
described by Newbold and Sinsheimer (95).

It it were to turn out that the extant F and G protein pools
of temperature sensitive mutants were not inactivated by temperature
shifts, then a more complex assembly mechanism would be indicated.
Siden has demonstrated that the gene B mediated precursor is composed
of capsomeric subunits of the F and G protein (see discussion in con-
junction with gene B function). Nascent F and G proteins must, then,
necessarily enter the maturation pathway prior to the gene B mediated
step. However, in order to explain their immediate effect upon SS
synthesis in the event that the extant proteins are not denatured by a
temperature shift in a temperature sensitive infection, it would be
necessary to postulate that they again enter the pathway at a stage
subsequent to gene B function but in some role (initiation of SS DNA
synthesis?) in which they would not contribute label to newly con-
structed virions.

Direct observation of infected lysates prepared at late times

reveals that there are substantial pools of non-virion associated virion
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proteins in the form of various subunit structures that will be dis-
cussed below (65, Mayol, R.M., unpublished data, Results). As the course
of the infection progresses an ever increasing proportion of this pro-
tein accumulates in phage particles. The phage particle and TOS lysis
artifact begin to dominate the intracellular distribution of ¢X pro-
tein shortly after the end of eclipse. Once again this suggests that
Krane's serum blocking power result merely monitored the specific in-
fectivity of the intracellular phage particles.

Mayol and Sinsheimer have observed that the subunit structures
involving the F protein are synthesized throughout the infection at
approximately the same rate as new virions, whereas those involving G
and D proteins diminish in rate (during the first thirty minutes after
eclipse) to about half their post-eclipse values (Mayol, R., unpublished

data).

The Relationship of ¢X1T4 Assembly to SS DNA Synthesis

Although it is clear that normal SS DNA synthesis is tightly
coupled to phage assembly it is not necessarily true that assembly is
coupled to SS synthesis. The fact that the ¢X virion can package small
but significant amounts of nonhomologous fd DNA suggests some autonomy
in this process (37). In vitro reconstitution of a phage represents the
most unambiguous proof of uncoupling. In this regard Takai (179) has
reported a spontaneous association between a soluble extract of ¢X
proteins and purified ¢X viral DNA. With the reservation that he did
not present all possible controls, it was shown that these complexes

did not form with E. coli SS DNA. They were also reported to be nuclease
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resistant and would attach to E. coli. With the exception of one
preparation, which formed a distinct peak at approximately 1108, the
complex sedimented very heterogeneously often in excess of 2008S.

Knippers and Sinsheimer (98) have observed the uncoupling
of phage assembly from normal SS DNA replication in their in vivo
study of the abortive infection of a gene G mutant, tsT9. When the
tsT9 infection is conducted at the restrictive temperature, a pool
of progeny RF accumulates but there is no SS DNA synthesis. If the
infection is then shifted to the permissive temperature at some time
after the end of the normal latent period, infective plus strands from
these progeny RF are matured into infective particles by an abnormal
process in which the negative strand is degraded. This experiment re-
veals a striking specificity of the assembly process for a particular
S5 DNA when presented with two choices that should be equivalent in all
properties except their sequences. The absence of SS replication during
this aberrant maturation demonstrates that this process is not always

required for assembly.

The Intracellular Form of the SS DNA Precursor Pool

This autonomy from SS DNA replication suggests that it may
be possible for ¢X proteins to package free SS DNA. This suggests in
turn, at least from these limited considerations, that newly synthe-
sized ¢X single strands might enter the assembly process via a pool of
free SS DNA circles. Such a pool has been observed by several investi-
gators (39,71,165, Results, this thesis). However, free SS DNA is not

always present (72,93,98,99). This conflict has apparently been resolved
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by Weisbeek and Sinsheimer (165) who have demonstrated that the parti-
culate form of the intracellular infectivity, and the presence of free
SS DNA, is highly dependent upon the lysis conditions. After lysis in
a low ionic strength, Tris-EDTA buffer (the procedure utilized by
Schekman and Ray (39) and Iwaya and Denhardt (71)) the ¢X infectivity
is distributed fairly evenly between a 140S and the usual 114S particle,
and free SS DNA is present in the lysate. After lysis in the same
buffer, but with the addition of 1.0 M NaCl, the infectivity is re-
covered exclusively as 114S particles and there is very little free
SS DNA. The 140S particle can be converted to phage by exposure to
Mg++. Presumably, lysis in the presence of Mg++ would also give rise
exclusively to 114S particles. In most of the experiments presented
in the Results sections of this thesis, lysis has been performed in
the presence of Mg++.

The relationship of the 140S particle to the SS DNA pool also
suggests that the intracellular SS DNA is normally associated with
either the 140S or the 1148 particle. Since the culture can be lysed
under some conditions (high salt) in which virtually no free SS are
found, and, since it is unlikely that this is a consequence of a very
rapid maturation of the free SS pool into phage during lysis in this
particular buffer, the experiments of Weisbeek and Sinsheimer suggest
that the SS DNA pool observed after the low ionic strength procedure
is a lysis artifact derived from a large intracellular pool of 1kos
particles. They note that in vitro, the 1408 particle will decompose
to T0S particles and free SS DNA when stored in low ionic strength

buffer (165).
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Whereas these experiments seem to have resolved much of the
former controversy regarding the experimental observation of free
SS DNA, it should be noted that these authors did not investigate the
intracellular location of pulse labeled SS DNA, and there may conse-
gquently still be a legitimate question as to whether the immediate
product of SS synthesisexists as a free molecule. However, the stringent
requirement of SS replication for functional virion proteins makes it
highly unlikely that this is the case. This dependency must be a con-
sequence of either a direct interaction between the virion proteins
and the replicating SS DNA or feedback inhibition from some latter SS
DNA-¢X protein interaction that is expressed through an intracellular
S5 DNA pool. If the latter were the case, we would expect that, in
the absence of one of the essential viral proteins, this pool would
have to be synthesized before the inhibition could be established.
Such synthesis is not observed, suggesting that the interaction is a

more direct one.

The Specificity of Assembly and the Nature of the ¢X17M Protein -

DNA Interactions During Assembly

The nature of this presumed interaction is one of the more
intriguing questions concerning the ¢X infection and has been the sub-
ject of considerable speculation (71,93,102,103,139). It has been
suggested that the nascent SS DNA must be rapidly coated with protein
in order to protect it from intracellular single strand nucleases.
Alternatively, a protein association might be established to prevent
minus strand synthesis (102,139). In this regard the Knippers and

Sinsheimer result with the tsT79 mutant (98) indicates that not only is
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phage protein capable of blocking minus strand synthesis, but it can
also completely displace the minus strand from an RF molecule. It may
be that this same mechanism is at work in a more orderly fashion during
normal SS DNA replication. Quite possibly, the association of viral
protein with the 57 plus strand end is a requirement for initiation of
the displacement of the new SS DNA (71,103,139). Several authors have
noted that such an attachment might serve an analogous functional re-
quirement during SS synthesis to the membrane attachment of ¢X RF during
ds DNA replication (71,102). Others have suggested that the emerging
SS serves as a nucleation point for the orderly condensation of the
viral proteins into a phage particle (93,103).

Each of these models suggest that there is a strong affinity
between one or more of the essential proteins ¥, G, B and D, and SS
viral DNA. However, B protein is not directly involved at the level
of SS DNA synthesis. The behavior of D protein on DNA cellulose columns
(Gelfand, D Linney, E., personal communication) suggests that it does
not bind to DNA; and the spontaneous ejection of the SS DNA from the
virion indicates that the F and G proteins do not bind strongly to DNA
either. Apparently none of these proteins are good candidates for a
DNA coating agent, suggesting that some other mechanism may be involved.

The fact that all of these proteins are required to initiate
SS DNA replication suggests that they act in a concerted fashion This
in turn suggests that they may function as a single particle. If so,
one might expect this particle to be quite complex, inasmuch as four
proteins are involved in its construction. Such a particle was dis-

covered in the course of this thesis research and will be described in
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the Results section.

Similar particles composed of the virion proteins and a
large excess of a maturation protein have been demonstrated to be
intermediates in the head morphogenesis of phages P22 (219,220) and
T7 (224). Procapsid structures are also observed in T4 and ) in-
fections. These particles contain non-virional phage proteins but
not in the large mass and stoichiometric quantities observed for ¢X,
P22 and TT. In the cases of P22 (220) and T4 (197), in vivo experi-
ments have demonstrated that the nascent phage DNA is replicated into
these procapsid structures. Assuming similar packaging mechanisms
for all of these phages, then DNA replication is not a necessity for
packaging as phage A can be completely reconstituted in vitro from
phage heads, phage tails, and DNA (221,223). TT7 phage proheads also
package DNA in vitro (22k).

By analogy with the tailed phages one might expect that ¢X
S5 DNA is replicated into a procapsid structure as well, and that the
existence of this structure as a receptacle for the new single strand
is an obligatory requirement for SS DNA synthesis. As such it could
serve to protect the nascent SS DNA from nuclease or complementary
strand synthesis and, by analogy with the essential membrane '"site", as
an essential point of attachment from which to initiate the displacement
reaction during the "rolling circle" replication of the SS DNA (71,102).

Lerman has demonstrated a possible mechanism by which phage
DNAs may be sequestered into small particles for which they show no in-
trinsic binding affinity. He has demonstrated that several double

stranded phage DNAs undergo a cooperative transition from an extended
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viscous form to a compact rapidly sedimenting conformation when shifted
into a high ionic strength environment in the presence of high concen-
trations of a neutral polymer, polyethylene oxide. The sedimentation
values of the most rapidly sedimenting DNAs indicate that they form
particles close to the size of the phage heads from which they were de-
rived. Lerman interpreted this behavior to be the consequence of a
competition for solvent space between two nonattracting polymers which
results in a phase separation on the part of single DNA molecules. Ler-
man notes that his in vitro conditions mimic the intracellular molecular
environment and that these compact structures may represent the usual
conformation of intracellular DNA (168).

One might speculate that interactions of this type may serve
to stabilize the phage DNA during its intracellular packaging into the
virion and its precursor structures. In addition the procapsid structure
may represent a localized environment in which the viral DNA is espe-
cially likely to undergo the transition to a compact state. Since the
maintenance of this conformation requires a high ionic strength environ-
ment (physiological), one might suppose that subsequent to lysis the
intravirional DNA becomes destabilized as the occluded ions diffuse away
into the low ionic strength extracellular environment. The DNA must
then be stabilized by the external constraints imposed by the mature
virion. If the extracellular virion is subsequently disrupted by
means of various physical or chemical treatments, or by interaction with
a bacterial absorption site, the DNA is spontaneously ejected.

The sedimentation behavior of bacterial chromosomes isolated

from cells lysed in the presence of 1.0 M NaCl (166,167,169) is in
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agreement with Lerman's expectation of a compact conformation for
intracellular DNA. Once isolated this DNA retains a compact con-
figuration in both low and high ionic strength solutions indicating
some mechanical constraint against its relaxation. This constraint

is RNAse sensitive and appears to be in the form of RNA "bridges" be-
tween distal parts of the molecule (167,169). One might surmise from
Lerman's work that these RNA "bridges" serve as constraints only as a
consequence of the in vitro environment and do not necessarily function
as such in vivo. However, their fortuitous existence, regardless of
their function, provides an indication of the intracellular conformation
of the bacterial DNA.

Pettijohn (227) has noted that the extracellular bacterial
chromosome 1s organized into numerous independent domains of super-
coiled DNA. Others have speculated that the intravirional DNA is also
highly supercoiled (170,171). However, supercoiling is not a meaning-
ful concept in terms of ¢X1T4's SS viral DNA, and DNA condensation
mechanisms involving supercoils probably would not be applicable to
this system. In this regard, direct electron microscopic observations
of the encapsulated DNA from several phages has not revealed supercoils
(173), and Lerman et al. (172) do not observe supercoiling in their
in vitro preparations of compact phage DNAs. Tt is therefore unlikely
that supercoiling plays a major role in compacting the DNA for assembly.

The observations in the preceding paragrephs lead one to the
expectation that ¢X SS DNA is packaged into a protpvirion constructed of,
or by, the F, G, B and D gene products. However, it is difficult to

imagine how, in the aberrant ts79 assembly observed by Knippers and
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Sinsheimer (98), such a particle could, by itself, confer the remark-
able specificity with which the assembly mechanism selects for one
strand of DNA (+) over another (-) from a molecule (RF I) in which both
strands are chemically equivalent except for their sequences. On the
other hand, this specificity is even more incompatible with a model
in which the DNA substrate for assembly is selected by coating it with
protein. This type of reaction requires that the protein subunits have
a non-specific affinity for SS DNA since they must bind along the entire
length of the molecule, over a great range of possible sequences. As
a consequence, the high degree of specificity that is observed in the
assembly process is more likely determined by a specific, localized
nucleotide sequence on the plus strand DNA. In some way this sequence
must effect the preferential introduction of the plus strand into the
protovirion, either by virtue of its primary sequence, its secondary
structure, or its interaction with some intermediary protein.

This protovirion model is in apparent contradiction to the ob-
servation of a strong association between replicating ¢X SS DNA and
a ¢X antigenic protein (93, Results). However it will be shown in the
Results that this protein must be present at concentrations of only a
few copies per DNA molecule and therefore, could not possibly be "coating"
the DNA as proposed in some models. Also the identity of this protein
has not yet been determined and it may not be the gene F or G product.
One might speculate that this protein serves to specifically introduce
the viral plus strand into the protocapsid as proposed above.

Takai's (179) report of a spontaneous ig_zi&zg_association of

$X proteins with ¢X DNA would seem to argue for a generalized affinity of
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¢X proteins for SS DNA. However, the specificity of this system for
¢X SS DNA, as opposed to denatured E. coli DNA, again suggests a more
restricted interaction. Perhaps the highly specific association of
one or a few proteins with the ¢X SS DNA serves to nucleate a much
more generalized condensation of the rest of the proteins. Certainly,
this in vitro system merits reinvestigation while monitoring both its

DNA and protein components. (Takai followed only a 32P DNA label.)

Subviral Particles From the ¢X Infection

From the circumstantial evidence presented so far, one would
expect to find that the lysates of ¢X infected cells contained at least
one subviral particle composed of F, G and possibly D and B protein (the
protovirion) and possibly precursors and degradation products from this
structure and other assembly intermediates as well. At least twelve
different subviral particles and two non-viral infectious particles
have now been observed in conjunction with the normal ¢X1T4 infection.
In order to facilitate discussion of these structures, Table 5 has been
constructed listing the various particles and their more important pro-
perties. Unambiguous precursor-product relationships have been worked
out for only a few of these. They will be discussed in the order of
their complexity, the simplest structures first.

Three and sometimes four ¢X specific peaks are found at the
top of sedimentation velocity gradients of lysates of infected cells.
The particles represented by these peaks have been thoroughly charac-
terized by Tonegawa and Hayashi in cells irradiated with UVpogy light
prior to infection in order to suppress host protein synthesis (65).

This technique, while it resolves ¢X specific proteins very well, has the
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disadvantages that ¢X induced host protéins are not labeled and, as
evidenced by the low phage yields from these infections, many of the
cells are abortively or aberrantly infected resulting in a distortion
of the normal patterns of particle production. As a practical matter,
¢X specific as well as host incorporation of radiocactive amino acids
is greatly reduced.

Mayol and Sinsheimer (8) have circumvented these problems by dif-
ferentially labeling infected and uninfected cultures, then mixing the
lysates, and after SDS acrylamide gel electrophoresis or velocity sedi-
mentation, determining the ¢X specific increment of the infected label.
This procedure has been used to confirm the existence of these low
molecular weight particles in the normal infection (Mayol and Sins-
heimer, unpublished; Results). This double label précedure has been
modified in the Results section to permit the simultaneous visualization
of the ¢X DNA. The UV and non-UV systems vary principally with respect
to the proportions in which the ¢X specific material is distributed
among the various particles. (See the Results section for the distri-

bution in non-UV irradiated cells.)

2.5S Peak - The Monomeric Proteins - The top of a velocity

sedimentation gradient of a lysate of ¢X wt infected, UV pretreated

cells is dominated by a broad peak centered at 2.5S5 and containing

what are apparently the monomers of the A, B, C, D, F, G and H proteins
(65, Results) as assigned in the earlier discussion of the gene products.
The A” protein is not observed but may not be resolvable. The identity
of the smallest molecular weight component gg either C or J protein is
unCertain. The UV system reveals at least one, and possibly two,

unassigned peaks. These could either be the result of residual host
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synthesis or perhaps unassigned E protein.

In the non-UV system, the 2.5S peak accounts for a several
fold smaller proportion of the ¢X specific protein label compared to
the UV system. It is composed principally of D protein and the smaller
protein, either C or J. Compared to the UV system it contains much
smaller proportions of the other proteins, including F and G. It is
likely that these differences are due to a high proportion of abortive
infections in the UV culture which result in the accumulation of
monomeric proteins which otherwise would be associated with more com-
plex structures. Most of the host proteins in the non-UV system also
sediment in this region of the gradient thereby limiting the power of
the double label procedure to resolve the smaller quantities of minor
$X components that are found in the 2.5S peak (Results).

The 6S and 9S Particles - The 6S and 9S peaks represent

particles composed solely of G protein and F protein respectively.
These peaks are removed from the sedimentation pattern only by muta-
tions in their homologous cistrons, suggesting that no other gene
product is required for their formation. On the other hand, when the
monomers from either of these cistrons are recovered from the 2.58
region of the gradient they show only a very limited ability to form
these particles in vitro. It is unlikely that this is a consequence
of a mass action equilibrium because non-UV irradiated cells contain
much smaller pools of F and G monomers relative to the 6 and 9S particles
than do UV irradiated cells. It may be that their self-assembly is
promoted by some host component or, most likely, that some necessary

intracellular environmental condition has not been met in vitro.
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However, this latter possibility again fails to explain why signifi-
cantly larger pools of F and G monomer exist in the intracellular
environment of UV irradiated cells.
The 6S particle is antigenic and has been observed previously
by means of an immunoprecipitation technique (174) and the serum block-
ing power assay (10).

The 125 Particle - The 12S particle is composed of both F and

G protein (65, Mayol and Sinsheimer, unpublished) in the same proportions
in which they exist in the virion (61). Siden has suggested that this
particle is a capsomeric subunit of the virion and is consequently
composed of an F pentamer joined to a G pentamer. Upon storage the
128 particle decomposes to 9S and 6S particles suggesting that these
particles are also pentameric structures. On the basis of its sedi-
mentation value, Tonegawa and Hayashi had previously deduced that the
98 particle was an F protein trimer. Apparently the conformation of
this particle deviates markedly from the spherical one assumed for
the calculation. The 6S particle was,on the other hand, calculated
to be a pentamer, indicating an approximately spherical conformation.
Siden and Hayashi (61) have shown that the 12S particle is
not formed in the absence of functional gene B product. As discussed
earlier (see sections on gene B function and the precursor requirements
of phage assembly) they have also observed that, after shifts to the
restrictive temperature in ts B mutant infections, SS DNA replication
and phage assembly continue for a short time while using up some
precursor pool that requires gene B function for its formation. Radio-

active amino acids added at the time of the temperature shift are not
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incorporated into the phage matured after the shift. This indicates
that the B dependent precursor contains the major virion components
F and G. Since the 6S and 99 particles do not require B function for
their formation, these particles apparently enter the assembly process
prior to the B dependent step and are not the B dependent precursors.
Since the 128 particle contains both F and G protein and its formation
is B dependent, Siden and Hayashi have proposed that this is the imme-
diate precursor to phage assembly and that it is supporting the residual
LO°C assembly. However, under the conditions employed by Tonegawa and
Hayashi (65), Mayol and Sinsheimer (unpublished) and in the experiments
presented in the Results, the small intracellular proportions of this
particle could not possibly account for the extent of 40°C synthesis
that is observed. It is unlikely that the small pool size observed
by these authors is merely the consequence of degradation to 6S and
95 particles at the time of lysis, as the particle decomposes only
slowly when stored in these same buffers (61,65). Also, neither the
125 nor 95 particle is observed after a low temperature lysis in the
presence of Mgt*, indicating that neither of these particles exist as
such ig_zizg_(Results). It seems more likely that the 12S particle
is itself derived from the degradation of some larger, B dependent
structure. This could be either the immediate product of B function or
an assembly intermediate from some latter step in the pathway. The
111S particle described below and in the Results section could be such
a particle.

A1 of these authors (61,65, Mayol and Sinsheimer, unpublished)

have attempted to establish the precursor product relationships of
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these particles by means of pulse chase experiments. In this regard
it is important to note that, whereas this type of experiment, in the
form in which it has been conducted so far, is capable of demonstrating
that the proteins observed in various particles are ultimately incor-
porated into phage, it does not discriminate whether or not the particles
observed are the actual in vivo precursors of that assembly. For
example, particles such as the 128 or 20S structures will chase into
phage whether they are themselves the immediate precursors to phage
assembly or merely the decomposition products of some more complex
particle which constitutes the actual in vivo precursor. The only
materials that will not chase are the decomposition products of the
phage itself and protein that is trapped in dead end or by-product
pathways. Noting these limitations, it has been demonstrated that the
12, 9, 6 and 25 peaks can all be chased in part into ¢X particles
(65; Mayol and Sinsheimer, unpublished). However, none of these
authors have demonstrated a quantitative chase of any of these structures.
Mayol and Sinsheimer (unpublished) were puzzled by the chase
of the 2.58 peak which, in the non-UV irradiated cell, contains very
little phage structural protein. It seems likely in retrospect that
they were observing the incorporation of D protein into the 1115 and
1408 subviral structures described below.

The 208 Peak - The 20S peak has been the subject of an ex-

tensive characterization in the Results. This particle cosediments
with the SS replicating intermediates suggesting that it may be in-
volved in the replication of SS DNA and is, perhaps, being carried to

this region of the gradient by virtue of some complex with the
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replicating DNA forms. Two additional lines of circumstantial evi-
dence have served to bolster this contention. First, the replicating
DNA from this same region is strongly bound to ¢X antigens - presumably
virion proteins - which serve to mediate the binding of the RI DNA to
anti-¢X antibodies prepared against whole phage (93,Results). It was
presumed that the 20S particle was the source of these antigens. Second,
the major protein component of this particle has a high molecular weight
suggestive of the A” protein, the only strong candidate for a ¢X coded
protein that plays a direct role in DNA replication.

However, in accord with the fallibility of circumstantial evi-
dence, it will be shown in the Results that even if the 20S particle
is associated with the replicative intermediates, this association is
not required for the sedimentation velocity of either the protein or
DNA moiety and is much too fragile to account for the serum binding be-
havior of the replicating DNA. In addition, a careful analysis of the
20S particle proteins reveals that the major mass constituent (54% by
mass) is a high molecular weight host protein (arbitrarily termed U3),
rather than the ¢X A protein. Tt is followed in importance by ¢X
gene F protein (12% by mass) and a low molecular weight component (12%
by mass). At least six additional infection specific minor constituents
copurify with the 20S peak.

A 208 peak is also observed in uninfected cells. The unin-
fected 205 peak is also dominated by the host U3 protein, but to a
much lesser extent than in the infected peak. There is, of course,
no gene F component and the other host proteins do not correspond to

the minor constituents observed in the infected peak. 1In fact these
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other host components are barely in evidence in the particle isolated
from infected cells. A comparison of the host protein contribution
to both the infected and uninfected particle indicates that the host
U3 protein is present in four to seven fold greater concentration in
the infected versus the uninfected particle. Apparently the synthesis
of this protein is stimulated by the ¢X infection.

Mayol and Sinsheimer (unpublished) also observed 20S peaks
in both infected and uninfected cells. In contrast to the experiments
described above they observed that both particles had identical protein
compositions, consisting of host U3 protein, two additional high molecular
weight proteins, and small amounts of low molecular weight com-
ponents. In an experiment conducted to resolve this discrepancy (Results)
it was found that, under the conditions of lysis and sedimentation em-
ployed by Mayol and Sinsheimer, the gene F protein accounts for a much
smaller proportion of the 20S protein (5%) than is observed after lysis
and sedimentation in the presence of Mgt (the conditions employed in
the characterization described above). As such gene F protein would
not have been resolved in the SDS acrylamide gel system utilized by
Mayol and Sinsheimer. The two high molecular weight proteins that they
observed were apparently due to cross contamination from other host
particles, as they did not cleanly separate the 20S peak from the
bulk of the host proteins sedimenting at the top of the gradient. ©Still
it is surprising that they did not observe a difference in the relative
proportions of the three high molecular weight host proteins when com-
paring the protein compositions of the 208 peaks isolated from infected

and uninfected cells.



86

Tonegawa and Hayashi analyzed the 20S particles isolated from
UV irradiated cells (65) labeled after irradiation. As expected the
high molecular weight host peak was not observed in the UV system.
Instead the pattern was dominated by the "minor" components that are
observed in the infected peak from the non-UV system. The F protein
represented 18% of the total cpm, but the proportion of F protein
relative to the "minor'" components was much reduced compared to that
observed in the non-UV infected peak obtained after lysis in the pre-
sence of Mg++. (The distribution observed in the UV system may be
much more in accord with that obtained in the non-UV system after lysis
in EDTA, which was the procedure utilized by both Tonegawa and Hayashi,
and Mayol and Sinsheimer. However, the existing data are inadequate
to resolve this possibility.) Surprisingly, none of the "minor" compo-
nents coelectrophoresed with ¢X proteins, thus indicating that they
were of host origin. One would have expected the residual host in-
corporation to appear in proportionately greater amounts in the greatest
host mass constituent of the particle. 1In the non-UV system this is
the high molecular weight U3 protein described above. However, there
was no indication of the U3 protein in the UV system. It is possible
that, in the gel electrophoresis system employed, this protein did not
enter the gel (see reference 65).

When Tonegawa and Hayashi investigated a restrictive infection
with a C-terminal suppressor mutant in gene F, they found that the 9 and
125 particles disappeared as expected, but that incorporation into the
20S particle was enhanced. Subsequent electrophoresis of this material

revealed that the gene F fragment accounted for over 85% of the labeled
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protein.

Tonegawa and Hayashi (65) also observed that the 20S particle
could be formed at low efficiency in vitro from F monomer and other
proteins found at the top of their sucrose gradients. The in vitro
particle had a composition identical to that of the in vivo particle
except that the ratio of F protein to the minor components was approxi-
mately doubled. Tonegawa and Hayashi interpreted this in vitro assembly
to mean that the 20S particle was a lysis artifact. They also observed
a small amount of in vitro assembly of 95 and 6S particles from the
same peak of monomer proteins. In this case they calculated that the
efficiency of the in vitro formation was far too low to account for
the presence of the 95 and 6S particles in lysates. Using their data
and these same arguments one can calculate that the same is true for
the 20S particle which is present in the infected lysate in a three
fold greater concentration than can be accounted for on the basis of
its spontaneous formation under the in vitro conditions utilized.

One would expect particles having discrete sedimentation
velocities to have well defined structures. As a consequence, the
variations in the relative proportions of the components of the 20S
peak, in infected compared to uninfected cells, and after lysis under
different conditions, suggest that this peak is comprised of several
different particles which are only fortuitously associated by sedi-
mentation velocity. In particular, the fact that the host proteins
sediment at 20S regardless of the presence or absence of ¢X proteins,
together with the large variations observed in the proportions of U3

protein and F protein to the other 20S proteins (including each other)
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indicates the existence of at least three separate particles, composed
of U3 protein, F protein and the minor host components, respectively.
If this interpretation proves to be correct, then it is a remarkable
circumstance that these three particles sediment so homogeneously under
the wide variety of ionic conditions employed in these experiments
and others to be described in the Results.

At present the intracellular existence, as well as the role
of the these and other subviral particles so far discovered, has yet
to be conclusively demonstrated. Tonegawa and Hayashi (65) have
demonstrated that the 20S peak chases into phage; but, as noted above,
this result does not demonstrate the existence of these particles in
vivo or their possible role in the assembly process, but only that the
gene F protein that appears in the structure after lysis is not
trapped in some dead-end pathway in vivo, whether it be in a 205 particle
or some other structure.

705 and 1115 Particles - Tonegawa and Hayashi as well as Mayol

and Sinsheimer restricted their investigations to the slowly sedimenting
portion of the cell lysate. In the results two additional particles
have been investigated that sediment with greater S values, of approxi-
mately TOS and 11138, respectively. Both are unstable under the condi-
tions so far employed and both are obscured by their fortuitous sedimen-
tation in the vicinity of the virion or its lysis artifact (see below).
Their existence is demonstrated by indirect means. Both particles con-
tain large relative proportions of gene D product. The 70S particle but
not the 1118 particle cosediments with replicating intermediates from ¢X

38 DNA synthesis. The 1115 peak constitutes a large pool of intracellular



89

¢X specific protein and readily decomposes to 6S, 95 and 2S5 particles.
Both particles pulse label and it is presumed that they may be inter-
mediates in the ¢X assembly process.

1408 Infectious Particle - The 114S phage particle has tra-

ditionally been considered to be the sole repository of ¢X infectivity
to whole cells. However, two additional infectious particles have now
been recovered from artificial lysates of ¢X infected cells. Weisbeek
and Sinsheimer have discovered an infectious 1L40S particle in cells
lysed under the distinctly non-physiological conditions of 0.25 M
Tris and saturated EDTA (165). This particle is not observed in ly-
sates prepared in 1.0M NaCl (165), in the presence of Mg’ (Results)
or in borate EDTA (Rohwer, R. 4 unpublished). Once isolated, this par-
ticle is subsequently quite unstable unless it is exposed to Mg++, in
which case it is quantitatively converted to the 11L4S particle, or to
1.0M NaCl, in which case it is partially converted to phage. The in
vitro instability of this particle, when stored in its lysis buffer,
is reminiscent of that observed by several other workers for storage
of ¢X 114S particles in Tris buffers (24,32, Zuccarrelli, A., personal
communication; Rohwer, R., unpublished). As a consequence, the rela-
tionship of this particle to its preparation in Tris buffer should be
examined more closely.

The protein composition of the 140S particle is identical
to that of phage except that it aléo contains 80 molecules of D pro-
tein per particle. Because it can be converted to phage by exposure
Lo Mg++, and because of the large intracellular proportions in which it

is observed in the Tris EDTA lysis, Weisbeek and Sinsheimer argue that
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it is an assembly intermediate to the 114S particle and may constitute
the normal intracellular conformation of the virion. On the other hand,
one might expect the intracellular state of the infection to be better
represented by lysates prepared in buffers that more closely resemble
the intracellular environment. The striking resemblance between this
particle and the 111S particle (that lacks DNA) suggests a precursor
product relationship between the two.

The Infectious Low Density Particle - When ¢X1T4 infected

cells are lysed artificially in borate-EDTA buffer, a variable portion

of the infectivity is found in a particle, ILDP, that bands at a lower
density than ¢X during sedimentation to equilibrium in CsCl (Rohwer, R.,
in preparation). The protein and DNA composition, as well as the specific
infectivity and sedimentation velocity of this particle are identical

to those of phage. Upon storage in borate and EDTA it is slowly con-
verted to phage density with no apparent loss of any DNA or protein
component. Apparently the molecular speciesresponsible for this density
shift is not labeled in these experiments. The only biological materials
that are compatible with such a density shift in the absence of any
change in sedimentation velocity are lipids. Thus it is postulated that
this particle contains lipids.

The biological significance of this particle is unknown but
several observations suggest that it is not merely a lysis artifact.
First, the infectivity from a borate-EDTA lysate can be recovered
quantitatively in this form if the infection is conducted in the pre-
sence of 5 ug/ml mitomycin C. However, mitomycin C is not a require-

ment for ILDP formation as these particles are a constituent of normal



9.1

lysates as well. Second, this mitomycin C facilitation is observed
only in HCR+ but not in HCR™ hosts, suggesting that the mitomycin C
effect is a consequence of its interaction with the HCR system rather
than some nonspecific effect of its methylation activity (210). Appa-
rently, a mitomycin C disruption in the host cell replication apparatus
promotes the formation of the ILDP. (Rohwer, R., in preparation).

The T70S Lysis Artifact - In routine preparations of ¢X1LTh,

the most conspicuous intracellular particle other than 114S virion is
a relatively stable, uninfective, contaminant of all ¢X lysates that
sediments in a broad peak centered at approximately TOS (14,25,27,33,181).
The protein composition of this particle is identical to that of the
infective virion (Rohwer, R., unpublished), but it contains only one
sixth to one twelfth as much DNA (25, Rohwer, R., unpublished). This
DNA is plus strand in character and heterogeneous in sequence (7,25,130).
A particle with very similar properties can be prepared in vitro by
subjecting the intact virion to various disruptive procedures that destroy
its infectivity (17,24,28,29,30,33). When observed in the electron
microscope, these particles appear morphologically identical to whole
virions except for a trailing fragment of DNA (17,24). The structure
of the 70S particle and the ease with which its analogue can be produced
in vitro by disrupting whole phage suggests a product rather than a
precursor relationship to the 114S particle.

The relative proportion of TOS particle to ¢X in any given ly-
sate is highly dependent upon the lysis conditions. By titrating the
extracellular Ca*™ and Mg++ at the end of the latency period with EDTA

and then lysing in 0.05 M borate, 0.005M EDTA the TOS concentration
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can be reduced to a few percent relative to phage (42, Zuccarrelli, A.,
personal communication). In other lysis procedures the ratio of T0S
particle to ¢X can be as high as 8 to 1 (25,181). Bleichrodt and
Knijnenburg (27) have shown that this difference is not Just a conse-
quence of the preferential loss of TOS particles in some purification
procedures but reflects real differences in the T0S particle concen-
tration in different lysates. This dependence of the TOS particle con-
centration on the lysis procedure along with the structure of the particle,
and the ease with which it can be produced in vitro suggests that this
material is an artifact of the lysis procedure. Reconstruction experi-
ments in which purified ¢X are mixed with bacterial cell wall fragments
demonstrate that this is the case as T0S particles are produced with
high efficiency in this system. Apparently, the newly released phage
in a lysing bacterial suspension attempt to reinfect the bacterial
debris resulting in abortive injection of their DNA. The protruding
DNA tails are then fragmented by nucleases resulting in the production
of a T0S particle (27,31,78,94,181).

A different TOS particle was described earlier as a possible
intermediate in phage assembly. This particle is a transient, unstable
intermediate in the infection process and is not usually observed. To
distinguish these two particles, the one produced as a consequence of
the lysis event will be referred to as the "70S lysis artifact".

Particles Generated Extracellularly by the Infecting Phage -

Newbold and Sinsheimer (32) have characterized three subviral particles
that are the by-products of the host invasion process. These particles
are, consequently, extracellular in origin and, when differentially

labeled can be easily distinguished from the de novo products of the
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infection. Two of these, the spontaneously detached abortive particles
and the borate-EDTA eluted eclipsed particles, are very similar to the
708 lysis artifact and may originate in much the same way. The third
particle is the empty phage coat. To recover this particle, it must

be eluted from the cells with borate-EDTA. It is devoid of nucleic
acid, both by the criterion of residual nucleic acid label and sedimen-
tation to equilibrium. It sediments in velocity gradients as a homo-
geneous peak at T25. A comparison of the sedimentation velocity of
whole phage with that of the T70S lysis artifact and the empty phage
coat illustrates the importance of configuration as well as mass on

the DNA contribution to the S value of a hybrid particle composed of
both DNA and protein.

The ¢X1T74 Virion - The most conspicuous intracellular particle

is the phage itself. The reader is referred to Part I of this intro-

duction for a discussion of its structure.
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TABLE 1

The molecular weights of the ¢X174 gene products

as established by vafious authors

¢X Gene Products . .
in Order of MW in Daltons M?RA?Siinﬁz?t Ge?; ?531gnm§nt
Descending MW eferen eference
A 62,000 3 3,4
F 50,000 2 d.52 35T
H 37,000 2 1,2,3,7
A 34,000 2 L
G 20,500 2 Lo 2030 T
B 17,500 2 5
D 14,500 2 1:2,3,T
c 13,500 2 6
J 5,000 1 2
E ? ? ?
*
Sum minus A 222,000
Total coding 228,000
capacity of the
genome
References: 1. Burgess, A. B. (1969) Proc. Nat. Acad. Sci. 64, 613-617.
2. Benbow, R. M., Mayol, R. F., Picchi, J. C., Sinsheimer,
R. L. (1972) Virology 10, 99-11k.
3. Godson, G. N. (1971§ J. Mol. Biol. 57, 541-553.
L. Linney, E., Hayashi, M. N., Hayashi, M. (1972) Virology
50, 381-387.
5. Siden, E., personal communication.
6. Borrés, M. T., Vanderbilt, A. S., Tessman, E. S. (1971)
Virology 45, 802-803.
7. Gelfand, D. H., Hayashi, M. (1969) J. Mol. Biol. Ll,

501-516.

%
Gene A protein

is not included in the sum as its contribution to the

genome is already included in A' protein (k).
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LEGEND TO TABLE 1

Gene assignments and molecular weight assignments were made
to the various ¢X specific proteins recovered from lysates of infected
cells on the basis of the most convincing experiments (listed). No
convincing assignment has been made for gene E, but the sum of the
assigned molecular weights falls 6,000 daltons short of the total coding
capacity of the genome, leading one to predict that gene E product

is a small protein.
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TABLE 2

Complementation of ¢X1T4 and S13 taken from Jeng et al. (34)

Complementation Tests Viable
Confi : . .
¢Xl7h 513 onfigurations of Virion Proteins Progeny
-+ + - + +_+ + +
I OF) x (&f) |HeF n'¢’F ®HLF ne'r -
-+ + - + + _+ + +
IT | (WF) x (W) ner heg F +
-+ + - + +_+ + +_+
11| (GF) x (gf) HgF hgt F +
-+ + - + +_+ + +_+ *
IV (DH) x (dh ) |HGF Heg,F -
+ 4+ + +°47 +
HG Hg +
-+ + - + +_+ + +_+ *
\4 (e ) x (ag) HGF, hGF, -
HGf hGT +

*
Complementation I demonstrates that these protein configurations in

conjunction with protein a* do not give rise to progeny.
LEGEND TO TABLE 2

Data are from Jeng et al. (34). S13 genes and gene products are
denoted by lower case letters, ¢X174 genes and proteins by upper case
letters. Minus indicates an inactive gene and plus an active gene under
the conditions of the complementation. Genes not indicated are active.
For simplicity, J protein has not been included in the possible con-

figurations for virion proteins.
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TABLE 3

%
Complementation of am6 and am3

Infecting Complementary
Phage Phage Strain
Strain am3 amb

am3 0.01 0.02
am6 0.02 <0.001

Yields are expressed relative to a wt

control.

*Data are taken from C. A. Hutchison IIT,
(1969) Ph.D. Thesis, California
Institute of Technology., Pasadena,
California, Table 20, p. 99.
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TABLE 5

Subviral particles of ¢X1Th

Ferticle s Protein Comments
Particles from Value Infectivity Composition DNA St’,ruct.u.!'cz‘a;iLi rflatito:ship to |
the normal infection il
2.5S Peak 1-48 D,J(?),(F),(H),(G),(B), mone Monomers or small multi-
others mers of ¢X proteins
6S 65 G Fxone G protein pentamer
95 95 _g lone F protein pentamer
128 128 IF,G mone F-G pentamer--a capsomeric
subunit of the phage
208 Peek 20S Host U3,_F_,others RI Circumstantial cosedimen-
tation with RI, at least 3
different particles are
present
308 308 Unknown mone Decomposition product of
1118 particle
T0S lysis artifact |V70S Virional SS frag.|Originates from abortive
infections of cell debris
at lysis
T0S in vivo particle |V70S F,G,D,others RI Replication intermediate?
111s 1118 F,G,D,(B),others none Procapsid? Decomposes to
28, 6S, 9S, & 30S particles
114s 1148 Virional-F,G,H,J,others |SS crcl.|The normel infection pro-
duct-density 1.42
ILDP 11ks Virional SS crcl.| Infectious low density
particle density 1.39
1408 1408 Virional plus D SS crel.| Infectious provirion? Un-
stable-decomposes to ¢X &
T0S particles
Mutant Particles
107s H™ 1058~ Virional minus H SS crcl.|DNA is internal-not
1078 trailing
708 H- 708 Virional minus H S8 frag.|Decomposition products of
107S H
J” particle v114s Virional minus J SS erel.
Extracellular
Particles
Abortive particle V708 Virional S8 crcl.| Spontanecusly detaches fram
& cell during attempted
8S frag.| infection
Eclipse particle VT0S . Virional 8S crcl.| Irreversibly altered virion
& from early stage of the
SS frag.| infection-must be extracted
from cell wall
Empty coat T28 Virional none Must be extracted from cell
wall-density 1.32
Artificiaelly Pro-
duced Particles
50S particle 508 F,J SS crecl.| Spikeless capsid, produced
with 4 M-urea
Chemically or 50S Virional SS crcl.| Virions trailing DNA - the
thermally disrupted |to TO0S & more intact the DNA the
particles S8S frag.| lower the sedimentation
value
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MATERIALS AND METHODS
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Materials

(a) Bacterial strains

Escherichia coli H502 is a thy , uvrA (hcr ), endol , su ,

¢XS host strain constructed by Dr. Hoffmann-Berling.

¢ oo . . + SR :
Escherichia coli HFLT1L is a su , amber permissive strain

used to titer ¢X1T7L amber mutant strains.

Escherichia coli C is a EET strain used to prepare ¢X1Th

amber mutant phage stocks.

(b) ¢X17L4 strains and preparation of stocks

OXLTh wt is the wild type strain characterized by Sinsheimer
(181). The stock used was the gift of Dr. Lois K. Miller. The amber
mutations were isolated by Hutchison (9).

¢$X17h am3 is a lysis deficient mutation in gene E. The
stock suspension was cultured from a single plaque isolated on sup-
pressor host, E. coli HFL71k. The plaque contents were taken through
two passages on E. coli HF4T1h. The phage were concentrated after
each step by the polyethylene glycol procedure of Yamamoto et al.
(192). The final concentrate was used to infect E. coli C. The phages
were released from a 100X concentréted suspension of this nonpermis¥
sive host by incubation at room temperature with 500 pg/ml lysozyme,
0.05 M-sodium tetraborate, 0.4% EDTA. The plaque forming activity
was purified from this lysate by sedimentation to equilibrium in a
CsCl gradient followed by neutral sucrose velocity sedimentation.

Both centrifugations were performed in 0.05 M-sodium tetraborate,
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0.005 M-EDTA. The resultant stock was dialyzed against 0.05 M-sodium
tetraborate and stored in that buffer at L4L°C. The final titer was
adjusted to 1.0 x 1012 pfu/ml with a specific infectivity of 0.13

>

pfu/particle and a reversion frequency of 2 x 10"7. Electron micro-
scopic examination of the SS DNA isolated from this stock revealed
no detectable deletion DNAs (A. Zuccarelli, personal communication).
There has been no loss in titer in over four years of storage.

$X17h aml18 and ¢X1Th am86 are gene A mutations mapping at the
C and N terminal ends of the cistron, respectively (15). Stocks were
cloned from single plaques and grown to >lOll pfu/ml on E. coli
HFL4T71L. The polyethylene glycol concentrates of the crude lysates

>

were used as stocks. The reversion frequencies were 1 to 5 x 107,
(c) Media

TPG was prepared by dissolving 8.0 g KC1, 0.5 g NaCl, 1.1 g
NH) C1, 0.8 g sodium pyruvate, 11.4 g Tris-HC1l, 3.32 g Tris-OH in 1.0

liter of water, then adding 1.0 ml of 1.0 M-MgCl 1.0 ml of 0.23

E
2

g/ml KHBPOh’ 1 ml of 1.0 M-—CaCl2 and 1.0 ml of 0.16 M—NaSOh. This
solution was brought to pH 7.4, if necessary, with concentrated HC1l and
autoclaved. Before use 2.0 ml of a sterile solution of 10% glucose in
water was added to each 100 ml.
TPG-low P was prepared identically except that 1.0 ml of
0.023 g/ml KHQPOA was substituted for 1.0 ml of 0.23 g/ml KHEPOM'
Tryptone was prepared by dissolving 10 g Bacto-Tryptone and
5 ¢ KC1 in 1.0 liter of water and then adding 0.5 ml of 1.0 M—CaC12
followed by autoclaving. 'There was no precipitation as long as CuCl?

was added alter the other ingredients were in solution.
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™ is 0.05 M-Tris-OH, 0.05 M-KC1l, 0.008 M—MgSOh brought
to pH 7.2 with concentrated HC1l and autoclaved.

TE is 0.05 M-Tris-OH, 0.005 M-EDTA, pH T7.2. TG is 0.05 M-Tris-
OH, 0.005 M-EGTA, pH 7.2. Both TE.and TG were brought to pH 7.2 with
concentrated HCl and sterilized by autoclaving.

TE-Azide and TG-Azide are TE and TG buffers, respectively,
supplemented with freshly prepared NaN3 to a final concentration of
0.01 M.

The compositions of other buffers and media are given in

conjunction with the method or experiment being discussed.

(d) Biological chemicals

Calf thymus DNA (type I, sodium salt) was obtained from
Sigma Chemical Company, St. Louis, Missouri. When used as a carrier
for TCA precipitations the DNA was prepared in 1 mg/ml solutions of

TE. When used as a carrier and competitive inhibitor of E. coli

DNase activities,a 1 mg/ml solution in TE was extracted several times
with phenol, degraded by sonication and sedimented through neutral
sucrose. The fractions with S values of 15 to 30 were pooled, dia-
lyzed against TE and adjusted to 1 mg/ml in the stock solution.

Transfer RNA (type III, from Baker's yeast) was obtained from
Sigma Chemical Company. The stock solution was 1 mg/ml in 0.05 M-Tris,
pH T.2.

Bovine serum albumin, BSA, was obtained in crude form as
bovine albumin powder (Fraction V from bovine plasma) from Armour

Pharmaceutical Company, Chicago, Illinois, for use in the radioimmuno-
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assay. High purity BSA, bovine albumin (Pentex, crystallized) was
obtained from Miles Laboratories, Inc., Kankakee, Illinois, for use
as a carrier for ¢X proteins isolated in the presence of Mg++

Lysozyme (from egg white, Grade I) was obtained from Sigma
Chemical Company. All lysozyme solutions were prepared just before
use.

Pronase (B grade, nuclease free) was obtained from Calbiochem,
San Diego, California. The stock solution was 10 mg/ml in TE and was
self-digested for 45 min at 37°C before use.

RNase A from bovine pancrease (Type 1-A, 5X crystallized,
protease free) was obtained from Sigma Chemical Company. The stock
solution was 10 mg/ml in TE incubated for 20 min at 80°C to inactivate
residual DNase. This stock was diluted 10X into TM buffer before
use.

DNase I from bovine pancrease (RNase free, electrophoretically
pure) was obtained from Worthington Biochemical Corporation, Freehold,
New Jersey. The stock solution was 2.5 mg/ml, 0.1% BSA (Pentex), in

HQO. This solution was diluted 10X into TM buffer prior to use.
(e) Chemicals

Tris-HC1l, tris(hydroxymethyl)aminomethane hydrochloride, and
Tris-OH, tris(hydroxymethyl)aminomethane, were obtained as Trizma HC1
and Trizma Base, respectively, from Sigma Chemical Company. EDTA,
ethylenediaminetetraacetic acid (disodium salt, Sigma grade); EGTA,
ethyleneglycol-bis-(B~aminoethyl ether)-N,N'-tetraacetic acid and

pyruvic acid (sodium salt, type II) were obtained from the same source.
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Bacto-Tryptone was obtained from Difco Laboratories, Detroit,
Michigan.

Brij 58, polyoxyethylene (20) cetyl ether, was obtained from
Atlas Chemical Industries, Inc., Wilmington, Delaware.

Sarkosyl, sarkosyl NL 30, was obtained from Geigy Industrials
Chem.

SDS, sodium lauryl sulfate (specially pure), was obtained
from BDH Chemicals, Ltd., Poole, England through Gallard-Schlesinger
Chemical Mfg. Corp., Carle Place, Long Island, New York.

Acrylamide, bis-acrylamide (N,N'-methylene-bis-acrylamide),
and TEMED (N,N,N',N'-tetraethylenediamine), all electrophoresis purity,
were obtained from Bio-Rad Laboratories, Richmond, California.

2-Mercaptoethanol was obtained from Matheson, Coleman and
Bell, Norwood, Ohio.

Dichlorodimethylsilane used in early experiments was obtained
as dimethyldichlorosilane (a 1% solution in benzene) from Bio-Rad
Laboratories. Later experiments employed dichlorodimethylsilane,
99%, from Aldrich Chemical Company, Inc., Milwaukee, Wisconsin.

Benzene, analytical reagent was obtained from Mallinckrodt
Chemical Works, St. Louis, Missouri.

Molecular sieves (Type UA, effective pore size L Z, 8 to 12
mesh beads, grade 514) were obtained from Fisher Scientific Company,
Fair Lawn, New Jersey.

TCA, trichloroacetic acid (analytical reagent ) was obtained
from Mallinckrodt Chemical Works.

Sodium azide (SX299) was obtained from Matheson, Coleman and
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Bell.

Phenol (Analar, analytical reagent) was obtained from BDH
Chemicals Ltd.

Cesium chloride (optical grade powder) was obtained from the
Harshaw Chemical Company, Solon, Ohio.

Angio Conray (an 80% solution of sodium iothalamate) was
obtained from Mallinckrodt Pharmaceuticals, St. Louis, Missouri.

PDI, propidium diiodide (A grade) was obtained from Calbiochem,
San Diego, California.

Urea (ultrapure grade) was obtained from Schwarz/Mann, Division
of Becton, Dickinson and Company, Orangeburg, New York.

Nitrosoguanidine (N—methyl—N'—nitro—N—nitrosoguanidine)
was obtained from Aldrich Chemical Company.

Chloramphenicol (B grade) was obtained from Calbiochem, San
Diego, California.

Ammonium persulfate (reagent)was obtained from J. T. Baker
Chemical Co., Phillipsburg, New Jersey.

Bromphenol blue was obtained from Matheson, Coleman and Bell.

(f) Radiochemicals

: 14
jH—thymidine, [methyl—3H]thymidine (>10 ¢/m-mole); ~ C-thymine,

th]thymine (20-50 mc/m-mole); 3H—1eucine, l—[h,5~3H]leucine

[methyl-
1k . 14 ) ) 3

(2 ¢/m-mole); C-leucine, 1-[" CJlleucine (270-320 mc/m-mole); ~H-
. 3 . 1k . 14 .

lysine, 1-[4-"H]lysine (1-5 C/m-mole); and ~ C-lysine, 1-[~ C]lysine

(270-300 me/m-mole) were obtained from Schwarz/Mann, Division of Becton,

Dickinson and Company, Orangeburg, New York.
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32 3
P, H,

International Chemical and .luclear Corporation, Irvine, California.

2 ;
Poh (carrier free, 30 to 60 mc/ml) was purchased from

The specific activities used in each experiment are given in

the Results.

(g) Scintillation fluors

TL is 160 ml of Liquifluor scintillator (New England Nuclear,
Boston, Massachusetts) mixed with one gallon of analytical reagent
grade toluene.

TLNCS is by volume, 90.5 parts TL, 9.0 parts NCS solubilizer
(Amersham/Searle Corporation, Arlington Heights, Illinois) and 0.5
parts water. For rapid dissolution the water should be added last.

Dioxane scintillator for use in room temperéture Becknman
Instruments LS200 or LS233 scintillation counters is 173.8 g napthalene
(scintillation grade, Eastman Kodak Company, Rochester, New York),
289.6 ml methanol (analytical reagent), 11.6 g PPO (2,5-diphenyloxazole,
New England Nuclear), and 3 kg p-dioxane (Eastman Kodak Company).

Aquasol Universal L.S.C. Cocktail was obtained from New

England Nuclear.

(h) Other materials

Glass shell vials (15 x 45 mm, one dram) were obtained from
Kimble, Owens-Illinois Laboratory Glass, Toledo, Ohio.

Glass Pasteur pipettes (disposable capillary pipettes) were
obtained from VWR Scientific, Los Angeles, California.

Plastic "disPo Beakers" and caps (2 ml, conical) were
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obtained from Scientific Products, Evanston, Illinois.

Disposable plastic test tubes (12 x 75 mm and 17 x 100 mm)
were obtained from Falcon Plastics, Oxnard, California.

Three kinds of plastic scintillation vials were used in
conjunction with the radioimmunoassay. The type used in each experi-
ment 1s specified. Polyethylene vials were obtained from Packard
Instrument Company, Inc., Downers Grove, Illinois. Linear polyethylene
vials were obtained from Nuclear Associates Inc., Westburg, New York.
Nylon Spectravials were obtained from Amersham/Searle Corporation.

Cellulose nitrate and polyallomer centrifuge tubes were
obtained from Spinco Division, Beckman Instruments, Inc., Palo Alto,
California. Before use, centrifuge fubes were soaked overnight at
room temperature in 0.20 M-EDTA and then exhaustively rinsed with
distilled water and dried.

Heavy wall, 12 ml Pyrex tubes were obtained from Ivan Sorvall,
Inc., Norwalk, Connecticut. These tubes can withstand routine
centrifugation to 15,000 revs/min in the SS-1 Sorvall centrifuge
rotor.

Whatman Glass Fiber Paper GF/A filters were used for spotting
radioactive samples to be dried and counted in TL scintillator
without further treatment. Whatman Glass Fiber Paper GF/C filters
with a smaller pore size than GF/A were used to collect TCA precip-
itated samples by filtration. Whatman Filter Paper 3 MM Qualitative
discs were used to spot radioactive samples for batch elution with
TCA (see below). ALl Whatman filters were obtained from W & R Balston,

Ltd., IEngland.
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Millipore filters with syringe fittings (Swinnex-25 Filter
Unit, sterilized, 0.45 u) were obtained from Millipore Corporation,
Bedford, Massachusetts.
Parafilm was obtained from American Can Company, Neenah,

Wisconsin.

(i) Apparatus

Centrifuges: Ultracentrifugation was performed in Beckman
Instruments L-2, L2-65 and L2-65B preparative ultracentrifuges
employing Beckman Instruments rotors as designated in the experimental
descriptions. Low speed centrifugation was performed in a Sorvall
Superspeed RC2-B (Ivan Sorvall, Inc.) or when indicated in an
International Refrigerated Centrifuge Model PR-6 (International
Equipment Company, Needham Heights, Massachusetts).

Scintillation counters: Beckman Instruments Liquid Scintil-
lation Systems LS200 (2 channel) and LS233 (3 channel) were employed
for room temperature counting. Updated Nuclear-Chicago Liquid
Scintillation System 720 series (3 channel) were used for refrigerated
counting.

Evapo-Mix vacuum evaporation device is produced by Buchler
Instruments, Fort Lee, New Jersey.

Coulter Counter (Model A) particle counter is produced by
Coulter Electronics, Chicago, Illinois.

Mickel Gel Slicer for fractionation of polyacrylamide gels
is produced by The Mickel Laboratory Ingineering Co., Mill Works,

Gomshall, Surrey, Ingland.
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Technicon Auto Analyzer Proportioning Pump is produced by

Technicon Corporation, Tarrytown, New York.

Methods

(a) Preparation of markers

(i) 32P—labeled ¢X RF I and RF II DNA: E. coli H502 was grown at
37°C to 4 x 108 cells/ml in 40 ml of TPG-low P supplemented with 5
pg/ml thymine. At time zero the culture was infected with pXam3 at a
multiplicity of 7. Eight minutes later, chloramphenicol was added

to 35 pg/ml. Fifteen minutes after infection, 5.60 mc of carrier
free H332P0h was added to the culture to give a specific activity
equivalent to one 32P atom per ¢X RF DNA molecule. One hundred and
twenty minutes after infection the culture was cooled to 0°C, washed
twice in TG, resuspended in 1 ml of the same and lysed at 37°C by the
addition of 20 ul of 10 mg/ml t-RNA in 0.05 M-Tris, pH 7.2; 50 ul of
1 mg/ml lysozyme in TG, and 100 ul of 5% Brij in water. The debris
was pelleted by centrifugation for 15 min at 15,000 revs/min in the
Sorvall S5S-1 rotor. To the supernatant was added 100 pl of 0.13 M-
EDTA in 0.1 M-Tris, pH 7.4 and 50 ul of 1 mg/ml RNase A stock solution.
After 15 min of incubation the lysate was deproteinized by addition
of 250 ul of sarkosyl and 20 pl of pronase stock solution and addi-
tional incubation for four hours at 37°C. The lysate was then sedi-
mented for 13 h at 5°C at 40,000 revs/min through isokinetic sucrose
gradients prepared in TE buffer supplemented with 1.0 M-NaCl in an

SWLO rotor. The RF I peak was pooled, dialyzed against TE buffer and
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resedimented in the same system. The preparation was converted to
50% RF II by incubating at 100°C for 5 min.

P 2
(ii) . P-¢Xam3 and . P-¢pX SS DNA: E. coli H502 was grown, infected

and labeled as in the preparation of 32P RF DNA except that chloram-
phenicol was omitted. Lysis was achieved according to procedure T

given below. After removing the cell debris by low speed centrifugation
the phage were isolated by neutral sucrose velocity sedimentation.

In latter experiments this step was preceded by an initial purification
by glass bead column chromatography (see Gschwender et al., 193).

32P—¢ng3 were dialyzed and stored in 0.05 M-sodium tetraborate. For

. 2 : . :
the preparation of 3 P-¢X SS DNA this stock was dialyzed against TE
buffer and extracted twice with redistilled phenol equilibrated with

the same buffer. The aqueous phase was then dialyzed and stored in

TE.

(b) Growth, infection and radioactive labeling of E. coli H502

In all experiments a refrigerated culture of H502 in TPG
medium supplemented with thymine, not more than two days old, was
inoculated into fresh TPG medium plus thymine at 2 to 3 x lOY cells/ml.
The culture was aerated vigorously at 37°C and the growth monitored
by means of a Coulter Counter. All experiments were begun after one
or more generations of exponential growth when the cell titer reached
3 x 108 cells/ml. Unless otherwise stated, infections were performed
at a multiplicity of seven, adjusted to the plating efficiency of wt

®X1Th on H502 relative to the suppressor strains on which the ¢X

suppressor mutations are assayed. Incubations were continued at 37°C
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with vigorous aeration until the end of the experiments. E. coli H502
has a generation time in TPG medium supplemented with either 1 ug/ml
or 5 ug/ml of thymine or thymidine of 70 min. The stock was cloned
from time to time and monitored for thymine auxotrophy. Long term
storage was on agar slants at L°C,

Radioactive pulses were administered by rapid injection from
hypodermic syringes with virtually no interruption of the culture.
When indicated pulse labeling and cell growth were terminated by
pouring the entire culture into an Erlenmeyer flask of 10 to 20 times

the culture volume, containing sufficient 1.0 M-NalN_, to give a final

3
concentration of 0.1 M, and equilibrated with a dry ice-methanol bath.
Ice was observed in the culture within five seconds of its addition to
the flask. The culture could be added to the bath within five seconds
of its removal from the aeration system. When indicated the culture
was thawed at 0°C by incubating for several hours in an ice bath.

Where indicated, the culture was washed by repeated centrifu-
gations. The cells were pelleted by bringing the culture to 12,000
revs/min in the SS-1 rotor of a Sorvall centrifuge and then decelerating

the rotor with the brake on. The supernatant was decanted and the

cells resuspended and repelleted as desired.

(c) Suppression of host cell lysis with MgSO,4

In long term labeling experiments with ¢X1T7L aml8 and am86
in non-UV irradiated H502 host cells, cell lysis was suppressed by
the method of Gschwender & Hofschneider (81). The procedure described

above for growth and infection of E. coli was modified only by the
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gddition of MgSOh to the culture at a final concentration of 0.2 M

when the cells had reached 1.2 x lO8 cells/ml. This has the effect

of terminating cell growth for two hours after which growth resumes
abruptly at its former rate (Fig. 1). The subsequent infection and
labeling of the culture appears to be normal as evidenced by the
incorporation of radiocactive leucine into ¢X proteins (Fig. 28,
Results). Lysis does not occur in over 120 min of incubation and the
cells are resistant to artificial lysis. The cells were lysed by
resuspending the culture pellet in 0.05 M-sodium tetraborate, 0.05 M-
EDTA with lysozyme and SDS and dialyzing against TP buffer (see legend

to Fig. 28; Results). Lysis occurred in the dialysis bag.

(a) Lysis

(i) Rapid: The cells were washed one or more times in TE buffer and
then resuipended in as little as 1/50 of the original culture volume
of TE., Quantitative lysis was affected by the addition of lysozyme to
100 pg/ml from a freshly prepared solution at 1 mg/ml in TE. Lysis
was complete after 1 to 5 min of incubation at room temperature.

(ii) Lysis in the presence of Mg++: The cells were washed one or
more times with single culture volumes of TG-Azide and finally resus-
pended in one tenth or greater of the culture volume in TG-Azide.

To a 20 ml culture resuspended in 250 pl of TG-Azide was added 80 ul
of 1 mg/ml t-RNA in TM buffer and 20 ul of freshly prepared 1 mg/ml
lysozyme in TG-Azide. This mixture was incubated for 30 min at 0°C,

usually without any loss in turbidity or increase in viscosity. This

incubation was followed by the addition of 20 ul of 0.1 M—MgSOh
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followed by 40 pl of 5% Brij. The mixture was then alternately frozen
and thawed three times in a dry ice-methanol bath and a 37°C water
bath. The mixture was agitated vigorously during its exposure to
37°C and when only a sliver of ice remained placed in an ice bath for
the final thaw. Often this mixture was stored overnight at -20°C
before a final thaw and centrifugation. The final lysate although
viscous was never as clear and viscous as that produced by method 1.

When indicated the cell debris was pelleted from these lysates
by a 15 min centrifugation at 15,000 revs/min in the SS-1 Sorvall rotor.
The lysate supernatant was separated from the pellet with a siliconized

Pasteur pipette.

++
(e) Special problems associated with the use of Mg

Many of the experiments described in the Results section
were performed in the presence of Mg++. In the course of these in-
vestigations it was discovered that Mg++ promotes the specific loss
of some ¢X particles by absorption to the various containers employed
in the experiments. In particular, in the absence of the precautions
described below, the 1115 ¢X protein particle described in Results is
almost quantitatively lost upon exposure to cellulose nitrate
centrifuge tubes, dialysis tubing, or plastic collection vials. It
was found that recoveries of this material could be greatly enhanced
by avoiding unnecessary exposure to plastics, collecting fractions
into dichlorodimethylsilane coated glass vials, using silane coated
Pasteur pipettes for transfers, and using BSA as a carrier.

(1) Inhibition of nuclease: Nuclease activity is also promoted by
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the presence of Mg++. To minimize this effect, E. ggli_H502 which is
deficient in endonuclease I was used as the host., Also t-RNA (from
50 ug/ml in sucrose gradients to 500 pg/ml in crude lysates) and calf
thymus DNA (50 pg/ml to 200 ug/ml) were added to Mg++ containing
lysates as carriers and protection against nuclease, The calf thymus
DNA as purchased was re-extracted several times in phenol, degraded
by sonication and the fractions sedimenting from approximately 15 to
30S collected as carrier. Experimental material was also kept at
§_u°c in part to inhibit nuclease activity.
(ii) Preparation of silane coated~shell vials and Pasteur pipettes:
In early experiments a 1% solution of dimethyldichlorosilane in benzene
purchased from Bio-Rad Laboratories was used for the procedure below.
A preferable reagent, from the standpoint of both cost and purity, used
in latter experiments, was a 1% solution of dichlorodimethylsilane
prepared from 99% dichlorodimethylsilane (Aldrich Chemical Company,
Inc.) and reagent grade benzene dried over L X molecular sieves for
several weeks. This solution was heated to 60°C in a large glass
vessel with a heating mantle. Washed, dry, glass shell vials or Pasteur
pipettes, prewarmed to 60°C, were filled with or immersed in the silane
solution for 5 to 10 min, then drained, allowed to air dry, and baked
in a dry oven at 250°C for two hours. Vials or pipettes were rinsed
with distilled water and then sterilized in a dry oven.
(iii) Dialysis: In experiments performed in the presence of Mg++,
dialysis was avoided wherever possible, Cell lysates were sedimented
directly without dialysis and low molecular weight radiocactivity was
subsequently removed by washing the samples prepared for scintillation

counting with TCA. Resedimentations were often performed by diluting
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rather than dialyzing the original sample to reduce the sucrose
content.
(iv) BSA carrier: BSA had the most pronounced effect on reducing
losses from nonspecific binding. Table 1 presents the effect of BSA
carrier (Pentex) on absorption to both cellulose nitrate centrifuge
tubes and silane treated shell vials. As can be seen, the percent of
unbound th protein label increases dramatically with increasing BSA
concentration. In this experiment the 3H—thymidine label is associated
with virions and it is apparent that the non-virion associated protein
is preferentially bound. In the case of both 3H and luC cpm there is
a reduction in the total recovery of both bound and unbound input cpm
as the concentration of BSA is increased. The cause of this effect
is not understood as control experiments showed that these concentra-
tions of BSA had no effect upon the counting efficiencies of either of
these isotopes. For most experiments BSA carrier was added to a final
concentration of 0.01%.

Table 1 also shows that a substantial reduction in both 3H
and lhc binding is affected by merely presoaking the cellulose nitrate
centrifuge tubes in 0.10 M-EDTA followed by thorough rinsing with
distilled water. Polyallomer tubes and plastic collection vials were

also investigated and found to bind much more strongly than cellulose

nitrate or glass.

(f) Deproteinization

The pooled fractions from a sucrose gradient containing 50

ug/ml t-RNA and 0.01% BSA as carrier were dialyzed against two 3 liter
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changes of TE buffer. The retentates were collected into glass Sorvall
centrifuge tubes and brought to 50 pg/ml calf thymus DNA carrier,
0.5% SDS and 100 ug/ml Pronase followed by 4.5 h of incubation at 37°C.

Redistilled phenol was equilibrated with TE buffer supplemented
with 0.1 M NaCl and 0.5% SDS by means of a 1 h incubafion at 60°C
followed by overnight storage at 4°C. The mixture was brought to pH
7.0 by the addition of 5.0 M-NaOH while monitoring with pH paper.

One sample volume of phenol was added to each fraction, then
several thicknesses of parafilm‘were.pressedontothe top of each tube
and the mixture rocked gently back and forth for 10 min at room
temperature. The resulting emulsion was cooled to 0°C for 10 min and
then centrifuged at 2°C for 5 min at 3000 revs/min in the swinging
bucket rotor of an International Refrigerated Centrifuge. The lower
phenol phase was removed by means of a siliconized Pasteur pipette.

The aqueous phase was then re-extracted in the same manner as before.
Total changes in the volume of the aqueous phase was less than 10%.

The aqueous phase was transferred to a polyallomer centrifuge
tube suitable for the Beckman SW2T rotor and 1/10 volume of 3.0 M-
sodium acetate, pH 5.0, and 2 volumes of isopropyl alcohol added.

This mixture was incubated overnight at -20°C. Subsequently the tubes
were filled to the brim with -20°C isopropyl alcohol and the DNA
pelleted by means of a 30 min centrifugation at 27,000 revs/min in

an SW27 rotor at 0°C. The alcohol was then decanted and the pellets
redissolved in TE and dialyzed against the same buffer overnight at
4°C. The retentates were transferred to siliconized glass tubes,

RNase A was added to 15 ug/ml and the mixtures incubated at 37°C for
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15 min. Subsequently, the samples were frozen at -20°C until used.

(g) Velocity sedimentation

(i) Linear gradients: Linear sucrose gradients were formed in the
usual way from a two-chambered vessel connected at the bottom by a
small passage. The density ranges and compositions of the buffers
varied in each case and are given with the descriptions of the experi-
ments in the Results, The initial volumes of each sucrose solution
were determined as described by Noll (195) so as to give the same
pressure head in both chambers of the apparatus. The gradient itself
was formed at a controlled rate by means of a Technicon pump.
(ii) Isokinetic gradients: Isokinetic gradients were prepared as
described by Noll (195,196) for the sedimentation of a molecular
species of density 1.7 at constant velocity in Beckman SWL40 or Swhl
rotors. The reservoir contained a solution of 37.8% sucrose. The
volume of 5% sucrose to be placed in the mixing chamber depends upon
the sample volume and is 1L4.2 ml for a sample of 200 ul. The gradient
was introduced into the bottom of the centrifuge tube with a glass
capillary and formed at a controlled rate with a Technicon pump.
Buffer compositions are given with the descriptions of the experiments.
A1l gradients were formed at room temperature and then cooled
to L°C in a refrigerator before application of the samples. When
indicated the gradients were formed on top of a dense layer of CsCl
or Angio Conray designed to prevent the pelleting of fast sedimenting
material. When used these dense layers were formed by dissolving CsCl

or Angio Conray in the denser of the two sucrose solutions forming
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the gradient.

Unless otherwise indicated, collection of both linear and
isokinetic gradients was by tube puncture from the bottom. The cen-
trifuge tube was restrained in a close fitting lucite holder with a
screw cap such that the tube was pressed firmly into a rubber pad at
the bottom and a rubber gasket at the top. A hypodermic needle
centered in a screw could then be forced through the rubber pad and
bottom of the tube in a controlled manner. The flow rate was regulated
by attaching the top of the centrifuge tube to a 50 ml glass syringe
whose plunger could be moved in small increments by a screw device.
(iii) Parallel sedimentations: Some experiments employed a direct
comparison of differentially labeled infected and uninfected lysates
sedimented separately through parallel neutral sucrose sedimentation
gradients. To assure uniformity the linear gradients were formed
sequentially using a single tube of the Technicon pump to deliver
carefully measured volumes from a gradient maker. Equal volume samples
were applied to each of two gradients and centrifuged as described in
the results., After centrifugation the two gradients were collected
sequentially with the same piece of Technicon tubing. The tubing was
flushed with distilled water between collections. The gradients were
collected from the bottom by inserting a glass capillary from the top
of the liquid column to the bottom of the centrifuge tube. Fractions
were taken at timed intervals. In every experiment the same number of

fractions were obtained from each gradient.
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(h) Sedimentation to equilibrium in CsCl-propidium diiodide

The intercalating dye propidium diiodide, PDI, can be used to
separate ¢X RF I, SS and RF DNA forms as well as intermediate structures
in sedimentations to equilibrium in CsCl (229, 230; Results). In a
non-wetting plastic test tube, 5.010 g of CsCl were dissolved in 5.850
g of liquid sample in TE buffer plus 150 ul of 5 mg/ml PDI in water
(store in the dark). The resulting solution was then transferred to a
polyallomer centrifuge tube suitable for the type 65 rotor being care-
ful not to wet the top edges of the tube. The tube was capped and
filled to the top with bayol oil. Centrifugation was for 40 h at 5°C
at 40,000 revs/min. The centrifuge tube was pierced from the bottom

for the collection of fractions.

(i) TCA precipitation

Precipitation by trichloroacetic acid was used to separate
radioactively labeled high molecular weight proteins and nucleic acids
from acid soluble low molecular weight radioactive precursors in
order to quantitate incorporation into the polymeric structures.

(i) Single samples: Up to 0.5 ml of sample was added to 5.0 ml of
10% TCA in water followed by two drops (approximately 100 ul) of 1
mg/ml calf thymus DNA carrier. This mixture was stirred and then
incubated at L°C for at least 30 min before collecting the precipitate
by vacuum filtration on a Whatman GF/C glass filter. The incubation
tube was rinsed once with 5 ml of 10% TCA at L4°C. The filter was then

rinsed three or more additional times, depending upon the expected
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concentration of soluble cpm. Two final rinses with 100% ethanol at
0°C were used to remove the TCA. The filters were then dried and
counted as specified in the Results.,
(ii) Batch precipitation: When it was necessary to TCA precipitate
an aliquot from every fraction of a centrifugation gradient, each
aliquot (< 100 ul) was spotted separately onto numbered Whatman 3MM
paper filter discs. The wet filters were then dropped sequentially
into 300 to 600 ml of 10% TCA at 4°C and swirled gently for 5 to 10
min. The TCA was then decanted and replaced with fresh TCA. The
volume and number of rinses was adjusted such that all of the soluble
radiocactivity would be eluted assuming the maximum possible soluble
cpm in the original sample and a uniform redistribution of the soluble
radioactivity during each rinse. Several blank filters were placed
in each batch to monitor the progress of the elution. TCA itself
was removed by two additional washes in 100% ethanol at 0°C. Occasion-
ally there was one final rinse with anhydrous ether at room temperature.
After the last rinse the filters were dumped onto aluminum foil,
separated with forceps, dried and counted in TL scintillator. All
discs were oriented with the sample side up.

The batch elution procedure was also used to remove PDI dye,
CsCl, or sucrose from the samples of a gradient when uniform quenching
was required for all fractions. For this purpose two TCA rinses

sufficed.

(j) sDS polyacrylamide gel electrophoresis

Two different procedures were used for SDS polyacrylamide
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gel electrophoresis. The first is a modification of the method of
Mayol & Sinsheimer (8). The second adapts the separation gel from the
first procedure to the SDS stacking gel system of Laemmli (211) to
produce a much more highly resolved and reproducible system. The
sample buffer used in procedure II is that suggested by Ward (S. Ward,
personal communication). Deviations from these procedures are noted
in the experimental descriptions.

Solution A was prepared by bringing 48 ml of 1 N-HCl, 36.6 g
of Tris-OH, and 0.23 ml of TEMED to 100 ml with HZO‘ The pH was 8.9.

60% acrylamide was prepared by placing 0.25 g of bis-acrylamide
and 30 g of acrylamide in a 50 ml graduated cylinder with 20 ml of
water. The mixture was incubated at 37°C until dissolved and then
brought to 50 ml.

30% acrylamide was prepared in a similar way by dissolving
0.40 g of bis-acrylamide and 15 g of acrylamide in a final volume of
50 ml.

0.14% and 0.40% ammonium persulfate solutions were prepared
just before use with water degassed by boiling or by evacuation.

TG'is 1hk4 g/l glycine, 30 g/l Tris-OH. The pH should be 8.5.

TGS is TG'buffer diluted 1/10 in 0.1% SDS. The pH should be
8.3.

1/5-TGS is TG'buffer diluted 1/50 in 0.1% SDS. The pH should
be 8.3.

Prerun buffer is 45.8 g/1 Tris-OH, 0.1% SDS brought to pH 8.9
with concentrated HCL.

16-TP is 57.0 g/l Tris-OH  brought to pll 6.9 with concentrated
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H3POh (approximately 17.5 ml).

TP is a 16-fold dilution of 16-TP buffer.

The tracking dye is a saturated solution of bromphenol blue
in 0.05 M-Tris, pH T.6.

Solution A and both acrylamide solutions were filtered through
Millipore HA 0.45 micron filters and stored at room temperature in
brown bottles.

Unless otherwise indicated the gels were formed in clean, dry
Pyrex glass tubes of 0.7 mm I.D. and 11 cm long for procedure I and
13.5 cm long for procedure II. To form the separation gel one end of
the tube was sealed with multiple overlays of parafilm. The tube was
then held vertically in a stand and filled with 3.5 ml of polymerizing
solution to give a gel column 9 cm long.

(i) Procedure I: To prepare 20 ml of 15% acrylamide polymerizing
solution, 2.5 ml of solution A, 5.0 ml of 60% acrylamide and 2.3 ml

of HQO were added to a clean, dry 30 ml test tube, gently mixed, and
then aspirated for 2 to 2.5 min to remove dissolved air. Then 200 ul of
10% SDS and 12.5 pl of TEMED were added and mixed gently. To initiate
polymerization 10ml of 0.14% ammonium persulfate was added and the mixture
rocked gently back and forth three or four times tomix. Three and one half
ml aliquots of this solution were then dispensed as rapidly as possible
to the polymerization tubes and overlaid with a 0.5 cm column of
degassed HBO’ When the solution had gelled (10 to 15 min) the water
overlay was decanted, the top of the gel was flushed with prerun
buffer, the parafilm was slit with a razor blade to equalize pressure,

then removed, and the gel was introduced into the electrophoresis
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apparatus. Prerun buffer was placed in both reservoirs of the appa-
ratus and the gels electrophoresed at 6 ma/gel for 1-4 h. The prerun
puffer was then decanted and replaced by 1/5-TGS buffer.

To prepared 12% acrylamide gels this same procedure was
followed except that 4.0 ml of 60% acrylamide and 3.3 ml of H,0 were
used in the formulation above.

Electrophoretic samples were dialyzed against pH 7.6 Tris
buffer and if necessary concentrated by aspiration to dryness on an
Evapo-Mix. The Tris concentration was adjusted so that upon re-elution
of the sample with the denaturing agents the final Tris concentration
was 0.05 M. This method gave good recoveries of material whereas
lyophilization to dryness and re-elution did not. The dialyzed,
concentrated samples were denatured by the addition of SDS and 2-
mercaptoethanol to final concentrations of 1% and glycerol to 10%.

The samples were then incubated for 2 min at 100°C, cooled, mixed with
1 to 3 pl of tracking dye transferred in the tip of a 100 pl capillary
pipette, and carefully layered onto the gel surfaces with the same
pipette.

The electrophoresis apparatus consisted of two lucite
cylinders nested one on top of the other with electrodes at the center
and as many as twelve gels disposed equidistantly from the electrodes.
The current was regulated at 2 ma/gel until the tracking dye had
penetrated at least 1 mm into the separation gel after which the
current was advanced to 4 ma/gel. Electrophoresis was from anode to

cathode.
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(ii) Procedure II: The separation gels for procedure II were prepared
as described for procedure I except that 13.5 cm glass tubes were used.
After polymerization, the water overlay was decanted from the tube and
the top of the gels flushed with stacking gel solution prepared as
described below but without TEMED.

To prepare 10 ml of stacking gel solution, 1.0 ml of 30%
acrylamide, 1.25 ml of 16-TP, 2.65 ml of HQO, 100 ul of 10% SDS, 5 ul
of TEMED and 5.0 ml of 0.4% ammonium persulfate were mixed gently in
a clean dry test tube. Immediately after mixing 0,8 ml of this solution
(giving a 2 cm stacking gel) was introduced into each gel tube and
overlaid with degassed water as before. Polymerization was complete
in < 20 min. The water overlays were decanted and the gels placed in
the electrophoresis apparatus. The reservoirs were filled with TGS -
and the top of each gel flushed with TGS.

Electrophoretic samples were dialyzed against TP buffer and
then brought to final concentrations of 2% SDS, 3.3% 2-mercaptoethanol
and 10% glycerol. After a 2 min incubation at 100°C they were applied
to the gel columns and electrophoresed as described for procedure I.

In this case the current was not advanced until the tracking dye had
traversed the stacking gel and entered the separation gel.

Unless otherwise indicated, all gels were run until the track-
ing dye was within 1 cm of the bottom. After electrophoresis the gels
were removed from the glass tubes by rimming with a fine needled
hypodermic syringe containing 0.1% SDS. Stubborn gels were ejected
by applying hydrostatic pressure at one end of the tube. This can be

done without damaging the gel if it is ejected into a large vessel of
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water. The free gels were rinsed with distilled water, placed in
glass test tubes and laid horizontally on a block of dry ice until
thoroughly frozen. If the test tubes were sealed at this stage (after
freezing) with a tight fitting serum bottle stopper, the gels could
be stored frozen for several weeks without shrinking or desication

The frozen gel was fractionated into 1 mm sections with a
Mickel Gel Slicer., A strip of wet filter paper was placed on the
movable stage. The frozen gel was placed on the filter paper and a
bead of water delivered around the edges. Powdered dry ice was
heaped upon the stage to freeze the gel to the apparatus. Dry ice
was then cleared away from the leading edge of the gel which was
allowed to soften slightly before slicing.

Each slice was placed in a scintillation vial with 5 ml of
TLNCS scintillator and incubated at room temperature with slow
agitation for at least 18 h before counting. In the case of procedure
IT the stacking gels were removed from the separation gel and counted
as one fraction. In no instance were significant cpm observed in
either the stacking gel or the region between the tracking dye and
bottom of the gel. As a consequence all data has been plotted with
fraction one as the top of the separation gel. The last fraction
plotted indicates the middle of the tracking dye band.

In control experiments with procedure II it was shown that
the separations of ¢X proteins are identical for total sample volumes
of 50 to at least 500 ul and total concentrations of BSA and DNA

carriers of at least 500 pg and 200 ug respectively,
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(k) Triple label counting

Many of the experiments presented in the results employ 3H,
lhc, and 32P radioactive labels concurrently. For this reason an
exact solution to the discriminator ratio equations for three labels
was derived and utilized in a computer program that separates three-
channel scintillation counter output into its three isotopic components.
With careful, uniform preparation of standards and samples the program
does an excellent job of separating the three isotopes without the
tremendous losses in counting efficiency that necessarily result from
methods requiring minimal overlaps from one channel to another.

Unknowns and three standards, 3H, 1hC and 32P, must be
prepared with uniform quench such that all samples generate identical
overlaps from one channel to another for any given isotope. Each
standard is then used separately to maximize its counting efficiency
in one of the three channels of a scintillation counter and minimize
it in the other two by means of gain and discriminator adjustments.
However, great sacrifices in counting efficiency for the sake of
minimizing overlaps is not necessary. With relatively unquenched
samples, such as those prepared in the Aquasol system discussed below,
it is often possible to count all isotopes at better than T0% of their
maximum efficiency in the same system, while the overlaps from high
energy emitters to low energy channels are 5_20% and the overlaps from
low energy emitters to high energy channels are 5_5%. The samples

should be counted to high statistical accuracy in all channels and

the isotopic composition of the sample computed as follows,
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(i) Derivation of the discriminator ratio equations for the separation
of triple label scintillation counter data into its isotopic con-
stituents.

Definitions:

Channels 1, 2 and 3 of the scintillation counter are maximized

1k
for counting 3H, C and 32P respectively.

2l

H, C and P are the final corrected values for the separated

1k

isotopes, 3H, C and 32P, respectively. Depending upon how the
overlap ratios are defined, H, C and P can represent either the total
dpm or the total cpm for each isotope in the sample respectively; or
they can represent the corrected cpm for the respective isotope in
its respective counting channel only (see below).

M., M, and M, are the net cpm observed in channels 1, 2 and

1’ 2 3
3 respectively. They represent the raw scintillation counter output

for a given sample.

K., K. and K_ are the background cpm from channels 1, 2 and

1* 2 3
3 respectively.

N., N, and N3 are the net cpm minus background observed in

1’ 72
channels 1, 2 and 3 respectively.

a, and a, are the fractions of corrected 3H, "H", found

89 By

in channels 1, 2 and 3 respectively.

bl’ b2 and b3 are the fractions of corrected th, "c", found
in channels 1, 2 and 3 respectively.

y 32
s C, and c, are the fractions of corrected - P, "P", found

in channels 1, 2 and 3 respectively.
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The values assigned to a;s bi and ci depend upon the desired
form of the final result, H, C and P. If the final concentrations
of the isotopes are to be expressed in dpm, then appropriate standards
of known dpm must be prepared and the ratios ai, bi and ci are then
the counting efficiencies of the corresponding standard in each of the
three channels. When the final isotopic concentration is to be
expressed as the total cpm of a given isotope in all three channels,
then the ratios must be expressed (using the appropriate standard), as
the cpm observed in channel i dividied by the sum of the cpm from all
three channels. The equations assume their simplest form when the
results are expressed as the total contribution of a given isotope in
its corresponding channel only. In this case the ratios ai, bi and
s are computed relative to the count rate of the corresponding
standard in its respective channel. As a consequence, a, b2 and c3
assume a value of 1.0, Each of these three forms of the equations
are interrelated by simple multiplicative factors of H, C and P with
the consequence that any of these results can be easily interconverted
after the calculation.
Derivation:

For any given sample the net cpm minus background cpm, Ni’
that is observed in each channel is related to the cpm contribution

of each isotope to that net cpm by the expressions:

Channel 1 N a H + blC + clP

1 1

, = @i+ bC+cp

H+ Db C+ P
3 %3 37 7 €3

These three equations can be solved for the three unknowns

Channel 2 N

Channel 3 N
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H, C and P by means of the determinants:

Nl bl <, al Nl cl al bl Nl

N2 b2 02 a2 N2 02 a2 b2 N2

N T e

u 1 il 1 1 1 1 1 1

a, b2 02 a, b2 02 a, b2 c2

23 P3 3 %3 P3 %3 83 P3 %3
The denominators, D, in each case are identical and reduce to:
D = (a,b.c a.b - ab + ab.c a,b.c. - ab.c.)

1°583 = 8yP3C, — ayb eq * agb.c, T asdaey - agbsey

Substituting D for the denominators, the expressions for H,

C and P become:

H= [Nl(b2C3 - b302) - bl(C3N2 - 02N3) + cl(b3N - b N )]/D
¢ = [al(c3N2 = 02N3) - Nl(agc3 = a3c2) - cl(agN3 - a N )1/D
P= [al(b2N3 . b3N2) = bl(a2N3 - a3N2) + Nl(a2b3 - a b )1/D

In the experiments which follow these expressions were used in their
simplest form giving the corrected count rate of each isotope in its
respective channel only. This is, perhaps, the form that is most
useful when considering the actual cpm available for further manipulation
of a given sample when subsequent counting will be performed under the
same conditions. In this case the ratios al, b2 and c3 are set equal
to 1.0 as all overlaps are calculated relative to the counting
standard's activity in its own channel. This results in the following
simplifications of these expressions.

The expression for D reduces to D',

D'=1 - ab. - c - b.,c_ +ab,c_ + ab.c

0”1 T 838 T P36 T 83016 T 85030,

and the expressions for H, C and P become:

H = [Nl(l -bec )+ N (bec -b )+ 0N (bec. - cl)]/D'

32 2 31 1 3712
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C = [Nl(c2a3 - a2) + N2(l - a3cl) + NB(azcl - ¢,
(a2b3 = a3) + 1\12((3310l = b3) + N3(l - a2bl)]/D'

Finally, if H, C and P are to be computed directly from the scintil-

)1/D!

P = [Nl

lation counter output, then (Ml - Kl)’ (M2 - Ké) and (M3 - K3) must

be substituted into the above expressions for N N2 and N3 respectively

1°
so that background cpm will be considered.

These equations will work equally well for any three isotopes
having B emission energies that are sufficiently different to be

35

discriminated by a liquid scintillation counter, for example 3H, S,
32P or 3H, 33P, 32P.

Because these computations involve considerable manipulation
of the data and because much is often made of data involving low
count rates (the natural conclusion for most radiocactivity experiments)
and, finally, because the rather lengthy calculations involved were to
be performed by computer; the extent to which the statistical counting
error is amplified by these computations was investigated by deriving
the standard deviations for H, C and P, This was accomplished by
applying the expressions for propagation of the standard error to the
statistical error associated with the counter output. The resultant
expressions are presented in Appendix A.

Some typical scintillation counter output and its reduction

to H, C and P are presented in Table 2 along with the fractional
standard deviations computed for the raw and corrected values of each
isotope. Inspection of the table shows that the effect of the H, C
and P calculation on the value of the fractional standard deviation

is not great. The increase in the fractional standard deviation due
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to the calculation varies roughly as the ratio of the uncorrected to
corrected cpm in a given channel. As expected, the low count rate
data are the most strongly affected by the calculation, reflecting
the uncertainties in the backgrounds which make a negligible contri-
bution to high count rates. This treatment demonstrates only that the
statistical counting error does not generate large uncertainties in
the final result during the data processing. It does not consider
the effect of systematic errors such as those arising from incorrect
values of the overlap obtained from non-representative standards.
Experience has shown that these errors, if present, can completely
overshadow the effect of the statistical counting error. Thus
considerable attention must be given to preparing samples and standards
with uniform counting efficiencies and overlaps.
(ii) Sample preparation: For most of the experiments in this thesis
the following two methods of sample preparation sufficed to give the
required level of uniformity. Examples of data obtained with each
method are given in Table 2. In the case of CsCl gradients containing
PDI or any sample containing unwanted low molecular weight radioactive
precursors, identical aliquots of sample were spotted onto numbered
Whatman 3MM filter discs which were then washed by the batch TCA
procedure described above.

A much simpler method giving rise to even more uniform
results was utilized in the absence of TCA~soluble radiocactivity or

PDI. In this case identical aliquots were added to Aquasol-H O (10:1),

2

mixed and counted. This scintillator counts with very uniform

efficiencies and overlaps over the 5 to 20% sucrose concentration
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range of the typical sucrose gradient (Table 3). Similar results are
obtained if the total concentration of HQO relative to Aquasol is

kept within the range of 1:9 to 1.5:10, volume to volume. When lower
concentrations of water are used, efficiencies and overlaps become
strong functions of sucrose concentration. When higher concentrations
are used these values remain relatively insensitive to sucrose
concentration but the counting efficiency of the system declines.

CsCl gradients may also be counted in this system if the
concentration of HEO in the system is kept high. TLNCS also counts
much more uniformly with the addition of .5 to 1.0% HZO' However,
this is usually not a practical scintillator for agueous samples. The
dioxane scintillator continues to show a strong sensitivity to added
sucrose even after the addition of water.

(iii) Computations: To simplify the use of the triple label equations
a Fortran IV program, "TRIPSEP", was written for use with the
California Institute of Technology IBM Batch Processor. The raw scin-
tillation counter output is accepted as punch cards, one card per line
of output. An auxiliary program, "LIST," can be used to convert paper
punch tape output to punch cards. Once the data exists as punch

cards it can be arranged and manipulated with ease. The TRIPSEP
program, utilizing the required standards and backgrounds, computes
the corrected values for 3H, 1L‘C and 32P, along with the respective
standard deviations for each fraction. The data are organized into
data sets corresponding, for example, to all of the fractions in a

single centrifugation gradient or polyacrylamide gel. The total 3H,

14

C and jZP cpm in each data set is then computed and from that the
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percent distribution of the label across the data set., These percent-
ages, along with the corrected isotopic concentrations and their
standard deviations, are tabulated by data set along with the total
amount and the maximum and minimum values of each isotope. The program
also provides for the optional CALCOMP (Calcomp, Anaheim, California)
plotting of either the count distribution or the percentage distribution
of each isotope in the gradient. Either one, two, or three isotopes

may be plotted per data set.

(1) Computation of infection specific radioactivity

(Delta cpm)

A procedure described by Mayol & Sinsheimer (8) was employed
to resolve radioactively labeled ¢X infection specific proteins
(proteins that are synthesized exclusively or in greater proportions
in infected compared to uninfected cells) from radiocactively labeled
host proteins in the same non-UV irradiated culture. In this technigue
parallel cultures of infected and uninfected host bacteria are
differentially labeled with lMC and 3H labeled amino acids. After
fractionation of the proteins (by electrophoresis, sedimentation, or
other means), the positions and quantities of the infection specific
proteins are revealed by computing the net cpm of each fraction in
the infected gradient that cannot be accounted for by the expected
incorporation due to host proteins. The expected incorporation is
determined by comparing the ratio, R, of the infected and uninfected
labels at some region of the gradient where no ¢X proteins are known
to exist. In the absence of an infection one would expect to observe

this same ratio for all fractions. The validity of this expeclalion
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is born out by the constancy of the ratio of the amino acid labels
observed in Figure La showing an SDS acrylamide gel fractionation
of two uninfected E. coli H502 cultures labeled separately with 3H
and th lysine and mixed after lysis.

Once the ratio, R, of the host incorporation in the infected,
compared to the uninfected cultures has been determined (this is
usually the minimum ratio of infected/uninfected cpm observed in the
fractionation system), then the infection specific incorporation for

any fraction, delta cpm, can be computed as follows:

(delta cpm) = (cpm from infected cell) - R(cpm from uninfected cell)

A cpm = delta cpm

In some of the applications that follow, the infected and
uninfected lysates were mixed together prior to fractionation as
described by Mayol & Sinsheimer (8). 1In other experiments, the
computation was applied to the parallel sedimentation gradients
described above. In this case similar fractions from each gradient
were compared. When parallel gradients are utilized the radioactive
labels do not have to differ unless they are to be mixed at some
subsequent stage.

To facilitate computation of this kind of data, a Fortran IV
program, CNTSEP, was written for use with the California Institute of
Technology IBM Batch Processor. This program utilizes the discriminator
ratios procedure to compute the isotovic compositions of double labeled
samples. It also computes the standard deviations and percent total

gradient cpm for each fraction. These calculations are performed
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analogously to those described previously in conjunction with the
TRIPSEP program. In addition the ratios of the infected/uninfected
labels in each fraction (or in the case of parallel gradients, the
equivalent fractions in each gradient) are computed and arranged in
order of increasing values. In this way a minimum value of R can be
easily selected for the delta cpm calculation., which, when a ratio

is specified, is also computed. The program can also be directed to
perform the delta cpm calculation with the minimum ratio obtained

a priori, or with the ratio corresponding to a given fraction number.
If so directed, the data are plotted in one or more of several formats

by means of a Calcomp plotter.

(m) Suppression of host cell protein synthesis

with UV radiation

260

The differential labeling technique described above for the
detection of infection specific proteins can be circumvented by
exposing the host cells to lethal doses of UV26O radiation prior to
infection with ¢X17L4 (20,52,53). When this is done only ¢X proteins
are synthesized and labeled during the subsequent infection. As a
consequence, only one radioactive label is needed to reveal the ¢X
proteins. This technique has the disadvantages of distorting the
incorporation patterns of the normal infection of non-UV pretreated
hosts, of not labeling ¢X infection specific host proteins, and of
incorporating radioactive label at a much reduced rate compared to
non-UV infections (see below and Results, especially Table 18).

Several experiments were performed to establish the optimum
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conditions for labeling UV irradiated cells and to characterize the
UV irradiated system. In each experiment E. coli H502 (ngf) was grown
o 3 x 108 cells/ml as described above. Fifty ml of cells were then
transferred to a sterile glass petri plate (14 cm diameter) and
irradiated at room temperature, for the time period specified,with
two General Electric germicidal lamps (G8T5) delivering 19 ergs/mmgsec
(12). The petri plate was located 30 cm below the lamps and the
culture was swirled vigorously during irradiation. Under these
conditions the colony forming ability of E.coli H502 is reduced to
Tx lO*u of the input in the first 30 seconds of irradiation. After
irradiation the cells were transferred to a fresh culture tube and
aerated for 10 min at 37°C before infection and labeling.

The experiment in Figure 2 demonstrates the effect of UV
irradiation on the total incorporation of 3H-—lysine into both infected
and uninfected cells. A culture of L coli H502 was irradiated for
varying lengths of time as described above. The cells from a given
exposure period were divided in half and one portion infected with
¢Xam3. Both portions were then labeled with 3H—lysine and incorporation
monitored as TCA precipitable cpm. A comparison with unirradiated
controls demonstrated that the first three minutes of irradiation
reduces 3H-—lysine incorporation by 88 and 99% in infected and uninfected
cultures respectively. Inspection of Figure 2 reveals that in the
case of all UV dose levels tested, most of the residual host incorpo-
ration has ceased by 30 min after the addition of label. By comparison
infected cells continue to incorporate label at the initial rate

until 60 min after infection and at a lesser but significant rate
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from 60 to 90 min. This difference in the incorporation behavior of
infected and uninfected cells can be exploited to enhance the relative

incorporation into ¢X proteins. The optimum UV dose and lysine

260
labeling period were selected from Table L. Unless otherwise indi-

cated, a 5 min UV exposure and a labeling period of 30 to 90 min

260
were employed in the experiments presented in the Results.

Figure 3 presents an SDS polyacrylamide gel electrophoresis
of the mixed lysates of ¢X wt infected and uninfected E. coli H502,
UV irradiated and labeled as described. (¢X wt does not lyse UV
irradiated cells.) Assuming that the residual host proteins are
synthesized in the same relative proportions in infected and uninfected
cells (This is true in non-UV treated cells with the exception of
two or three high molecular weight proteins which are not in evidence
here. ©See Results.) then a comparison of the infected and uninfected
patterns reveals very little evidence of host incorporation in
the infected cells. 1In particular the two peaks between G and D are
present in far greater quantities than could be accounted for by
residual host synthesis. (Compare the ratio of uninfected/infected
incorporation in the region immediately preceding G protein to
estimate the host contribution to the peaks between G and D.) As a
consequence, these two peaks most likely represent infection specific
proteins as opposed to charged t-RNA as suggested by Godson (20).

Figure U presents the results of SDS electrophoreses of UV
and non-UV irradiated, uninfected, host cells, revealing, in addition
to the quantitative differences discussed above, qualitative differ-

ences in the incorporation patterns in the two systems. Figure ha
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presents a coelectrophoresis of separately and differentially labeled,
non-UV irradiated host cultures. The ratio of lysine incorporation
in the two non-UV cultures is constant over the entire protein spectrum
thus serving as a control on the reproducibility of the methods. By
comparison when a non-UV host culture is coelectrophoresed with a UV
irradiated culture, the two patterns vary considerably and the ratio of
UV to non-UV incorporation increases as a roughly linear function of
decreasing protein molecular weight (assuming linearity of the gel),
This is the result that would be expected if the UV induced lesions
are distributed pretty much at random and a lesion anywhere in a gene
prevents its ultimate expression. Under these circumstances larger
genes would be more susceptible to damage than smaller ones. Figure
4b does not reveal the presence of any high molecular weight UV

resistant protein such as might account for the A' protein (see Results).

(n) Radioimmunoassay for ¢X1T4 antigens

A radioimmunoassay (RIA) modeled after that of Catt & Tregear
(180) for human hormones was developed for ¢X1T4 antigens. In this
method a small amount of specific antibody is used to uniformly coat
the walls of a plastic scintillation vial. If radioactive antigen is
then introduced into the vial it is also bound to the vial via the
antibody intermediate. Subsequently all unbound radioactivity can be
washed from the vial and the bound antigen monitored by scintillation
counting after the introduction of scintillation fluor.

The serum-coated vials can be used to monitor the presence of

antigens in two ways. First, the concentration of unlabeled antigen
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can be measured by competition for binding sites with a standard
amount of radioactive antigen mixed with it. A comparison of the
resultant reduction in binding of the radioactive species with a
standard curve correlating loss of binding with known antigen concen-
trations will reveal the concentration of the unknown antigen. In
this way the assay works much like the classical serum blocking power
assay (10) but it is not limited only to detection of phage antigens
giving rise to phage inactivating antibodies.

Alternatively, the existence of labeled antigen in a radio-
active sample of unknown composition can be determined directiy by
’comparing radioactivity bound in a serum-coated vial with that bound
in a control vial treated identically but lacking serum. This
procedure has an advantage over immunoprecipitation (86) in that it
can detect monovalent antigen without the addition of large amounts
of carrier antigen and a careful determination of the equivalence point
conditions. On the other hand, this direct method can only provide
minimum values for the concentrations of the bound antigens unless it
is known for certain that the total antigen concentration in the
sample is far below the saturation point of the assay. The direct
detection of proteins provides an additional complication due to the
high level of nonspecific binding of protein to the control tubes.

In the experimental section this method has been used to detect

stable complexes of ¢X DNA with ¢X antigenic proteins. In this case
only the DNA is labeled and its binding to the serum-coated vials is
monitored. Deproteinized DNA has a very low affinity for the vials,

therefore the DNA must bind via a ¢X antigenic protein that is com-
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plexed with it.
(i) General procedure for the radioimmunoassay: Anti-¢X antisera
prepared in rabbits with highly purified ¢X were diluted to the
appropriate level (see below) in 0.05 M-sodium tetraborate and 2 ml
aliquots were introduced into the bottoms of plastic scintillation
vials. Care was taken not to wet the sides of the vial. After a ten
min incubation at room temperature the antiserum was removed by
aspiration. The vials were then washed twice with three ml of 0.15 M-
NaCl and finally with 4 ml of 1.0% BSA (Armour), dissolved in 0.15 M-

NaCl, 0.01 M-NaN All washings were removed by aspiration. Control

3"
vials were prepared in an identical fashion except that the first
incubation with dilute serum was omitted.

Radioactive samples were diluted into 0.05 M-Tris phosphate,
0.01 M-KC1, pH 8.0, and 2 ml aliquots were distributed to duplicate
serum-coated and control vials. After 12 to 24 h of incubation at
37°C with gentle agitation the vials were aspirated to dryness, then
washed twice with 3 ml of 0.15 M-NaCl. 5 ml of an appropriate scin-
tillation fluid were then added to each vial and the vials monitored
for bound radioactivity.
(ii) Optimum serum concentration and antibody binding conditions:
Curiously, the binding efficiency of the assay is not linearly related
to the sefum concentration used to coat the vials but must be deter-
mined experimentally for each serum used. A typical curve is shown
in Figure 5. In this instance a two-thousand-fold dilution of the

serum provides optimum binding to the assay tube. Apparently the

serum equilibrates very rapidly with the vial as the incubation time



1k2
for serum absorption is not critical.

According to Catt & Tregear the only requirement for serum
binding to the assay tube is incubation in a pH 9 buffer. Once bound,
the antibody is amazingly intractable to removal by either mechanical
or chemical means (180). The assay was performed under a wide variety
of ionic and pH conditions without dramatically affecting binding
efficiency. Neither dioxane scintillator or additional washes with
0.15 M-NaCl release more than 1% of the phage counts once they have
been bound.

If the vials are tightly capped after the last aspiration
they can be stored at least six months without losing activity.

(iii) Substrates for serum binding: Several types of plastic
scintillation vials were investigated for their suitability for the
assay. Of these, all polyethylene vials gave similar results, in-
cluding those constructed from linear polyethylene. Rarlier experi-
ments were performed in Packard Scintillation Vials and later experi-
ments in Nuclear Associates Scintillation Vials made from linear
polyethylene. Linear polyethylene vials are preferred because they
do not swell when used with the toluene based scintillator TLNCS that
gives the best counting efficiency for 3H. Serum did not bind
efficiently to Nylon Vials, and does not bind at all to glass. The
assay can also be performed by binding antiserum to small styrene
beads (Dow Styrene Divinylbenzene Copolymer Latex, Particle Diameter
6 to 1L u) but only by increasing the substrate surface area one

hundred-fold over that used in the scintillation vial method.
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(iv) Measurement of radioactivity: Before the manufacture of linear
polyethylene vials the bound radioactivity had to be monitored with
dioxane scintillator as toluene based fluors caused regular poly-
ethylene vials to swell and jam in the scintillation counter advance
mechanism. The introduction of linear polyethylene vials permits the
use of toluene-based TINCS which is the preferred scintillator due
to its 2-fold greater counting efficiency for 3H (Table 5). Use of
TLNCS also results in greater recoveries of bound 3y cpm (86%) than
does dioxane (6L4%). (Recoveries are computed relative to the total
input cpm as measured with the same scintillator.,) This effect is
probably due to the release of bound 3H counts into the TLNCS solution
resulting in a better exposure to the fluor. In dioxane the radio~
activity remains bound to the vial even after long periods of incubation.
The combination of these two effects results in a 2.7-fold greater
3H efficiency when counting with TLNCS. Samples should be counted
as soon as possible after the addition of TLNCS as this mixture slowly
generates quenching substances from the vial.
(v) Incubation buffer: The assay is compatible with a wide range
of buffering conditions. The binding efficiency is relatively con-
stant for KC1l concentrations from 0.005 M to 1.0 M and for pH values
from 8.0 to 6.0. Nonspecific binding is enhanced at lower pH values,
so this condition should be avoided if possible. The assay has also
been performed with normal binding efficiencies in TM buffer and in

tryptone broth with the addition of 0.01 M NaN_ to suppress bacterial

3
growth.
(vi) Suppression of nonspecific binding by BSA: The BSA wash is

used to suppress nonspecific binding of radioactivity by absorbing
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BSA to reactive sites on the polyethylene that have not been occupied
by antibody or other serum protein and might otherwise react later to
bind nonantigenic radioactive proteins. It is apparent from Table 6
that BSA also reduces the serum binding efficiency by 30% but that
this 1s more than compensated for by a six-fold greater reduction in
the nonspecific binding. By washing the vials with BSA before adding
antibody we can show that these molecules are binding to the same
sites. In this case the binding efficiency is reduced to 3% of normal.
By preparing the vials with mixtures of BSA and antiserum this effect
can be used to lower the saturation point and range of the competition
assay for detection of lower concentrations of antigen.

Various molecular species were monitored directly for their
ability to bind to serum or BSA-coated vials. By way of comparison
the relative binding of ¢X to BSA-coated control vials is 0.04 of its
binding to the serum-coated vial (Table 6). However, if we consider
its nonspecific absorption relative to the total input phage counts,
it is only 0.008. In experiments such as that in Table 5 where the
binding efficiency of the assay approaches 90%, the nonspecific
absorption of ¢X approaches this lower limit. Purified E. coli DNA
and RNA bind at levels of 0.001T7 and 0.0005 if their input counts
respectively. Nonspecific absorption of proteins is much more variable
and dependent upon the source, ranging from phage-like values to
several percent (2 to 3 percent for leucine-labeled uninfected E.
gg;i). It is for this reason that non-serum controls should accompany

every determination of direct binding of antigen.
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(vii) Kinetics of phage binding to RIA assay tubes: Binding of ¢X
to the assay vial was measured as a function of time and the results
are presented in Figure 6. Maximum binding is attained between 24
and 48 h, after which time there is a slow reduction in the counts
bound, probably due to the gradual degradation of both phage and
antibody. Incubation at 4°C drastically lowers the rate of binding
and gentle agitation increases it by 20% over the same period.
(viii) Saturation level of the assay and preparation of standard
binding curves: The saturation point of the assay was determined by
incubating increasing concentrations of unlabeled ¢Xam3 with a
constant amount of 3H—labeled ¢Xam3 in standard vials and observing
the reduction in binding efficiency accompanying increasing phage
concentration. This procedure generates a binding curve that can
be employed in a competition type of assay for unlabeled antigens.
The curve presented in Figure T has a useful concentration range of
over two decades. This compares very favorably with the 1 to 1.5
decade range of the serum blocking power assay (10). The assay system
shows the first signs of saturation at 2.5 x 109 particles/ml and
binding efficiency has been halved at 1.0 x lOlO particles/ml. The
Packard and Nuclear Associates Vials yield very similar binding
curves.

Though the assay appears to saturate at 2.5 x lO9 particles/ml,
the maximum binding efficiency relative to the total input cpm is
only 0.12. On the other hand, the data in Table 5 indicate that a
binding efficiency of at least 0.6L4 is attainable when counting with

9

dioxane scintillator and an input antigen concentration of 1.0 x 10
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particles/ml. In this later experiment the counting conditions were
carefully controlled and all data monitored and corrected for quench-
ing. Thus, the greater binding efficiency indicated by this experi-
ment 1s probably the correct one. The maximum binding efficiency is
expected to be substantially below 1.0 due to the mass action equilib-
rium of the reactants and the finite association constant of ¢X

antiserum both with ¢X and presumably with the vial.
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TABLE 1

Suitability of BSA as a carrier for ¢X1T7hk proteins

A. Absorption of ¢X1T7h proteins to cellulose nitrate centrifuge tubes
as a function of BSA concentration

% of Input cpm
Recovered
(Bound and Unbound)

% of Recovered

BSA Carrier cpm not Bound

Final Concentration

SH~tdr 4o 1-1eu SH-tdr 4o 1-1eu

Untreated tube 0.0% 78 100 53 18
0.0% Th 100 T 28
0.001% T1 87 82 L2
0.010% 58 92 100 59
0.10% Lk 82 99 76

B. Absorption of ¢X1Th proteins to silane-treated shell vials as a
function of BSA concentration

% of Input cpm
Recovered
(Bound and Unbound)

% of Recovered
BSA Carrier cpm not Bound

Final Concentration

SH-tdr 4o 1-1eu SH-tdr 4o 1-leu

0.0% 61 81 6L 9
0.001% 82 66 86 41
0.010% 81 51 91 81

0.10% 58 L7 92 90
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LEGEND TO TABLE 1

Identical aliquots of the pooled fractions from under the
1148 and 111S peak of an experiment like that in Figure 8a (Results)
were incubated for 4 h in the presence of varying final concentrations
of BSA in 1/2" x 2" cellulose nitrate centrifuge tubes and 1/2" x 1-1/2"
glass shell vials silane-treated as described in the Methods. All of
the cellulose nitrate tubes except those designated as untreated had
been presoaked in 0.10 M-EDTA and then thoroughly rinsed in distilled
water before use. All counting was performed in Aquasol. Appropriate
standards were prepared for determining overlaps of the two isotopes.
The total input cpm were determined by adding the same aliquot used
in the experiments directly to Aquasol. At the end of the incubation
period the liquid contents of each tube and the tube itself were
counted separately and the sum of these count rates was taken as the
total recovery of input cpm. The percentage of recovered cpm that did
not bind to the tube was computed from the fraction of cpm recovered

in the liquid form compared to the total recovered cpm.
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TABLE 2

Typical triple label data and their reduction to H, C and P

Source of Data - Channel 1 Channel 2 Channel 3
Condition of
[Fig. No.|Fraction Rabe cpm |0/cpm|{ cpm |o/cpm| cpm |o/cpm
Group I
3(b) 18 Uncorrected! 110.4|.0k2 249.6|.028 {997.4 .01L
Corrected 63.5/.077 | 118.7]|.062 |977.3!.01L
2(4d) 19 Uncorrected | TOL6.6|.0053|2487.6].0090(889.2].015
Corrected 6618.3|.0057(2345.8]|.0097(851.2(.016
Bkg. I 16.2| . 025 14.0].025 | 19.2}.021
Group 11
L(a) 23 Uncorrected 602.8|.018 }1085.6|.014 [245.2}.029
Corrected 383.1{.030 |102k4.0{.015 {175.1}{.0L0O
2(c) 23 Uncorrected |23638.6.0029{5335.8|.0061|363.0{.023
Corrected 22737.8].0031|4k15.4].0083]116.7}.085
Bkg. II 12.3|.048 11.8}.0Lk9 13.0(.0LT
Two sets of standards were used for these computations. Set I was

used for the computations in Group I and Set II for the computations

in Group II. The channel overlaps for the standards are given below.
Overlaps
Standards Isotope
Channel 1 Channel 2 Channel 3
Group I fg 1.000 .00ko .000020
32C wd 2 1.000 .0079
P .011 .119 1.000
Group IT fH 1.000 .039 .000
320 .201 1.000 .053
P .0088 .196 1.000
lAll samples and standards were counted for 5 min. Group 1 back-

ground
TO min.

was counted for 115 min and the Group II background for
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LEGEND TO TABLE 2

Typical counting samples are taken from the triple label
experiments presented in the Results section, Figs. 2c, 2d, 3b, and
ha. Both the raw data and the computed values of H, C and P, along
with their fractional standard deviations, are presented. The
samples and standards in Group I are from neutral sucrose gradients
and were counted in Aquasol—H20 (9:1). The samples and standards in
Group II are from PDI-CsCl sedimentations to equilibrium and were
counted on Whatman 3MM filters after batch elution in 10% TCA. The
scintillator used was TL. Count rates were determined using a
Beckman Scintillation Counter. The corrected values H, C and P and
the standard deviations were computed by means of the TRIPSEP program.
All counting efficiencies were greater than 60% of their maximum

values under these conditions of sample preparation.
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TABLE 3

Counting characteristics of Aquasol-H O (10:1)
=4

% %Y Standard 140 Standard 82p Standard
Sucrose
in 51 Overlap to L Overlap to a2p Overlap to
Standard | erf. | l%*C $2p | off, | °H 32p | eff. *H Ty
0 .323 | .0029 | .00007 | .67T | .227 | .020Lk | .808 | .0139 | .118
5 .312 | .0022 | .00001 | .672 | .23 | .0102 | .803 | .01k2 | .122
15 .313 | .0020 | .00005 | .675 | .2k2 | .0119 | .808 | .01k2 | .122
25 .31k | 0024 | .00003 | .672 | .241 | .0108 | .803 | .01k43 | .123

LEGEND TO TABLE 3

To 10 ml of Aquasol and 1 ml of H20 in a scint<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>