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INTRODUCTION

The most basic of all homeostatic mechanisms is in all
probability DNA repair. A critical balance must be main-
tained hetween the rate of mutation ~ the chemical founda-
tion for evolution - and the need for stable genetic infor-
mation to provide the base on vwhich the change can occur.
The esscntial nature of genctic information and its
relative lack of redandancy make DNA particularly suscep-
tible to the potentially damaging influences of the intra-
cellular environnent. Lethal and mutagenic hazards are
many and varied. Heat, pH, chemicals and various forms of
radiaticn are responsible for a .continuocus and unavoidable
assanlt on the chronmosonsl naterial.

DEA damages may be divided into four basic categories:
strand breekace, base alterations, sugar damages, and
protein-DRA crossiinke (Cerutii, 1974). The ceffect that
a given danage will have is largely determined by how
fast and how efficiently the damage is repaired, if it is
repaired. Historically, the first indications that a gene-
tic repair process might exist are found in the ecarly cxperi-
ments of llollaender and Curtis (1935). They found that
ultravieclet light irradiation causied an extension of the
lag phase in the growth of bacterial cultures. During this
extended lag phasc the irradiated cultures initially in-
creased in viable counts, whereas the nonirradiated cultures
did not. The significince of these findings is underscored

by the carlier discovery that the action spectrum for ultra-



violet licght killing of bacteria corrcesponded to the ultra-
violet absorption spectrum of nucleic acids (Gates, 1928).

More concrete evidence for a heritable genetic repair
mechanism was provided by the finding that the relative re-
sistance to ultravioclet light demonslirated by bacteriophayge
T4 could be combined inte the morce sensitive T2 (L-ria,
1947). 1Interestingly, the initial interpretation was that
the wildtype state was one of hypersensitivity and there-
fore T4 was apparcently lacking the u gene that accounted for
this sensitivity (Streisinger, 195%6). This erroncous inter-
pretation was put to rest in 1963 when Harm (1963) showed
that killed T4 could confer resistance to T2 during coin-
fection; yvet when T2 was reexamined in the absence of the
killed T4, it again demonstrated the sensitive phenotype.

As investigations into the u-repaiy process were pro-
cecding, other worlkers were cxamining another apparent
repair process known as photoreactivation (Kelner, 1949;
Dulbecco, 1949). Kelner and Dulbecco's early studies
showed that the damaging effects of ultraviolet light could
be reversed by subsequent exposure to visible light.

Today the events of photoreactivation are known in
great detail. Although this repair system is apparently
limited to ultraviolet-induccd pyrimidine dimers, it is
simple and efficient. The photorecactivating enzyme binds
to the pyrimidine dimer, and in the presence of visible
light it absorbs a photon of the proper wavelength (510nm)

resulting in the clecavage of the dimer and the release of



the enzyme (Ruppert 1962 a and b). This type of repair is
very efficient and there is virtually no chance of error
(Witkin, 1976). The widesprecad occurence of the photo-
reactivating enzyne throughout the spectrum of organisms
demonstrates its cvolutionary significance. Yet, its
presence in extremely low concentrations, 10"5 of total
protein extract (Ruppert, 1974}, as well as its limited
substrate specificity (Rupprrt, 1960), clearly narrows the
effects that this repair process can have on overall
genetic maintenance.

The neced for a more versatile DNA repair process has
been met by excision repair. This enzymatic sgequence can
remove and replace a wide variety of damaged DNA sections
following the initial ircision (Sctlow and Carrier, 1966).
Despite potentially damaging events inherent in this repair
process (both endo and exonucleoclytic activities), the
restoration of genetic integrity occurs with a high degrce
of efficiency and fidelity (Witkin, 1966; wWitkin, 1969).
Incision presumably occurs on the 5' phosphate side of the
damaged basc, or at the 5' phosphate neighboring the
damaged base as has been demonstrated with enzymes isolated

from T4 (Friedberg and King, 1971), Micrococcus lutcus

(Kaplan et al., 1969) and FEscherichia coli (Braun and

Grossman, 1974), 'The nick that is produced serves as a
substrate for 5' to 3' exonuclcasc action that in turn

removes the damaged DNA sccotion. In Escherichia coli the

5' to 3' nuclease activitly of pol I and an indcpendent



exonuclcase, exonuclease VII, have been found to be capable
of this rcaction (Kelly et al., 1969; Cooper and Hanawalt,
1969; Glickman, 1974; Chase and Richardson, 1974). DPol I,
IT or III can repolymerize the gap that has been thus
created. Upon completion of repair synthesis the nick that
remains may be sealed by DNA ligase (Howard-Flanders and
Boyce, 1966}, Interestingly, the initial incision products

are also substrates for ligase action. In Escherichia coli,

the potential competition between the repair nuclease
activity, and the prevention of this activity by ligation,
has been eliminated by the apparent inhibition of ligase
action by the uvrC gene product under repair conditions
(Seeberg and Rupp, 1975).

The successful purification of many proposed excision
repair onzymes has provided a means fur reproducing sone of

the repair processes in vitro. The uvrA gene product has

recently been purified from Lscherichia coli (Braun et al.,

1974). It is an endonuclease activity that acts specifi-
cally on ultraviolet light-induced DNA damages. This
finding was no surprise as the uvrA mutants were isolated
by virtue of ultraviolet light sensitivity and were shown
to be incapable of dimer excision (Howard-Flanders et al.,
1966). More recently, however, Seeberg (1978) has shown
that the dimer-specific cndonuclease.associatod with the
uvrA gene requires both the uvrl gene product and ATP in
order to function. The T4v gene product (Harm, 1961}, is

produced early during infection (Friedberg and King, 1971),
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and codes for an ultraviolet-specific endonuclease, endo-
nuclease V, (Friedberqg and King, 1971; Yasuda and
Sekiguchi, 1970}.

Purified repair enzymes have been used to successfully
restore the biological activity of damaged DNA (Hamilton ct

al., 1974), Ultraviolet-irradiated Bacillus subtilis DNA

was incised with the MicroQQgcun Iuteuvs ultraviolet endo-

nuclease. Subsequently, the 5'33' exonuclease activity of
Pol I excised an oligonucleotide which included the pyrimi-
dine dimcer. fThe latter enzyme was also used for the repoly-
merization of the removed nucleotides. The final ligation

step was carried out by Escherichia coli polynucleotide

ligase, and successful repair was measnred by transforma-
tion. When transforming activity had been reduced as much
as sixty percent by ultraviolet light irradiation, recpair
was observed. Higher doses created damages that could not
be repaired, presumably because incisions within a critical
distance lcad to the production of double stranded breaks.
Clearly, despite the apparent risks involved with excision
repair, genetic restoration occurs with a high degrec of
accuracy in vitro.

Recenlly, additional endonucleascs have been discov-
cred that are specific for damages other than those induced
by ultraviolet light. Enzymes apparcntly specific for
apurinic DNA damages (Verly and Paquatte, 1972), for x-ray-
induced lesions (Strpiste and Wallace, 197%), and for gamma

ray=-induced lesions (HLariharan and Cerutti, 1975) have boon



described. How many of these various activities represent
distinct enzymes has not been delermined.

The vital nature of excision repair has been demon~
strated not only on a molecular level, but also at thc
hurpan clinical level., Xeroderma pigmentosum is a rare auto-
somal recessive disease which results in a very hiagh suscep-
tibility to ultraviolet light-induced skin cancers. All of
the complementation suburoups found among individuals suf-
fering from this disease have becn characterized by an
inabhility to excise pyrimidine dimers (Cleaver, 1968). The
defect appears to be at the incision step (Setlow ct al.,
1970)., Other disecases that have been associated with
repair deficicency include Fanconi's anemia (Sasaki and
Tonomura, 1973; Finkelberg et al., 1974; Poon et al., 1974),
Ataxia telangicctasia (Higurashi et al., 1973) and progeria
(Epstein et al., 1973).

Recombination repair wes the third repair process to
be elucidated. The precise molecular events that are re-
sponsible for this mode of repair have not yet been defined.
Clearly this problem is a reflection of the difficulty that
has been experienced in unraveling recombination itself.

The ultravioletl light scnsitivity of recombination defi-
cient Escherichia coli and bacteriophage T4 mutants gave
the first hints of a conservational aspect associated with
genetic exchanges. Howard-Flanders first suqgested that
intact chromosomzs c¢ould be constructed from ultraviolet

light~damaged DNA ia the ubsence of excision repalr or



photoreactivation via the cxchange of sister chromatids
(Howard-Flanders, 1868}. It was postulated (Howard-
Flanders, 1968) that replication could proceed past a dimer
but that when this occurred a qgap was left opposite the
dimer. In prokaryotes these gaps have becen subscquently
found to be between 500 and )000 nvcleotides in length
{(Iyer and nupp, 1971}). The correlation botween the size
of ultraviolet light-induced replication gaps and the size
of Okazaki pieces rcesulting from the discontinuous mede
by which DNA is synthesized (Sugimo and Okazaki, 1972),
suggests that in fact the gap lcngth may be detecrmined
by the distance from the dimer to the ncxt initiation site
for the subsequent Okazaki piece (Hanawalt, 1975). The gap
with its associated free ends and single-stranded region
has been inmplicated in the initiation of recombination
{Rupp et al., 1971). The efficiency with which recombina-
tion is induced by this physical condition is remarkably
high. Rupp et al., (1971) have shown, using a density label
as a DNA marker, that one recombinant molecule can be detec-
ted for every dimer beyond which replication has procceded.
Along similar lines, Shahn (1968) has shown that ultra-
violet irradiation increases the number of fragments from
irradiated parental phage that could be recovered in pro-
geny from unirradiated phage during mixed infection.
Further confirmation of the recombinational repair
model is scen when tie effcets of bi“unctional alkylating

agents such as mitowyaoin and psoralen are considered.



Recombinational repair seems to be initiated after coxposurce
to these drugs by a double clcavayge on one strand of DNA
such that the damaged base on that strand is excised. The
damaged nucleotide, however, remains attached to its com-
plement by the bifunctional agent. Once the recombino-
genic gap has led to genetic exchange, the other damaged
strand may be repaired by conventional cxcision repair
(Cole, 1973).

The complementary action of excisicen and recombination
in repairing DNA damages causcd by bifunctional alkylating
agents has been nicely demonstrated in bacteriophage lambda
(Howard-Flanders et al., 1974). Free phage werc treated
with psoralen plus ligyht and then the demaged phage were
used 1o infect bacterina that were carrying an untrecated
honmoimmune phage. Recombination frequencies were found to
be dependent on the presence of the uvrhA/uvrB gene products.

Additional complexities of the recombinational repair
process are revealed upon examining the mutational sub-

groups that affect recombination and repair in Escherichia

coli. The recA function appears to play a crucial role

in recombinational repair in Escherichia coli (Howard-

Flanders and Theriot, 1966; Clark and Marculies, 1965). A
number of phenotypes have been associated with rech mutants.
Some of the ovbvious ones include sensitivity to ultra-
violet light and to x-irradiation (Clark and Margulies,
1965; Howard-Flanders and Theriot, 1966}, the "rec less"

degradation of DNA aftcer ultraviolet irradiation, (Clark



and Chamberlin, 1966) and the inviability of mutants that
lack both the recA and DNA polymerase I activities (Monk
and Kinross, 1972). |

The rccBC mutations affect the same pathway as those
of rech, The recBC mutants, however, exhibit less of an
effecct on vecombination and repair than do the recl mutants

(Howard-Flanders and Boyce, 1966). The recBC mutants

appear to lack a multifunctional nuclease, exonuclease V
(fomizawa and Ogawa, 1972). The conplexity of this enzyme
has tended to compound rather than simplify the formula-
tion of a working model for recombinational repair. An ATP-
stimulated exonuclease activity that acts on both single

and double stranded DMA, an ATP-stimulated endonuclease
activity that acts on closed single stranded circles, and

a DNAa-dependont ATPase activity have been attributed to this
enzyme (Oishi, 1969; Goldmark and Linn, 1970). The recBC
pathway is dependent on the rechA éene product [Hori and
Clark, 1973), as well as exonuclease I (Kushner et al.,
1971). The latter enzyme is coded for by the sbeB locus
(Kushner et al., 1971, 1974; Yajko, 1974). When exonuclease
I is missing and the recBC pathway is not functioning,
another recA dependent pathway, that of recl, can be detec-
ted (lori and Clark, 1973). Supportive evidence for this
recently discovered pathway is found by analyzing the ultra-
violet light survival curves of these mutants. The
recBCrecF double mutants exhibit additive sensitivities when

o T

comparced to the cingle mutants (Brendel and Hayes, 1973).
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Recenlly a novel form of repair that is depaendent on
the rechA gene product has been reported. It appcars that
single strand gaps that arc not repaired by the other repair
processes lJead to tho induction of what has come to be
known as the SOS repair pathway (Detais et al., 1971;
Radman, 1975, and Witkin and George, 1973). Althovgh of
minor importance in terms of the amount of repair attribu-
ted to this pathway, all ultraviolet light~induced muta-

genesis in Escherichia coli and bacteriophage lambda

appears to be due to the error generating events inherent
in S80S repair (Witkin, 1976). The nature of the biochemi-
cal processes that are responsible for this repair path-
way are unknown, however, a "long patch" excision repair
and a chloramphenicol sensitive postreplicative repair
ceems to be involved (Sce Witkin 1976 for review).

The preccise biochemical function(s) of the rechA gene
product remain unclear. The universal involvement of rechA

in all forms of recombination found in lischerichia coli

has pointed up the need to understand what the recA gene
product do=s. Recently there has been some succesz along
these lines. McEntce et al., (1976} have been able to
purify the recA protein using a radiochemical assay and
polvacrylamide qgels. Little and Kleid (1977} have iden-
tified the recA protcin as being the X protein that is
induced by various factors that damage DNA. Additional
evidence has recently demonstrated that the tif mutation,

which yiclds constitutive sypniheeis of the 80§ functions,
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is the result of an altered rcchA gene product (Gudas and
Mount, 1977). Perhaps most interesting is the finding

that the recA protein inactivates phage A repressor via
proteolytic cleavage (Roberts ct al., 19783) thus explaining
the role of the recA protein in prophage induction and
providing a model for its other functions.

The aim of this investigation is to help define rccom-
binational repair in bacteriophage T4. The obligatory
intermeshing of replication and recombination in 74 is
evidenced by the many mutants that affect both processes

l., 1963). The dectails that are known with

-_—

(Epstein ct

——

respect to DNA replication in T4 and the link to recom-

bination suguests that recombinational repair in TA may in

fact be more complicated than that found in Escherichia

coli.
T4 DNA replication begins soon after infection.
Kozinski has detected DNA synthesis as carly as 2 minutes
after infection using equilibrium density gradient centri-
fugation analysis (Kozinski and Kozinski, 1967). A pro~
tein-directed attachment of DNA to membrane has been con-
vincingly demonstrated with the use of specific isotopic
labels for DNA or membrane by 3-4 minutes after infection
(Miller, 1972).- By 5-6 minutes after infection the addi-
tional of BrdU creates a shift in density of the parental
DNA (Carlson, 1974). At this stage of development, e¢lec-

tron microsconic cxperiments have demonstrated that DNA

initiation occurs at internal sites on the parental
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molecule and procreds bidirectionally from several initia-
tion points to producce eye forms with displaced 3' ends
extending a8 whisters (Delius et al., 1971). At 7-8
minutes aficr infection in the prescnce of a density label
truce hybrids are found, that is, there are no conserved
parental molecules and no ~omplete progeny (Emanuel, 1972).
Dis exomined on neutral sucrose gradicents after 7-8 minutes
cf infection is found to be approximately 1/5 the size of
the parental molecules (Miller, 1975). Interestingly, this
is the size that corresponds to the distance betwecn
initiation points (Miller, 1975).

After 8 minutes of infection parental DNA acquires
single-stranded nicks (Koziuski and Kozinski, 1967} which
is apparently the first step in the T4 recombination pro-
cess, (This nicking also coincides with the transition
to late gene transcription). Nicking is followed by the
formation of gaps created by the nuclease activity that
is directed by genes 46 and 47 (Prashad and Hosoda, 1972).
In the presence of DNA binding protein, the gaps allow for
the jformation of noncovalently linked recombinant mole-
cules (Tonizawa et al., 1266}. The noncovalent "joint"
noleculaes nre converted to tru recombinants by T4-
indurad BNA volymerase and polynucleotide ligase (Anraku
and Lehan, 1269)., Tt ig the latter step that is presuma-
bly respoutiole fer the formation of concatemeric lengths
cif sinale of sundod BNAL

Feao noced pharje poackaging to occur, the concatemers
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must be chopped into phage lengths. Since the amount of
DNA in T4 bacteriophage is longer than necessary to include
a single copy of each T4 qgcne, the cutting into headful
lengths generates a terminally redundant, circularly per-
muted genome (Streisinger, 1956), Mutations in gene 49
lead to an abnormally large accumulation of fast sedincon-
ting DNA molecules (Frankel et al., 1971) suggesting that
the gene 49 protein is responsible for cutting the DRA into
headful lengths, Extracts from these mutants are found to
be lacking an c¢ndnmnuclease activity.

There arc two classcs of mutants in T4 that affect
recombination. Mutants that appecar to involve the replica-
tion process directly are lethal and result in either no
DHA synthesis, as is the case with mutants in genes 30, 32,
41, 43, 44, 45 and 62 (Epstein et al)., 1963), Mutants
that result in an abrupt cessation of synthesis early in
the infective cycle are known as DNA arrest mutants
(Epstein et al., 1963), and include genes 46 and 47
(Epstein ct al., 1963). The nonesscntial genes (not lethal)
that affcct recombination include genes x (Harm, 1964), y
(Boyle and Symonds, 1969), 1206 (Maynard-Smith and Symonds,
1973), w and 58 (lamlett and Berger, 1975).

The accumulation of biochemical and genctic evidence
has revealed aspects of the roles played by the essential
gene products in T4 development. For example, the goene 32
protein binds in stoichiometric amounts to single-sitranded

DNA and appeary to aid in denaturing the DNA ahcad of the
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replicating fork (Alberts and Fry, 1971). The gene 32
protein is also apparently capable of a direcl interaction
with T4 DNA polymerase (Hubcrman et al., 1971)., Additional
insights into the nature of the genc 32 activity has been
elegantly demonstrated by Mosiqg and Rouck (1976). They
found that the C-terminal dowain of thoe protein protects

T4 DNA from degradation by the nuclease activity that is
conltrolled by genes 46 and 47. The protcctive ability of
the binding protein was clecarly demonstrated by the relative
lack of DNA degradation in double mutants of qenes 32 and
46. Interestingly, in the absence of genes 32 and 46, as
well as the host recBC genes, no DNA degradation was
detectable.

The above findings also help to clarify to some extent
the vital role played by the geres 46 and 47 nuclease
activity. The enzyme activity controlled by genes 46 and
47 is multifunctional. It consists of a nuclease activity
that is responsible for the breakdown of host DNA and thus
provides DNA precursors for the developing phage via sal-
vage pathways(Wiberg, 1966). The nuclease activity that is
controlled by the 46-47 gene products also is necessary for
the normal developmental processing of T4 DNA (Shalitin
and Kaban, 1970). f%The precise molecular events involved in
development are unknown. 1In the absence of the gene 46
and 47 product, phage DNA synthesis abruptly ceases about
12 minutes afler intection (Ipstein et al., 1953; Shah and

Berger, 197)).



Sucrose density gradient analysis of the DNA in
mutant-infected cells indicate that they do not form normal
concatemeric DNA (Shalitin and Naot, 1971). In addition,
the DNA from these mutant~infected cells scems to separate
prematurely from membrane complexes (Shah and Berger, 1971;
Hosoda et al., 1971). This latter finding, however, may be
inaccurate, since the technigue (M-band isolation) from
which the information was derived, has since been found to
be less specific than originally sunposed (Xemper and Janz,
1976). Interestingly, the addition of chloramphenicol to
cells infected with gene 46 and 47 mutants early infection
can reverse the DNA arrest phenotype. Most other charac-
teristics that are associated with these mutants, arc
however, not reversed (Hosoda et al., 1971; Shah and
Berger, 1971; shalitin and Naot, 1971; Wu et al., 1972).

Mutants of gene 59 arc also of the DHA arrest type
(Wa et al., 1972}. They cxhibit the same phenotypes with
respect to phage DNA synthesis as mutants of genes 46 and
47, but they mop at a dififerent location (Epstein et al.,
1963). Despite many similarities between qgene 46 and 47
mutants and the gene 59 mutants, these DNA arrest mutants
apparently act along different pathways. The multiple
mutants exhibit cumulative effects with respect to recom-
bination. As was the case with mutants of genes 46 and 47,
the additicn ol c¢hloramphenicol carly in infection can
prevent the DNA arrest phenotype. Rescue of DNA synthesis

by this techniaue does noi increase recombinatlion or repair



16

of damages induced by ultraviolet light or alkylating
agents (Wu ct al., 1972).

Gene 58 mutants are of the DNA delay type and exhibit
increased recombinalion (Yegian ct al., 1970). Mutations
in gene 58 apparently cause a defect that involves the
same pathway as the x and y wutants (Hamlett and Berger,
1975). The complexities that have hindered an understand-
ing of the molecular events of recomhination are seen upon
examining the sediwentiation profiles of gene 58 or T4w
mutants (Hamlett and Berger, 1975), since despite the
obvious diffcrences between these two phage types with re-
spect to recombination and to patterns of DNA synthesis,
they both exhibit abberant formation of concatemeric DNA
lengths. The DNA of the w mutants is slightly shorter than
mature phage length when examined on alkaline sucrose
gradients (llamlett and Berger, 1975), while the single
stranded DNA lengths found in cells that are infected with
gene 58 mutants are even shorter than those found in cells
infected with the w mutants. Unlike the w mutants, the
gene 58 mutants are able to very slowly form longer single
stranded DHA lengths and by 40 minutes after infection
there are indications that some concatemers have formed
(Hamlet: t and Berger, 1975).

The LNA synthetic properties of T4x and T4y have not
been thovouglily investigated. The point mutant T4x was the
fivet nonlcthal recombination deficient mutant to be isola-

ted (Uarm, 1963), Boyle and Symonds subsequently isolated
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T4y on the basis of its ultraviolet sensitivity (1969), The
lack of additive ultraviolet sensitivities in the double xy
mutant first sugqested that these two mutants were involved
in a common repair pathway. This pathway was also shown

to be distinct from the v-gene pathway, since the xv and

yv double mutants are more ultraviclet sensitive than are
the single mutants.

Similar investigative reasoning led Maynard-Smith and
Symonds to examine functional survival of ultraviolet
light-irradiated genes involved in DNA synthesis in the
presence: or absence of the y gene (1973). The results
indicated that all the genes needed for DNA synthesis are
also required for y-type repair. In other words, early
gene survival after ultraviolet light-irradiation was
independent of the y gene. These results, however, must be
interpreted with caution. They are only valid if the y
gene product functions prior to the expression of the other
genes being tested. There is no evidence to show whether
or not this is the case.

In addition to ultraviolet light sensitivity and recom-
bination deficiency, T4x (Marm, 1964} and T4y (Boyle and
Symonds, 1973} have been shown to be sensitive to gamma
rays (Boyle and Symonds, 1969}, and x-rays (Wallace and
Melamede, 1972). 'T4x, y and w are also sensitive to alky-
lating agents (Lrake et al., 1973, Hamlett and Berger,
1975). Both the DNA synthesizing ability and burst size

of TAx has boen found Lo be sensitive to mitomycin C
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(Shimizu and Sekiguchi 1974). A modified form of exci-

also be acting on mitomycin-induced damages in T4. Genetic
analysis has shown that tho repair mediated by x, y and
1206 is error prone {Drake, 1973) and readily lcads to
mutation induction.

Clearly, despite the many phenotypic traits associatced
with x-y repair, there is a tremendous void with respect to
knowledge of the physical factors that are responsible for
these traits. In rccent work, Wakem and Ebisuzaki (1976)
have shown that the X and y gene products are necessary
for normal concatemer produciion. These observations do
indicate the x-y pathway as a postreplicative recombination
repair process. It may, in fact, be analogous to the rec

pathway in Escherichia coli. Whether or not the analogy

is accurate remains to be scen. There are many fundamental
differcences in the replicative processes of T4 versus

Escherichig coli. The intimate involvement of recombination

in T4 DNA synthesis is the most obvious one.

Recenitly, Dewey and Frankel (1975) have isolated a
class of mutants that are capable of suppressing the
lethality associated with gene 49 mutants. In addition,
these suppressors eliminate the fast sedimenting DNA that
is characteristic of gene 49 mutants. Hence, the suppres-
sors were numed {ds or fast scdimenting DNA suppressors,
Intcerestingly, the nuclease activity that is lacking in

gene 49 mubtants Is not restored by the fds suppressors.
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More interesting, however, are the map locations of the

two fds mutants thus far isolated. FdsA is located be-
tween genes 41 and 42; the samc place that T4x maps.

FdsB is located between genes 24 and 25; the same place that
T4y maps. Conkling and Drake have now shown that fdsA and
£dsB arc in fact the same as T4x and T4y (perscnal communi-
cation).

In conclusion, it may be seen that although the x and y
gene products are not necessary for successful T4 replica-
tion, these proteins do appear to play a role in the normal
processing of T4 DNA. It is possible that neither T4x nor
T4y is completely devoid of its wildtypce activities, hence
they both appear to determine non-essential gene products.
This possibility does not seem likely, especially since T4y
is an amber mutant and is not ag likely to produce a
partially functioning protein as is T4x, which is a non-
terminating point mutant. The roles that the x and y gene
products play in T4 development are poorly understood. The
elucidation of how and when these proteins function is the
focus of the investigation to bz presented.

In the initial experiments, the involvement of the x
and y gene products in T4-directed DNA synthesis and the
effects of LUNA~damaging agents (ultraviolet light, x-rays,
and mitomycin C) on DNA gynthesis in mutant-versus wild-
type-infected cells were studied. The reduced mutant-
directed DNA synthesis that could be demonstrated under

appropriate conditions then served as an assay for the
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presence oy absence of the x and y gene products.

The use of rifampin and chloramphenicol which inhibit
transcription and translation, respectively, provided a
means by which these activities could be examined for the
x and y gene products. The phenotypes of the x and y
mutants that were derived from thce above experiments were
subsequently correlated with the physical state of the T4-
induced DNA via the use of both neutral and alkaline
sucrose sedimentation analysis. In all, the expcriments
provide insight into the nature of T4-directed DNA synthesis,
recombination, and repair suggesting some possible functions

for the x and y genes.
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MATERIALS AND METHODS

Bacteria and bacteriophage

Escherichia c¢oli B and ra*t (T4D) were originally sup-

plied hy A. Docrmann. T4v, derived from T4D, was obtained
from W. Harm; T4y, derived from T4D, was obtained from J.
Boyle; and T4px, which was originally isolated as T4x by W.
Rarm from T4D, and extensively backcrossed to T4B by J.
brake, was obtained from him.
Chemicals

Methyl—H3thymidine (63.8 ci/m mole) and thyminc 43
Ci/m mole was purchased from ICN. Milomycin C, rifampin
and chloramphcenicol were purchascd from Calbiochem and
fresh agqueous solutions of the antibiotics were prepared
before each experiemnt (usuvally 1 mg/ml). Concentrations
of mitomycin C were determined by using an E%zonm of 740
(Merck Index 1976). Mitomycin C experimcnts were per-
formed under dim light due to the light sensitivity of this
chemical,
Media

Slants for bacterial cultures contained per liter
final volume: 10 grams Bacto tryptone, 8qg Racto agar, 3qg
glucose, 8g NaCl, 2g sodium citrate. Overnight cultures
were prepared in Hershey broth (H broth) that contained in
grams per liter of final volume: 8 nutrient broth, 5 Bacto
tryptone, 1 glucose, 5 Nat'l. Diluting fluid contained in

grams per liter final volume: 5 Bactotryptone, 5 NaCl and

2 K Hro

2 Plating agar contained in grams per liter final

4°
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volume: 13 Bacto tryptone, 12 Bacteo agar, 1.3 glucose,

8 NaCl, 2 sodium citrate. Top layer agar contained in grams
per liter final volume: 10 Bacto tryptone, 6 Bacto agar,

3 glucose, 8 NaCl, 2 sodium citrate. Supplemented M9 media
contained per liter {inal volume: 100 ml 10x M2 salts, 40
ml of 20% (W/V) glucose, 10 ml 0.1 M MgSOd, 10 ml NP.01 M

CaCl and 50 ml of 20% {(W/V} Difco casanino acids. 10x M9

2!‘
salts contained in grams per liter final volume: €0

Na,HPo 30 KH,PO

2 4 2°74'
tin buffer (yel buffer) contained in grams per liter of

5 NaCl, and 10 NH4C1. Phosphate gela-

HZO: 3 Nazﬂpod, A

7 HZO’ 0.01 gelatin, and 0.013 CaCl

autoclaving. {(Adasms, 1972).

1.5 KH2P0 5 NaCl, 5 K,S0 0.25 MgSO

27747 4’

2 that was added after

Preparation of bacteria and bacteriophage

Overnight. cultures of Escherichia coli B were prepared

by incubation at 37°C with acration in H broth. Daily cul-
tures were prepared by a 100 fold dilution of the over-
night stationary phase cultures into supplemented M9
medium. The bacteria were then incubated at 37°C with
aeration until they reached a concentration of 2 x lOs/ml.
Bacteriophage stocks were prepared by eluting con-
fluent plates and subjecting the lysates to differential
centrifugation. The phage gtocks were stored in gel buffer.
For some experiments, phage were further purified by sucrose
gradient sedimentation,

Cells wverce lysed for both nentral and alkaline sucrose



23

gradients by adding to the 0.3 ml reaction volume an equal
volume of lysis mix, and immediately icing the mixture
after gentle hand mixing. The 0.3 ml lysing mix contained
2 mg/ml of freshly prepared lysozyme and 0,05 M EDTA.
After 15 minutes on ice, 0.066 ml of 10% Brii 58 was added
(Baxry et al., 1973). The samples were left on ice for

an additional 10 minutes before loading onto the sucrose
gradients,

Sucrose gradients

Neutral 5-30% sucrose gradients contained 0.02 M Tris
ECL pH 8, 0.1% sarkosyl, 1 m1 EDTA, and 0.15 M NaCl. Gra-
dients (4.6 ml) were made three at a time using an LKB
Multiperpex pump. The gradients were formed on top of a
0.4 ml pad that contained 20% sucrose dissolved in Angio-
Conray (Malinkrodt). 0.2 ml sawples were loaded along with

0.02 ml of 14

C labeled intact marker phage which scediments
at 10005, The gradients were spun for either 30 minutes
or 1 hour, as indicated in the figure legends, in a Beck-
man Model L ultracentrifuge at 17,000 rpm. Either a six
bucket Sw 50.1 or a three bucket SW 50L rotor was used
(Hosoda et al., 1971).

Alkalinc sucrose gradients were prepared as above, but
contained 5-20% sucrose, 0,01 M EDTA, 1 M NaCl, and 0.1%
sarkosyl over the Angic~-Conrvay pad. The gradients con-
tained enough NaOli to give a pli of 12.4. One tenth ml of

0.35 M NaOll was layered on the qradient, followed by the

addition of 0.02 ml 14C markoer yphage and 0.2 ml sample,
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Alkali lysis of intact phage produces intact single strand-
ed phage langths of DNA.  The sample layer was then gently
mixed with a disposable pipet tip. The gradients were
centrifuged in the same rotors as uscd for the neutral
gradients and spun for 2 hours at either 30,000 or 35,000
rpm as indicated in the Ffigure legends (Hosoda et el.,
1271), S values werce determined by ?l = ;l {D = distance).

b, 2

Irradiation

For ultraviolet irradiation, a 30 ul phage suspen-
sion in gel buffer (0.5 to 1 x lOll/ml) was irradiated by a
General FElectric 15 W germicidal lamp (G 1578), powered
through a Scla constant-voltage requlator, and filtered
through a quartz-glacial acetic acid filter, The dose
rate determined as described previously was 0.35 Jm_z/
second. {Wallace and Melamede, 1972). Under the above
conditions, the 037 for T4+ is 8 Jm-z.

For X-irradiation, a 200 ul phage suspension in 5X
citrate broth (1 to 5 x 1010/m1} was irradiated by a
Picker X-ray source with a beryllium window. A setting of
60 kVp and 20 mh delivered a dose rate of approximately 90
Krads/min. as determined by foerrous sulfate dosimetry,

Under the above conditions, the D for TA+ is 45 Krads.

37
Incorporation of Labcled DNA Procursors

Log phase Escherichia coli (0.2 ml) at a concentration

of 4 x 10%/m1 were added to 4 ul of 1 x 10}1/ml phage. ALl

reactior mixes were brought up to final 0.3 ml volumes with
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M9 medium. Labeling was carricd out-at a final concen-
tration of 0.12 ug/ml or 25 ug/ml thymidine, or 25 ug/ml
thymine., At the low thymidine concentrations, phage werc
adsorbed at 37°C and transferred to 20"C 1 minute priocr

to labeling (33 uCi3H/O.12 ug thymidine/ml or 33 uCi3H/0.16
vq thymidine/ml). After a 4 minute adsorption period,
incubation was continued at 37°C.

In each of the above experiments, 20 ul samples col-
lected on Vhatman GFA filters, They were immediately pre-
cipitated batchwise in 10% trichloracctic acid (TCA), washed
batchwise with %% TCA, and then with 95% ethancl. After
drying samples were counted in the scintillation fluid
described below.

In experiments involving the use of rifampin, chloram-
phenicol, or mitomycin C, the drugs were added at the time
and concentration indicatcd in the text,

Sample collecting and counting

Samples were collected from the bottom of the gradients
by means of capillary tubes that were lowered into the
centrifuge tubes. Fractions were collected from three
gradients simultaneously onto 2.4 com Whatman GFP/A disks.

The disks were then stacked in beakers of 10% TCA, and
filtered in groups of approximatcly 20, The filters were
first washed with 2 ml of 5% TCA followed by 15 ml of
ethanol. The disks were then dried in a 37°C oven over-
night and counted the following day using an ambient

temperaturce scintillation countoer made by Beckman. The
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scintillation fluid used was either Aquasol (New England

Nuclear} or lLicguiscint (National Diagnostics).
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RESULTS

A number of the phenotypes which are associated with
T4x and T4y nutants including decreased recombination
frequency, decreased burst size ahd increcased sensitivity
to ultraviolet light could be due to abnormalities in the
DNA metabolism of thesce mutanis. Furthermore, the genetic
correlation and temperal coincidence of DNA synthesis and
recombination during T4 infection suggests a mutual inter-
dependence. In order to find the suspected involvenent of
the x and y proteins in T4~dirccted DNA synthesis, thymi-
dine incorporation was examined in wildtype- and mutant-
infected cells.

DNA synthesis measured uvnder conditions of linear
_— 2L M
Ancoiroration

DNA synthesis in T4+4-, T4x-, and Tdy-infected cells
was measured by the incorporation of tritiated thymidine
into the acid-insoluble fraction. TFiqure 1A shows that the
rate of incorporation of this label is reduced in Tdx- and
y-infected cells to about 70% that of wildtype. Similar
relative rates of incorporation were obtained for Té4x
using 3H thymine (Fiqure 1B). We have consistently ob-
served a 20 to 30% reduction in the DNA synthetic rate in
the mutant-infected cells compared to wildtype infected
cells when incorporation was measured with labeled thymi-
dine or thymine at concentrations of 15 ug/ml or greater,

Becausc of the role of the x-y pathway in DNA repair,

the DNA synthetic capacity of Td-infected cells after ultra-
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vioclet or x-irradiation to the phage was examined. Both
ultraviolet and x-irradiation produce a lag and a reduced
final rate of DNA synthesis as measured by the incorpora-
tion of hiyh concentrations of thymidine (20 ug/ml) in both
wildtype- and mutant- (incluvding T4v) infected cells (Fig-
ures 2 and 3). When the final slopes of the lincar portions
of the DNA synthesis curves obtained by measuring incorpo-
ration of 3H—thymidine, are compared at different dosecs,
the results shown in Figure 4A and B are obtained. The
rate of DNA synthesis induced by T4dv is ultraviolet-
inactivated ('igure 4A) at a slightly greater ratc than
that of wildtype or T4x; while that of T4y is inactivated
at a lower rate. Shiwmizu and Sckiquchi (1974) observed
that DNA synthesis in Td4x-infected cells was sensitive to
ultraviolet light. However, they were comparing DNA synthe-
sis after irradiation to zero dose T4x controls which
showed no synthetic difference from wildtype cells., In
contrast, in the present studics, the zero dose controls
alrcady exhibited a 30% deccrcased synthetic rate compared
to wildtype-infected cells. Thus, the discrepancy appears
to lie in the measurement of DNA synthesis, not in relative
ultraviolet sensitivity.

It might be expcctced that the kinetics of label incor-
poration into DNA after irradiation are complex. After
irradiation, excision repair synthesis should precede
replicative cynthesis, and the reocombinational repair com-

ponent: of thoe latter might be axpanded., The total
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measurcment would include all three. Since 3+-induced
excision repair appcears to occur prior to replicative syn-
thesis (Sato and Sekiguchi, 1976), one might expect the
increased ultraviolet sensitivity of T4v DNA synthesis as
has been observed here and clsewhere (Ebisuzaki, 1966). On
the other hand, if excision repair is expanded in the
absence of x-y recombinational repair, one might expect

a decreased radiosensitivity of DNA synthcsis for the x and
y mutants as was shown above.

Figure 4B dcmonstrates that the DNA synthetic capaci-
ties of TAx and T4y appear to be slightly less sensitive to
inactivation by x-irradiation than wildtype. Thus, as
found after ultraviclet irradiation, the absence of recom-
binational repair makes DNA synthesis more resistant to
x~irradiation.

Figure 4C shows the effect of mitomycin C, a bifunc-
tional alkylating agent (Iyer and Szybalski, 1963}, on the
DNA synthetic capacity of T4+-, T4x~, and T4y-infected
cells. It should be noted that in contrast to the above
experiments where the frce phage are irradiated, in this
case phage-~bacterium complexes were exposed to mitomycin C
throughout infection. Although this drug affects wildtype
DNA synthesis at higher doses, it is a more potent inhibi-
tor of T4x- and y-induced DNA synthesis. Further, Figure
5 shows that Tdx and y are also moro sengitive to mito-
mycin C when viability is measured. Shirmizu and Sekiguchi

(1974) have shown T4y-induced DNA synthesis and average
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burst size to bec sensitive to mitomycin C. It is inter-
esting to note that the original studics of Sekiguchi and
Takagi (1960), which compared the sensitivity of DNA syn-
thesis to mitomycin C of uninfected cells to Té4-infected
cells, showed that although DNA synthesis in T4-infected
cells was recistant to mitomycin C compared to host DNA
synthesis, the resulting phage were not viable,

DNA synthesis measured by high specific activity pulses

In ordcr to pinpoint more clearly the time during the
infective cycle at which the alteration in DNA synthesis
in T4x- and y-infected cells appears, high specific
activity thymidine was administered at various timcs after
infection, and the acid~insoluble fraction measured. Cells
were infected at 37°C, placcd at 20°C one minute before
addition of 3H thymidine, and subsequently samplced every
fifteen seconds., The results of such an experiment are
shown in Figure 6. As can bhe scen, incorporation of label
proceeds at the same rate in T4+-, T4x-, and T4y-infected
cells until 12 minutes after infection at which time
incorporation in the mutant-infected cells decreases drama-~
tically. This phenomenon was more closcly examined in cells
infected and maintained at 20°C. For example, Figure 7
shows that incorporation of label at 20°C in wildtype-
infected ce¢lls continues to increcase at least until 60
minutes after infection, while in TAdx- and T4y-infected
cells the rate of incorporation increcasces until 45 minutes

after infection and then decreases by 60 minutes after
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infection., Figure 8 shows the incorporation of tritiated
thymidine (65 Ci/mmole, 0.12ug/ml, 37°C) in T4%-, T4x-,
and Tdy-infected cells that are either amber suppressor
positive (E. coli CR63) or amber suppressor negative (E.
coli B). Clearly, the amber y phenotype is suppressed in
FE. coli CR63, whereas 'I‘4+ and T4x are unaffected. The
reason that suppressed T4y synthesis is greater than UM
is unknown, however, this phenomenon was repeatedly
observed.

The large difference in incorpcration of high specific
activity label between wildtype- and mutant-infected cells
fifteen minutes after infection at 37°C does not appear to
reflect a difference in the amount of intracellular label
but in the amount of incorporated label, as can be seen in
Figure 9A. 1In these experiments, total cellular counts
were measured after filtering the complexes through milli-
pore filters, and acid-insoluble counts were determined in
the usual manncr. The difference between these two numbers
was intecrpreted as reflecting the amount of soluble label.
The latter amounts are approximately the same for T4+—, X~
amd y-infected cells.

Apparently, wildtype-infected cells incorporated
labcled thymidine very efficiently as compared to x-
infected cells at the high specific activity (low thymidine
concentrations) used in these experiments. When the
labeled thymidine is diluted by cold thymidine in a manner

which more closely resembles conditions used for linear
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synthesis, the difference between wildtype and x incorpo-
ration is less pronounced (Figure 9B). Clearly, during T4
replication nucleotide pools are dynamic and complicated.
Yegian et al. (1971) have suggested that the DHA delay
mutants which manifest all the normal DNA intermediates
have alterations in their intracellular nuclcotide pools.
It appears, however, that the differcnce in rate of incor-
poration cf high specific activity labcl betwcen wildtype
and x- or y-infected cells reflects some difference in the
replicative phenomenon since total incorporation of label
levels off at the same time in both cases; and hoth arc
capable of taking up additional label, indicating simi-
larity of thymidine processing in the pools (Figure 9C,D).
If there were a slower rate of uptake into the precursor
pools with X, one would expect continued incorporation,
albeit at a slower rate,

Effect of rifampin and chloramphenicol on the manifestation
of the T4x and y gune products

In an attempt to delinecate the time of transcription
of the x and y gene products, rifampin was administered at
various times after infection at 37 C and subscquent incor-
poration of high specific activity thymidine was measured
at 15 second intervals after administration at 15 minutes
of infection. Figurc 10 shows that there is no difference
in the incorporation of label by wildtype-infected cells in
the absence of rifampin addition or after the addition of

rifampin 4 minutes after infection. Since the x and y



i3

proteins are necessary for normal DNA synthesis later in
infection, the T4x and y genes must be transcribed before

4 minutes after infection. 1In fact, a comparison of DNA
synthesis boelween mutant- and wildtype-infected cells,
indicates that the x and y transcripts have been made before
2 minutes of infection. Interestingly, mutant-induced
incorporation after rifampin addition does not resume its
normal, low level of incorporation until after 8 minutes of
infection. Thus it is is possible that gcnes essential

for mutant DNA synthesis are not transcribed until later

in infection, between 6 and 10 minutes.

In order to elucidate translational events, similar
experiments were performed using chloramphenicol added at
4, 8, or 12 minutes after infection and incorporation of
labeled DNA prccursor measured after a total of 15 minutes
of infection. Chloramphenicol added at 4 minutes after
infection completely inhibits incorporation at 15 minutes
in wildtype-infected cells, while chloramphenicol added at
8 or 12 minutes has little or no effect on subsequent
incorporation at 15 minutes (Figure 11A). Since this 15
minute incorporation is a measure of the functioning of the
x and y gene products (among others); these data indicate
that the x and y transcripts have been translated before 8
minutes., likewise, addition of chloramphenicol at 4 minutes
after infecticn completely inbibits x- or y-induced incor-
poration at 15 minutes. liowever, nddition of chlorampheni-

col at 8 minutes after infection with Tdx or y gives a
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level of incorporation similar to that of wildtype, while
incorporation by the mutant-infected cells in the abscnce
of chleoramphenicol is greatly reduccd when compared to

that of wildtvpe (Figure 11 B and C). This "rescue" was
not observed (or only slightly so} when chloramphenicol was
added 12 minutes after infection. 1t appears that preven-
tion of protein synthesis in T4x- oxr y-infected cells at a
critical time, 8 minutes after infection, allows for a
subseguent rate of DNA synthesis which more closely
resembles that of wildtype.

Effect of !litomycin C on incorporation of high-specific
activity thymidine

The effect of mitomycin C on incorporation of high-
specific activity thymidine was measured at 8 and 15
minutes after infection. As shown in Figure 12, DNA syn-
thesis at 8 minutes after infection in wildtype- and
mutant-infected cells is reduéed to a similar small degrce
by mitomycin C. In contrast, mutant-~induced DNA synthesis
at 15 minutes after infection is more sensitive to mito-
mycin C than is that of wildtype. When chloramphenicol is
added at 8 minutes after infection, and incorporation of
label measured at 15 minutes after infection, the increased
"regcued" DNA synthesis observed in mutant-infected cells
retaing its 15 minute sensitivity to mitomycin € (Fiqure
13). Thus, even though the rate of DNA synthesis by the x
and y mutants in the prescnce of chloramphenicol is similar

to that of wildiype, it reciains the mutant quality of being
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sensitive to mitomycin C.

Complementation

In the following cxperiments, an attempt was made to
measure gene complcementation with respect to DNA synthesis.,
High specific activity thymidine was administered 15 min-
utes after infection at 37°C and incorporation into the
acid-~insoluble fraction was mecasured in cells infected with
one or a combination of genotypes. Figure l4A shows that
coinfection with T4+ and T4y gives wildtype phenotype,
but coinfection with T4+ and T4x gives an intermediate
phenotype.  Coinfection with T4x and y shows little or no
complementation. The x mutant used in these studies, Tidpx,
has a point mutation (Drake, 1973) and could produce a
protein which has partial function. For example, if the x
gene product is dircectly involved with the DNA replicating
complex the mutant protein might still bind to the complex,
and thus act as an inhibitor. This possibility is supported
by the observed inhibition of wildtype synthesis in the
presence of the x mutant, and by the inability to observe
significant complementation in T4x and y coinfected cells.
In accord with the above hypothesis, Boyle and Symonds
(1969) were alsoc not able to demonstréte significant com-
plementation of x and Ef in survival of phenotype experi-
ments. Inhibition of DNA synthesis would not be as likely
with T4y since it is an amber mutant. It is also possible
that the x gene product is required stoichiometrically, and

therefore the apparent inhibitory effect of the x mutant on
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wildtype DNA synthesis might be due to an insufficient
amount of the X gene ﬁroduct.

Earlier experiments {see Figqure 10} indicated that the
X gene product was transcribed before 4 minutes. Thus, the
addition of rifampin at 4 minutes to coinfected cells should
distinguish botween inhibitory products transcribed hbefore
and after this time. Results of such experiments are
shown in Figure 14B., In the prescnce of rifampin cells
coinfected with T47 and T4x mutant phage exhibit a still
greater inhibition of DNA synthesis than was observed in
its absence. Coinfection of T4t ana T4y in the presence of
rifampin exhibits a slight reduction in the wildtype level
of synthesis. Also coinfection with both x and y mutlant
phages shows no complementation. These experimenis support
the notion that the defective x gene product is transcribed
beforc 4 minutes and is responsible for the inhibition
observaed.

It was unlikely that the incrcasced mutant DNA synthesis
observed in 8 minute chloramphenicol-treated cells (sce
Figqure 11) was caused by "defective x protein", since it
also occurred with amber T4y. However, coinfection experi-
ments were performed undger these conditions as well, As
can be scen from Figure 14C, wherce chloramphenicol was
added 8 minutes after infection, and synthesis measured at
15 minutes, the ctandard coinfection pattern is observed.
Coinfection of wildtype with x gives x phenotype, whercas

coinfoction with y gives wildtype phenotype, Again, little
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or no complementation is observed with Tdx plus T4y.

Sedimentation analysis of progeny DNA

In order to examine the physical characteristics of
the DNA produced under the various conditions presented,
sucrose gradient analysis was performed. Figures 15 and 16
show the neutral sucrose gradient sedimentalion profiles of
T4 DNA replicative complexes isolated at 8 or 15 minutes
from T4+—, T4x-, or TAy-infected cells. As can be secn in
Figure 15, the 9 minute DNA replicative complexes from
wildtype~ and mutant-infected cells sediment as a broad
peak slightly ahecad of the 10008 marker, 1In contrast, DNA
replicative complexes isolated from mutant-infected cells
at 15 minutes after infection (Figure 16) sediment signi-
ficantly more slowly, at about 7005, than those of wildtype
which sediment just behind the 10005 marker at about 900S,

When DNA labeled at 8 minutes after infection with 3H
thymidine is chased with 500 ugy/ml cold thymidine until 15
minutes after infection, the profiles, shown in Figure 17A
are obtained. Again, mutant-induced DNA replicative com-
plexcs sediment more slowly than those induced by wildtype
T4. Similar 15 minute profiles are obgainod when the DNA
is continuously labeled from 5 to 15 minutes of infection
under conditions of high thymidince concentration (Figure
17B}. DNA replicative complexes isolated from mutant-in-
fectcd cells 10 minutes after infection are found in both
the 900S and 7005 size classes. Thus, it scems that the 8

minute replicative complex is modificed in mutant-infected
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cells in a manner different from that of wildtype~infected
cells, This modification leads to the sedimentation
patterns seen 15 minutes after infection. The accumulation
of counts at the bottom of the gradient as shown in Figures
17A and B has not becen investigated. It is not reprodu-
cibly obscerved and may reflect incomplete lysis or release
of DNA fron membrancs,

In 'igure 18 can be secn the increase in the formation
of concatemers (sinagle stranded DNA longer than the 738
parental single strand) in Pd4-infected cells from 8 until
20 minutes after infection. These profiles, and those
obtained at 15 and 25 minutes after infection (same as
Figure 18B), indicate that the T4x and y mutants are about
30% less efficient in concatemer formation than wildtype.
Concatemer formation is detuimined by the relative number
of counts scdimenting ahead of the 74" narker peak. No con-
catemer formation was observed in either mutant- or wild-
type-infected cells 10 minutes after infection., This pic~-
ture is similar to that reported by Wakem and Ebisuzaki
(1976) using vx and vy mutants and by llamlett and Berger
(1975) for T4w, another non-lcthal recombination deficient
mutant of T4. Alkaline sucrose gradient profiles obtaincd
from pulse-chase cr continuous label experiments as de-
scribed above appcrar identical to the 20 minute profile
depicted in Figure 188,

Sedimentation analycis of chiosramphenicol "rescued”
mulantl i)l_ff\

e o e i i

The addition of chlorakvhenicol at 8 minutos aftor
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infection was previously shown to allow mutant-infected
cells to synthesize wildtype levels of DNA at 15 minutes
after infection (Figure 8). Figure 19 shows that the
addition of chloramphcnicol at B minutes after infection in
mutant- and wildtype-infccted cells prevents the development
of the characteristic 15 minute sedimentation patterns of
DNA replicative complexes observed in neutral sucrose
gradients., The wildtypc DNA replicative complexes scdi-
ment slightly faster than those formed at 8 minutes, about
12005, while those induced by the x and y mutants, decrease
in sedimentation rate to about 9005 from their normal 8
minute pattern (faster than 1000S}). There has been some
thus far unexplained variability in the S value obtained in
chloramphenicol-treated infected cells. The alkaline
sucrose sedimentation patterns of chloramphenicol "rescued”
DNA from mutant- and wildtype-infected cells are shown in
Figure 20. Clearly, addition of chloramphenicol at 8
minutes after infection preventg the formation of conca-
temeric DNA in both mutant- and wildtype-infected cells.

Sedimentation analysis of parental DNA

When labeled parental DNA, from wildtype or % and y
mutant phage, is followed during T4 development, results
similar to those depicted in Figures 15 and 16 with progeny
DRA are obscrved. The characteristically different scdi-
mentation patterns of labeled wildtype and x or y mutant
parcental molecules at 15 minutes after infcction pernits

examination of possible complementation after coinfection
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with a given labeled and a given unlabeled genotype. All
s5ix possible combinations among wildtype, TAXx and T4y

have becn examined: Figure 21A depicts the sedimentation
profiles where the labeled parent is T4+; 21B where it is
Tdx; and 21C where it is T4y. Tn Ficures 21A it can be
seen, that when Tix is prescnt as cold phage with labeled
T4+, the label sediments in both wildtype (9005) and
mutant {(7006¢) positions. When T4x is present as labeled
phage with cold T4+ (Figure 21B), most of the label sedi-
ments in the position characteristic of T4x. Thus, not
only does T4x appear not to be complemented by wildtype T4,
but it secms to interfere with wildtype development. In
contrast, T'igure 21C shows that labcled T4y is comple-
mented by wildtype T4 and the DNA sediments in the wild-
type position. In addition, as shown in PFigure 21A, T4y
doces not appear to affect the sedimentation profile of
labeled T4 wildtype. Neither coinfection with labeled T4x
and unlabeled T4y (Figure 21B) nor coinfection with labeled
T4y and unlabeled T4x (Figure 21C) gives any indication of
complementation. These complementation data are in agree-
ment with those previously obtained using DNA synthesis as

an assay (Figure 14).
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DISCUSSION

Y S

DNA recombination is the eseential process by which
existing gene pools mix, enabling organisms to mect environ-
tal demands. In T4, therc has evolved a highly cfficient,
possibly unique, recombination process. The close link
betwecen recombination and replication in T4 has provided
a sophisticated genetic tool. By using sensitive fine
structure recombination analysis, it is possible to measure
recombinants between adjacent nucleotide pairs (Benzer,
1964). However, the high frequency of recombination found
in T4 has added to the complexity of elucidating the repli-
cation and recombination processces of this organism.

The genetic map of T4 is well defined; it contains
about 170 genes (Wood and Revel, 1976). The availability
of mutants spanning many of the known T4 gcenes has greatly
assisted the elucidation of its replication, recombination
and repair.. Most of the genes that are involved in DNA
replication have been found to be essential for phage
survival {(Epstein et al., 1963). Many of these essential
gene products arc produced early in infection. 1In their
absence, there is no DNA synthesis (Epstein ct al.,, 1963).
By virtue of the interwoven replication and recombination
process, most T4 mutants that affeclt recombination also
affect replication (Bernstcin, 1962). This interdependence
is clearly seen in DNA arrest mutants which are unable to
synthesize DNA alter 12 minutes of infection. Recombination

normally occurs at this time (Kozinski ct al., 1967). All
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of the DNA arrest mutants are recombination deficient {(Bern-
stein, 1968; Wu et al., 1972).

TAdx and T4y belong to a class of recombination defi-
cient mutants othcer than those exhibiting DNA arrest (larm,
1964; Boyle and Symonds, 1969). The x and y mutants pro-
duce viable phage. The recombination deficiency, DNA repair
reduction, as well as the reduced hburst size exhibited by
the x and y mutants all suggest fundamental developmential
abnormalities. The reduced thymidine and thymine incorpo-
ration shown in Figure }1 indicates that the mutant defects
are manifest at the level of DNA synthesis. Since T4x and
T4y are sensitive to ultraviolet light (Harm, 1963; Boyle
and Symonds, 19€9), x-irradiation (Boyle and Symonds, 1969;
Wallace and Melamede, 1972), and T4x to mitomycin C (Shimizu
and Sckiguchi, 1970), it was intcresting to examine the
influence of these DNA damaging agents on DNA synthesis,

After irraediating free phage, DNA synthesis directced
by T4x and T4y is more resistant to ultraviolet light than
is DNA synthesis directed by wildtype or T4v (Figures 2A and
4A)., This finding indicates that excision repair may be
expanded in T4x and T4y after ultraviolet-irradiation resul-
ting in & protective effect on DNA synthesis, In contrast,
neither 'I'4+ nor T4v exhibit expanded excision repair as
evidenced by the relative increcased sensitivity of DNA
synthesis to ultraviolet-irradiation in these phage types.

X-irradiation inhibits DNA synthesis in wildtype, as

compared to the x and y mutants, in a manner similar to that
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found after ultraviolet irradiation. However, the c¢ffect
is not as largc as that found after ultraviolet irradia-
tion. X-rays introduce a large number of single stranded
breaks in addition to the other types of damages that are
created (Ginoza, 1967). The single stranded breaks are
likely to have damaged basces and/or sugars attached to one
side of the nick, whether the nick was endonucleolyticly
created or not, Thus, repair after x-irradiation is likely
to occur along linecs similar to those found after ultra-
vielet light irradiation.

In contrast to the effects mentioned above, DNA syn-
thesis in T4x and T4y is sensitive to the action of mito-
mycin C. A consideratijon of the discussion of ultraviolet
and x-ray effects in mutant-infected cells as compared to
the wildtype-infected cells suggests that in the presence
of mitomycin C damages, rccombinstion is required to main-
tain lengths of DNA that arc functional with respect to
DNA synthesis. The x and y mutants are, therefore, unable
to provide functional lengths of DNA appropriate for con-
tinued DNA synthesis. Mitomycin C is known to induce
recombination (Holliday, 1968). ‘“The requ;roment for recom-
bination that is indicated by the mutant scnsitivity to
mitomycin C may simply rcflect the induction of a faulty
pathway rather than the inability to repair the mitomycin C
damages per so.  For exarple, if mitomycin C damages are
repairod by the conceorted action of excision und recombina-

tion, as has boon suggestad for psoralen by Cole (1973),
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then the endonucleasc action would at least partly releasc
one arm of the bifunctional crosslink. This structure
might be responsible for induction of recombination, Alter-
natively, rccombination intermediates such as noncovalently
bound intermolecular hybrids may become stabilizcd by mito-
mycin C. The complction of recombination would thus be
required for continued DNA synthesis. In the absence of
completed recombination, the stabilized intermediates might
impair the flexibility of the replication complexes or
impair essential nuclease activity to the extent that DNA
synthesis is stopped.

An alternate hypothesis svggests that mitomycin C-
induced crosslinks may be indirectly responsible for the
reduced rates of DNA synthesis found in T4x- and Tdy-
infected cells. When the replicating fork reaches a cross-
linked nucleotide pair synthesis stops and is reinitiated
at the next site for the initiation of Okazaki pieces
(Hanawalt, 1975). A possible result of the mitomycin C in-
duced replicative blocks is that single stranded lengths of
DNA remain distal to them up until the point where the next
Okazaki piece is started. There, single stranded regions
would average one half of an Okazaki piéce in length, and
might be responsible for the induction of recombination by
promoting hybridization. Kozincki and Felgenhauer (1967}
have found single stranded rcgions to be neccessary for
interparental recombination. In the absence of the X or y

gene products, the hybrids may not efficiently progress to



form recombinants. The overall replicating complex may thus
become destabilized resulting in impaired DNA synthesis.

The 30% reduction of DNA synthesis found with T4x and
T4y when compared to wildtype T4 is interesting, but of
little value. The defect in DNA synthesis is not sufficient
to provide the sensitivity that is necded for more thorough
investigations into the nature of the ¥ and y mutants, i.e.,
setting up an ip vitro complcmentation system that would
allow for the purification of the x and y gene products.

In an attempt to define the time at which the x and y gene
products function, the specific activity of the labeled
thymidine DNA precursor was raised hy lowering the concen-
tration of exogenous cold thymidine. Unexpectedly, a dis-
proportionately large decrease in mutant-directed thymidine
incorporation is observed when measurements are made in the
presence of low thymidine concentrations. This increascd
differential greatly ecnhances the usefulness of simple in-
corporation studies as an investigative probe. Possible
explanations for the above-mentioned effect will be con-
sidered later in this text.

The appearance of differential rates of DNA synthesis
between mutant and wildtype-infected cells is clear indica-
tion that the x and y gene products have functioned in the
wildtype-infected cells. Thus, the x and y gene products
have acted by 8 minutes post infection. A problem with thig
approach, however, is that it cannot specify whether the

reduced mutmnmt-directed DNA synthesis is an immediate result
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of the missing proteins, or if it is the result of protecins
that act subsequent to the time that the x and y proteins
should normally have functioned. 1Insights into this ques-
tion were gained from experiments in which rifampin (Fig-
ure 8} or chloramphenicol (¥iqure 9) were administercd at
various times after infection, followed by the use of the
high spacific activity DNA synthesis assay. The results of
rifampin administration as early as two minutes after infec-
tion in order to block subsequent transcription, indicate
that the x and y transcripts have been made. When chloram-
phenicol is used to block translation, the x and y proteins
appear to be made between 4 and 8 minutes after infection.
It should be noted that the early addition of rifampin,
2 minutes post infection, while demonstrating a differential
rate of incorporation of thymidine between mutant- and wild-
type~infected cells, does not allow for the rates of synthe-
6is normally scen at 15 minutes after infection in the
drug’'s absence. Thus, post 2 minute transcripts are re-
quired for the rates of synthesis that occur 15 minutes
after infection, but the x and y gene products function in
their absence. Rifampin cannot rescue DNA synthesis as
can chloramphenicol added 8 minutes after infection. The
above finding indicates that the protein which is respon-
sible for reducinrg x- and y-directed synthesis (probably not
the x or y proteins sce later discussion) and is chloram-
phenicol inhibitable, is also transcribed 2 minutes aftor

infection. This sanuential translaticn of specific protceins
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allows for chloramphenicol rescue. In contrast, coupled
transcription does not allow for rifampin rescue.

Miller and Kozinski (1970) have found that the addition
of chloramphenicol before 4 minutes of infection blocks the
formation of a fast sedimenting replicating complex. Dif-
ferences in the experimental conditions do not allow for
comparative timing between Miller's experiments and those
reported here to a resolution of one minute. Thus, it is
possible that the x and y gene producis might function carly
(by 4 minutes) in the establishment of the replicating com-
plex, but not in a manner that is measurable via incorpo-
ration until after 8 minutes after infection. The chloram-
phenicol data presented here indicate that either chloram-
phenicol blocks development at a point prior to the neced
for the x and y gene products; or development is blocked
after the time that these proteins act. In the latter
situation, a subsequent protein is made that adversely
affects the ability to synthesize DNA when the x and y pro-
teins are absent,

The latter possibility finds support in the data from
experiments that allow for the simultaneous cxamination of
two phenotypic effects of the x and y mutations. Mitomycin
C sensitivity of DNA synthesis and the reducced levels of
thymidine incorporation Loth occur after 8 minutes of in-
fection. 1Is the linkage hetween thesce two characteristics
obligatory? The data of Figure 12 show that it is not.

Mitomycin € sensitivity is independent of the levels of DNA
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synthesis in T4x- and T4y-infected cells. Thus chloram-
phenicol administered 8 minutes after infection holds
development after the time that the x and y proteins have
functioned, as cvidenced by the mutant sensitivity to
mitomycin C, but before the expression of the proteins that
are responsible for reducing the mutant-directed levels of
synthesis.

The separability of mitomycin € sensitivity of DUA
synthesis and the abnormal reduction of synthesis that is
found during T4x and T4y infection is analogous to results
that have been obscrved in the recombination deficient DNA
arrest mutants, The reversal of the DNA arrest phenotype of
mutants in genes 46, 47 and 59 by the addition of chloram-
phenicol between 6 and 13 minutes after infection is dcpen-
dent upon the experimental conditions. Other phenotypes
associoted with the DNA arrest mutants may, or may not, be
reverscd depending on the characteristic examined, the
experimental conditions used and the mutation involved
(Hosoda et al., 1971; shah and Berger, 1971; Shalitin and
Naot, 1971; Wu et al., 1972).

Clearly, there arc many similarities betwcen the non-
lethal recombination deficient T4 mutants and the DNA arrest
matants. It is of ipterect Lo note the effect that thy-
midine concentration has on DNA synthegis when measured in
the nonlcthal reconbination deficient mutants. In the
presence of low thymidine concentrations, they would appear

as DNA arrest mutants.  This misclasgification seems in fact
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to have rccently Leen made. Dewey and Frankcel (1975) have
examincd DNA synthesis in the fdsA and fdsB mutants in the
prescnce of 5 ug/ml of thymidine. fThey found that these
mutants exhibit the DNA arrest phenotype. Since the fdsa
and fdsB mutants have now been associated with T4x and T4y,
respectively (Cunningham and Berger, 1977), the results of
Dewey and Frankecl are consistent with those reported here
using lower concentrations of thymidine during the labeling
procedure, 1t is worth taking note &t this point that the
X and y mutants are not lethal, whercas the DNA arrest
mutants are lethal.

Although the precise mechanisms are unknown, it does
appear that the physical processes involved in reconmbina-
tion are occuring by about 12 minutes after infection
(McCarty et al., 1976). It is at this time (12 minutes
after infection) that the DNA arrest mutants stop synthe-
sizing DNA (Epstein et al., 1963), whercas the DNA delay
mutants show increased DNA synthesis (Yegian et al., 1971;
Mufti and Bernstein, 1974; Leung, 1975). The DNA arrest
mutants exhibit decreased recombination under scemi-restric-
tive conditions (Bernstein, 1968). The DNA delay mutants
exhibit increased rates of recombination (Yegian et al.,
1971; Mufti and Bernstein, 1974; Leung, 1975%). 1t appears
that the incrcased rates of DNA synthesis found early in
wildtype infection (up to 12 minutes) reflects an increase
in the number of replicating forks (McCarthy ct al., 1976).

In contrast, DNA roplication measurced later in infection



prokably includes synthesis gcnerated by recombinational
events (McCarthy et al., 1976; Shahn, 1968). The results
of the thymidine incorporation studics presented here indi-
cate that it is this latter type of synthesis that is
deficient in the x and y mutants. 1In fact, the data
indicate tliat the measurements of late DNA synthesis in the
presence of low concentrations of exogenously added thy-
midine may in fact be a specific measure of recombination-
directed DNA synthesis. If recombination-directed DNA
synthesis can be measurcd by the incorporation of thymidine
wvhen the concentration of thymidine is low, then different
DNA precursor pools meoy supply different DNA processing
events. Wovcha et al. (1976) have recently described two
independent pathways for providing DNA precursors in
plasmolyzed cells of Escherichia coli. Ribonuclectides,
thymidine and hydroxymethyl-cytosine are produced by onc
pathway. The second pathway requires the four deoxribo-
nucleotide mono or triphosphates in addition to ATP, In the
latter pathway, thymidine does not substitute for deoxy-
thymidine triphosphate. Interestingly, both pathways re-
quire the standard T4-induced genes that are responsible
for DNA synthesis. Since T4 DNA polymerase is required for
both of thc above pathways, they both must be capable of
providing the deoxyribonucleotide precursors that are
required by this enzyme. Alternatively, one pathway may be
required for the other one to function. For example,

recombination-dircected synthesis may not be directly
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dependent on T4 gene 43-directed DNA synthesis. A separate
polymerizing apparatus using different substrates may exist.
Yet, if replicative gene 43-produced DNA synthesis does not
provide the necessary prerecombinational substrates, then
there would be no rcecombination-induced DNA synthesis.

In a more conscrvative vein, the same basic replication
apparatus may be responsible for both replicative and recom-
binational DNA synthesis. DNA precursors may, however, be
supplied by different patiiways. In the presence of low con-
centrations of thymidine a small capacity pathway may pro-
cess the limited amounts of thymidine. When the thymidine
concentrations exceed a critical level, the capabilities of
the pathway are surpassed. The excess guantities of thy-
midine are shifted into the less favored precursor pathway
which has a greater capacity for processing thymidine. It
is the former of these two possible pathways that is pre-
sumably defective in the T4x and T4y mutants. Although the
possible existence of two pathways for providing thymidine
containing DNA precursors provides an interesting explana-~
tion for the apparent differential ratcs of DNA syntheeis
that is found in wildtype versus T4x-and T4y-infected cells;
other explanations for this effect might be compatible with
the data.

Clearly the dynamics of producing thymine containing
nucleotide are complicated by the varicty of pathways
leading to d4A1TTP production. Thymidine that is exogcnously

added may be incorporated into DNA by first being converted



to thymine, and then processed by conventional pathways
{Rachmeler et al., 1971; Boyce and Setlow, 1962). Theoret-
ically, thymidine may be¢ direcltly phosphorylated to produce
the monophosphate. This reaction, however, docs not seem
very probable in vivo since thymidine is not thought to
dircetly enter cells (Boyce and Setlow, 1962), and it must
first be converted to the base (Rachmeler et al., 1961). It
is possible that under the conditions of low thymidine
concentrations used here, where incorporation is measiured
for short periods of time, that direct entry is observed.
In fact, the leveling off of incorporation seen in Figures
9A, C, D may reflect the conversion of the thymidine to
thymine with subsequent reduced rates of incorporation. The
flow of thymine nucleotide intermcdiates is a dynamic pro-
cecs that may be limited by the supply and demands created
by the rates of synthesis. It has recently been shown that
in the absence of DNA synthesis, T4-infected cells cexpand
thymidylate precursor pools indicating the lack of fecdback
reyulation of pool sizes (Mathews, 1972). 7This conclusion
is also indicated by the data of Figure 90. Extending this
linc of thought , if the x and y mutants have only a small
reduction in their ability to synthesize DNA, then an
accumulation of thymidylate precursors would be expected

in cells infected by these mutants. In the presencce of
high concentrations of cxogenously added thymidine, the
relative precursor accumulation in mutant-infected cells

would be small conpared to the contriliution made by the
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exogenously added thymidine, When synthegis is measured in
the presence of low thymidine concentrations, the ratio of
mutant surplus to input exogenously added precursor would
be high. Thus, the mutant-infected cells would exhibit an
artificially low level of thymidine incorporation. The
relative rates of DNA synthecsis that are measured by the
incorporation of thymidine in the presence of high con-
centrations of thymidine should in fact be morc accurate.
Yt should be noted that Shimizu and Sekiguchi (1974), did
not demonstrate a difference in the rates of DNA synthesis
in T4 wildtype and T4x-infected cells whon measurements
were made using the diphenylamine assay for DNA synthesis.
Whether the ratces of DNA synthesis that are measured
in the presence of low concentrations of thymidine are
representative of recombinational events or whethcr these
measurements are the result of pool effects, a simple model
that relates DNA synthesis in the X and y mutants to recom-
bination and repair deficiencies is difficult to formulate.
This difficulty is at least in part the result of the
complex interactions that exist between the various pheno-~
types that are observed with these mutants and Tdw and genc
58 mutants (Hamlett and Berger, 1975). T4x, T4y and Tdw
all appear to be involved in the same repair pathway as
evidenced by the lack of additive sensitivities to ultra-
violet light that is exhibited by multiple mutants of these
genes. In contrast, vhen the recombination frequencies of

the multiple mutants are examinced, some combinations
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produce cumulative effects. Hamlett and Berger (1975) have
found that the combination of either a w, X or y mutant
with a mutation in gene 58 exhibits the ultraviolet
sensitivity of thce most sensitive member of the pair.
However, when recombination is examined in 58B-y, 58-w and
wy double mutants, additive frequencies of recombination
are found. In contrast, 58-x and xy mutants do not have
additive recombination effects,

Why should some of the recombination defects be cumula-
tive when others are not? The information that is pre-
sently available does not favor any coherent picture that
resolves these apparent inconsistencies. One simplistic
interpretation, however, is that the repair of ultraviolet
light-induced damages requires the successful, sequential
action of the w, x, y and gene 58 proteins. In other
words, any of the above mutations knock out the entire
pathway. On the other hand, events that inducc recombina-
tion are numercus. The points of entry for any given pre-
recombinational substrate may vary. In turn, the dcgrees
of processing that are required for the completion of the
recombinational events may also vary.

An additional consideration that must be incorporated
into any model that attempts to explain the nature of the
x-y involvement in T4 recombination is the relationship
between the nonlethal rceccombination mutants and the lethal
recombination mutants, Hamlett and Berger (1975) have

shown that genes 46 and 47 affect the vhenotypic expression
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of gene 58 mutants. The arrest mutants block the increased
rates of recombination that characterize mutants of gene
58. These observations will be considered more fully later
in the discussion.

The examination of mutant- versus wildtype-directed
DNA synthesis provides limited details of the molecular
events that occur during T4 development. Sucrose gradient
sedimentation analysis, in contrast, can help provide an
accurate description of the molecular intermcdiates that
characterize T4 infection. 1In an attempt to assess the
role(s) of the x and y gene products, DNA replicating com-
plexes were examined by ncutral sucrose gradient sedimen-
tation analysis. Prior to the onset of recombination, 8
minutes after infection, both the mutant- and wildtype-
directed complexes sediment slightly ahcad of the 10008
markcr. At 15 minutes after infection, during the recom-
binational stage of T4 replication, wildtype-directed
complexes sediment at about 9008, whereas x or y mutant-
directed complexes sediment at about 700S. The alkaline
sucrose gradient profiles of DNA isclated 15 minutes after
infection indicate that concatemers have been formed in
both wildtype and mutant-~infected cells, although fewer are
found in x or y mutant-infected cells. A similar but more
dramatic decrecasc in the formation of concatcemeric DNA has
been demonstrated in T4w-infected cells (Hamlett and Berger,
1975) az well as in cells infected by the DNA arrest mutants

(Hosoda ¢t al., 1971; Hercules and Wikerg, 1971; Shah and
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Berger, 1971; Shalitin and Naot, 1971; Wu and Yeh, 1972).
Wakem and Ebisuzaki (1976) have rccently reported similar
findings with vx- and vy-infected cells.

Upon examination of DNA isolated at intermediate times,
10 minutes after infection, 9008 replicating complexes may
be found in both the wildtype~ and mutant-infccted cells.
Thus a 9005 intermediate is apparently modified in x- and
y-infected cells into a 700S complex. Alkaline sucrose
gradient profiles of mitant or wildtype replicating com~
plexes, isolated 10 minutes after infection, do not reveal
DNA of concatemeric lengths. Thus, a 9005 complcex may exist
both prior to and concomitant with the completion of recom-
bination as cvidenced by the presence or absence of con-
catemer formation. “"Chloramphcnicol-rescued" DNA replica-
ting complexcs isolated from wildtype-~infected ceclls 15
minutes after infection, subscquent to the addition of
chloramphenicol after 8 minutes of infection results in an
increase in the sedimentation ratc of the wildtype replica-
ting complex; whereas corresponding mutant-induced complexes
conlinue to sediment at 1000S. As has been shown, the
mutant-induced "chloramphenicol-rescued" intermediate can
still support a high rate of DNA synthesis, but has the x
and y mutant phenotype of mitomycin C sensitivity. Thus,
it seems that the wildtype~induced 12008 intermediate is
formed from the 10005 intermediate by proteins translated
before B minutes afler infection, In mutant~infected cells,

the change from 10005 to a 7005 intermeoiate is accomplishod
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by proteins translated after 8 minutes of infection.

Thus, the normal functioning of the recombination path-
way in wildtype-infected cells leads to a proyression from
a 1000S DNA intermediate that does not contain concatemeric
lengths of DNA to a 10005 DNA intermediate that contains
concatemeric DNA. These intermediates are apparently
responsible for the observed wildtype rate of DNA synthesis,
the efficient production of genetic recombinants, as well
as a normal burst size. 1In x or y mutant-infected cells,
the 1000S intermediate is unstable and leads to an "aber-
rant” replicating complex of 700S. The 700S intermediate
exhibits rcduced DNA synthetic capacity and eventually
results in a Jowered recombination frequency and burst size,
concomitant with increased radiation sensitivity. These
data are consistent with the interpretation that gene pro-
ducts other than x or y are responsible for initiating into
the "normal"” T4 recombination pathway, but that the x and y
gene products are responsible for a later step which ensures
accurate and efficient functioning cof this process.

What specific roles might the x and y gene products play
in the recombination process? Kozinski has proposed (13867),
that in addition to a nicking enzyme, an enzyme that would
introduce "counter nicks"” would be required to release the
lengths of DNA from parent to recombinant DNA molecules.
With the exception of these two presumptive enzymes, it
seems that the most obvious proteins necessary for recon-

hination have beecn accounted for. There is no cvidence to
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to identify the x or y gene products with either the nick-
ing or counter-nicking cnzymes. If the X or y proteins wcre
to possess either of the two above-mentioned activities,
there would have to be alternative ways to bypass the need
for these proteins, since the x and y mutants are not
totally lacking in recombinational ability.

In view of the degree to which recombination occurs in
T4, it is not unrcasonable to assume the existence of spe-
cialized proteins that might specifically facilitate the
recombination process. Such proteins might aid in the
formation of noncovalently bound "joint molecules" or in
possibly stabilizing these structures, making the formation
of covalent recombinants more likely. In the absence of
these hypothetical proteins recombination would proceed
with reduced efficiency, and with the production cf
aberrant recombination intermediates. If the reduction in
the sedimentation rate of the T4x~ or TAy-induced replica-
ting complex is the result of a defective complex that lacks
stability, then the supression of gene 49 mutants might be
due to the packaging of approprintely sized pieces that are
shed from the replicating complex. Thus, the essential
genes involved in recombination might be responsible for
generating certain obligate intermediates. The nonessential
gene products might mercly facilitate the functioning of the
egssential ones. For example, early recombinants may be
produced normally, but the continued rccombinational events

necessary to maintain the 900¢ structure may not be produced
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rapidly enough to replace the molecules that have matured.
In other words, there may be two distinct phases to T4
recombination. One ig obligatory as evidenced by the DNA
arrest mutants. The other is secondary and is necessary

for the efficient production of progeny. The latter process,
however, is not essential for viability. What might be the
relationship that exists between these two systems? 1If
prematurely rcleased, potentially viable DNA fragments are
generated by the x and y mutants ( as possibly indicated by
the gene 49 mutant suppression associated with the fdsA and
fdsB mutants) then similar events should allow for the
viability of gene 46-47 mutants when in the presence of x
or y mutations. Since this suppression is not observed, it
appears that the 46 and 47 mutants may suppress the proposed
x and y mutant phenotype of shedding packagable material

from the replicating complex.
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CONCLUSTONS AND FUTURE PERSPECTIVES

Two classes of propertics associaled with the x and y
gene products have been presented: those that involve the
incorporation of thymidine into DNA and those that affect
the sedimentation properties of the DNA replicating complex.
It is possible that somc of either or both of the above
classes of propertics are the direct result of the x and y
gene products, Specifically, chloramphenicol can prevent
the normal reduction in the rate of thymidine incorporation
found 15 minutes after infection in mutant-infected cells.
Yet, chloramphenicol does not prevent the sensitivity of
this incorporating ability to mitomycin C. It appears,
therefore, that the rates of DNA synthesis found in the
mutant-infcected cells under the above conditions is a
secondary result of the mutant gene products. An unknown,
apparently primary event accountsg for the sensitivity to
mitomycin C.

Neutral sucrose gradient analysis of the DNA replica-
ting complexes labeled after the addition of chloramphenicol
indicates that both the wildtype and the mutant complexes
sediment faster than they normally do at 15 minutes after
infection. However, the wildtype complexes sediment as
they do at 8 minutes after infection, whereas the mutant
ones are more slowly sedimenting. Since these mutant-
produced complexes are capahle of high rates of synthesis,
it appears that whakevér is responsible for the decreased

scdimentation rate may also be rosponsible for seusitivily
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to nitomycin C. A possible explanation of the above data
requires additional consideration.

Albert's group (Barry et al., 1973) have demonstrated
a functiocnal multiprotein complex bomposed of T4 proteins
that synthesizes DNA in vitro. Gene 42 protein, cytosine
hydroxymethylasc, is not one of the proteins in the complex
of replication proteins. llowever, gene 42 protein is part
of a complex that provides cytosine and thymine nucleotides
to the replicating fork (Reddy et al., 1977). Considering
the existence of the two above protein complexes, it would
make sense that there be some mechanism to retain precursor
production in the vicinity of the replication apparatus,
It is proposed that the x and y gena products represcent a
novel class of proteins that arc involved with maintaining
the physical preximity of at least certain DNA precursors
to the replication apparatus. TFor cxample, the x and y
protein might be responsible for binding the precursor
complex to potential recombinational structures. In doing
so, certain recombination intermediates may become stabi-
lized, in particular to shearing forces generated by ongoina
DNA synthesis. A less formal variation of the above pro-
posal would assume that rapid DNA synthesis is necessary on
certain prerccombinational structlures (i.e., single stranded
regions bounding heteroduplexes), in order to increase
their stability. Appropriate location of the precursor
aggreqgate in the latter case would thus fortuitously be

responsible for maximum recombination,
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A number of approaches may be used to dectermine the
validity of the above working model. A particularly useful
one would be to identify the x and y proteins on SDS poly-
acrylamide gels. Once this is accomnlished, it should be
possible to isolate replicating DNA complexes with proteins
attached, thus establishing the presence or absence of the
x and y proteins. In addition, the precursor complex as
isolated by Mathews (Reddy et al., 1977) could be examined
for these proteins.

It has been established hy both Mathews' aroup
(Stafford et al., 1977) and that of Greenberg (Wovcha et
al., 1976) that there appcar to be a number of independent
precursor feeds that supply the replication forks. Through
the usc of plasmolyvzed cells and various precursors (14dr,
aT™MP, dTTP) a correspondence between a given precursor path-
way and recombination might bg established. Ultimately,
throucgh the use of in vitro complementation, it might be
possible to develop an assay that would allow for the

purification of the x and y proteins. 1In vitro the comple-

mentation of T4 replication proteins has been carried out
by Barry et al., (1973). Sadowski's group has successfully
developed an in vitro recombination system using T7

bacteriophage (Sadowski and Vetter, 1976; Sadowski, 1977).
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SUMMARY OF OBSERVATIQONS

DNA synthesis, as measured by the incorporation of
tritiated thymine, or thymidine, is defective in T4x-
and T4y-infected cells (i.e., 20% less than wildtype).
The degree to which DNA synthesis s impaired in Tdx-
and Tdy-infected cells is a function of the thymidine
concentration. Thus, the lower the thymidine concen~
tration, the greater the impairment. (0.19 ug/ml =
50--90% impairment; 25 ug/ml = 30% impairment).

DNA synthetic capacity is less sensitive to inactivation
by ultraviolet light irradiation or x-ray inactivation
in the absence of x- and y-directed recombinational
repair than in the presence of the x and y gene pro-
ducts,

Both DNA synthesis and viability of T4x and T4y are more
sensitive to mitomycin C than are these two parameters
in the wildtype-infected cells.

The defect in DNA synthesis found in T4x and T4y may

be measured by twelve minutes after infection.
Transcription of the x and y genes occurs bhefore 2
minutes after infection.

The x and y gene products are translated before 8
minutes after infection.

The absence of the x and'z gene products is not directly
responsible for the rcduced rates of DNA synthesis found

in cells infceoted wﬁth Tdi and de.
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of chloramphenicol at 8 minutes afterx

infection can prevent the synthesis of protein(s)

responsible for reducing the ability of T4x and T4y to

synthesize DNA.

DNA synthesis in mutant-infected cells measured after

15 minutes of infecticn in the presence of either high

or low concentrations of thymidine is sensitive to

mitomycin C.

The pronence

of the mutant x gene preoduct in wildtype-

infected cells inhibits wildtype levels of DNA synthe-

sis (i.e., partial X dominance),

The replication complex of T4x- or Tdy-infected cells

gsndiments more slowly tbap dos3 the replicating complex

from wildtype-infected cells.

The presence

of chloramphenicol at 8 minutes after

infection prevents the brecakdown of the mutant-directed

DNA replicating complex.

Both T4x and
DNA than are
Parentel DNA
sediments as
The presenceo

reduction in

T4y produce fewer concatemeric lengths of
produced in wildtype-infected cells.
associated with the DNA replicating complex
does the respoective progeny DNA.

of the mutant x gene product can cause a

the sedimentation rate of parental wild-

typc DA ir replicatinog comnlexes to a rate that is

gimilar to that found in mutant replicating complexes.
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Figure 1. DNA synthesis in cells infected with T4+(0),
T4x (J) and T4y () measured at 37 c? () 3H thymidine
incorporation, 25 ug/15uCi/ml. (B) 3H thymine incorpora-

tion, 25 ug/l15uCi/ml. Both thymidine and thymine were

added at 4 minutes after infection.
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Figure 2. The effect of ultrayiolet 1light on DNA synthesis

in cells infected with T4 (a), T4x (B), T4y (C), and T4v

2 2

(D). Free phage were irradiated at 0 Jm © (0); 14 Jm

(0); 28 Jrn-2 {A); and 42 Jm-2 (V). Incorporation of

thymidine was measured as in Figure 1A,
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Figure 3. The effect of x-irradiation on DNA synthesis
in cells infected with T4+ (A}, TAx (B), T4y (C). Free
phage were irradiated at 0 Krads (Q):; 45 Krads ([1):
90 Krads (Q); and 135 Krads (/). Incorporation of

thymidine was measured as in Figure 1A.
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Figure 4. Inactivation of thymidine incorporation in cells
infected with 4% (0): T4x (), T4y (D), and T4v () at
37°C as calculated from the final slopes of the DNA
synthesis curves obtained in Figures 2 and 3. (A) Ultra-
violet irradiation of free phage. (B) X-ray irradiation

of free phage. (C) Mitomycin C inactivation of phage-

bacterium complexes.
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Figure 5. Mitomycin C inactivation of phage-infected
cells. Infected complexes were exposed to mitomycin C for
10 minutes after infection prior to diluting and plating
at 37°c. The entire experiment was performed at 37%¢c.

Symbols: T4® (0), Téx (O0), and Ty (A).
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Pigure 6. DNA synthesis at 20°C as measured by incorpora-
tion of high specific activity thymidine (0.12 ug/33uCi/ml)
in the absence of additional cold thymidine (final concen-
tration 0.12 ug/ml). Cells were infected with r4* {0),
T4x (0J) and T4y (D) at 37°C and transferred to 20°C one
minute prior to labeling. Fifteen second samples were
taken after administration of label at 4, 8, 10, 12 or 14

minutes after infection.
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Figure 7. DNA synthesis at 20°C as measured by the
incorporation of high specific activity thymidine in the
absence of additional cold thymidine (final concentration
0.12 ug/33uCi/ml). Cells were infected and labeled at 20°C
at the times in minutes indicated in the Figure. (A) T4+,
(B) T4x, and (C) Té4y.
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Figure 8. Effect of amber asuppressor E. coli CR63 on
thymidine incorporation. E. coli B or CR63 were infected
with T4¥, T4x, or T4y at 37°C. At 14 minutes post-infec-
tion, cells were transferred to 20%C for one minute prior
to labeling. Cells were labeled using final concentrations
of 0.12 ug/33uCi/ml. Open symbols: E. coli B; closed
symbols: E. coli CR63. 4", 0, ; ™x:0 ,EB; ana

T4y N, & .

L]
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Figure 9. Parameters affecting apparent DNA synthetic
rates: (A) Permeability of cells infected with T4+, T4x
and T4y to labeled thymidine as determined by measuring

free intracellular label. Cells were infected for 14
minutes at 37°C. One minute after transfer to 20°C, they
were labeled with 0.12 ug/33 uCi/ml thymidine. Total intra-
cellular label was determined by placing 20 ul aliquots

onto Millipore filters and washing with 2 mls of M9 medium.

Symbols: T4+

(@), T4x (@) and T4y (). From the same
tubes at staggered 30 second intervals incorporated counts
were determined by collecting 20 ul samples onto GFA
filters and precipitating with TCA. Symbols: r4* (0,
T4x (), T4y (QA). Free intracellular label was deter-
mined by subtracting total intracellular label from

Y (@), Tax (O, T4y (A).

(B) The effects of varying thymidine concentrations on the

incorporated label. Symbols: T4

incorporation of labeled thymidine into TCA precipitable
material were examined by labeling with 33 uCi/ml of
thymidine in the presence of either 0.158 ug/ml or 15.8
ug/ml final concentration thymidine. Counts for the latter
were corrected for the difference in specific activity.

Y (0), Tax (OQ), T4y (A) 0.158 ug/ml
thymidine; T4* (@), Tax (W), Tdy (A), 15.8 ug/ml

Symbols: T4

thymidine. (C) Cells were grown and infected as in (A},
except that the label was followed for 15 minutes after

its administration. Symbols: T4+ (O, T4x (Q), Tay (Q).
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Figure 9 (Con't.). (D) Cells were grown and infected as in
(A), except that an additional 33 uCi/ml of label was added
10 minutes after the addition of label at 15 minutes post-

infection. Symbols: T47 (0), T4x (O), T4y (D).
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Figure 10. The effect of rifampin on DNA synthesis
measured by incorporation of 0.12 ug/33uCi/ml thymidine
(final concentration 0.12 ug/ml) at 20°c. The complexes
were incubated at 37°C until 14 minutes after infection,
at which time they were switched to 20°C. Label was

added at 15 minutes after infection and samples taken at
15 second intervals thereafter. Rifampin (200 ug/ml final
concentration) was added at the indicated time after

infection.

Symbols: T47 (O), T4x (O) and T4y (D).
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Figure 11, The effect of chlorxamphenicol on DNA synthesis
as measured by incorporation of thymidine at a final
concentration of 0.12 ug/33Ci/ml at 20°C. The label was
given 1 minute after 14 minutes of post-infection incuba-
tion at 37°C. Chloramphenicol (200 ug/ml final concentra-
tion) was added at the indicated times after infection.

(A) T4+, (B} T4x. Symbols: no chloramphenicol (O),
chloramphenicol 4 minutes ({J), chloramphenicol 8 minutes

(A), chloramphenicol 12 minutes ().
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Figure 12. Effect of mitomycin C on DNA syntheais measured
at 8 and 15 minutes after infection with T4”, T4x and T4y.
Infected cells were incubated at 37°C until 1 minute prior
to labeling, at which time they were switched to 2¢fcC.
Cells were labeled with tritiated thymidine (0.12 ug/33uCi/
ml). When present, mitomycin C was at a final concentra-~
tion of 30 ug/ml as indicated in the Figure. (A) T4+,

(B} T4x, (C) T4y. Infected cells labeled at 8 minutes:
minus mitomycin C (), plus mitomycin C ({Y). Infected
cells labeled at 15 minutes: minus mitomycin C (0O),

plus mitomycin C (Q1).
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Figure 13, Effect of mitomycin C on chloramphenicol res-
cued synthesis, T4+-, T4x-, and T4y-infected cells were
incubated at 37°C and treated with chloramphenicol (200
ug/ml final concentration) at 8 minutes after infection.
One minute prior to labeling, cells were shifted to 20°C
and 3H thymidine was added (0.12 ug/33uCi/ml). Final
mitomycin C concentration was 30 ug/ml. Symbols: T4t
(Q); 'I‘4+ + mitomycin C (@); ng (Q); T4x + mitomycin C

(B); T4y (A), T4y + mitomycin C (A).
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Fiqgqure 14. DNA synthesis in cells coinfected with mutant
and wildtype phage. (A) Infected cells were grown for 14
minutes at 37°C and then transferred to 20°C for 1 minute
prior to the addition of high specific activity thymidine
(0.12 ug/33uCi/ml). (B) Cells were infected and labeled as
in (A), except that 200 ug/ml (final concentration) of
rifampin was added 4 minutes after infection. (C) Cells
were infected and labeled as in (A}, except 200 ug/ml
{(final concentration) of chloramphenicol was added 8
minutes after infection. The total input M.0,I, of each
phage was 10. Symbols: T4® (0), T4x (), T4y (A),

+

4" + Tax (@), T4V + Tiy (A), and T4x and T4y (Y).
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Figure 15. Neutral sucrose gradient analysis of progeny

T4 DNA labeled 8 minutes after infection. E. coli B cells
were grown and infected with T4 wildtype, T4x, or T4y at a
M.0.I. of 5 at 37°C as described in Materials and Methods.
Seven minutes after infection the phage-bacterium complexes
were transferred to 20°C for 1 minute prior to labeling
with 3H thymidine (0.19 ug/33uCi/ml} for Materials and
Methods using lysozyme, EDTA, and BrdU 58. Samples were
centrifuged for 20 minutes at 17,000 rpm at 4 C through
5-30% neutral sucrose gradients. Symbols: T4+ (0); Téx

(0); and T4y (A).
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Figure 16. Neutral sucrose gradient analysis of progeny T4
DNA labeled 15 minutes after infection. E. coli B cells
were grown and infected with T4 wildtype, T4x or T4y at a
M.0.I. of 5 at 37°C as described in the Materials and
Methods. Fourteen minutes after infection the phage-
bacterium complexes were transferred to 20°C for 1 minute
prior to labeling for 1 minute with thymidine (0.19 ug/
33 uCi/ml). The complexes were lysed as described in
Materials and Methods using lysozyme, EDTA, and Brdu 58,
Samples were centrifuged for 45 minutes at 17,000 rpm at
4°C through 5-30% neutral sucrose gradients.. Symbols:

+

T4  (0); T4x (O): and T4y (A).
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Figure 17, Neutral sucrose gradient sedimentation analysis
of T4 DNA isolated after pulse labeling followed by a colad
chase or after continucus labeling. {A) Cells were pre-
pared and labeled as in Figure 7. At 8 minutes after
infection, after labeling for 1 minute, the cells were
transferred back to 37°C and chased with 500 ug/ml of cold
thymidine until lysis at 15 minutes. (B) Cells were
labeled from 4-15 minutes post infection at 37°C with 3H
thymidine (25 ug/33 uCi/ml). 1In (A) and (B) cells were
spun for 60 minutes at 17,000 rpm at 4 C through 5-30%

neutral sucrose gradients, Symbols: T4+ (0}; T4x (O):

and T4y ().
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Figure 18, Alkaline sucrose gradient analysis of progeny
T4 DNA labeled 8 and 20 minutes after infection. Cells
were transferred to 20°C at 19 minutes after infection

1 minute prior to labeling for 1 minute at 20°C. DNA was
labeled with 0.19 ug/33 uCi thymidine/ml. After loading,
the lysed samples were made basic by the addition of 0.1 ml
of 0.35N NaOH. Samples were centrifuged for 2 hours at
35,000 rpm at 4 C through 5-20% alkaline sucrose gradients.
{A) Lysed at 8 minutes after infection. (B) Lysed 20

minutes after infection. Symbols: T4+ (0); Tax (O):
and T4y (A).
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Figure 19, Neutral sucrose gradient analysis of "chlor-
amphenicol rescued" progeny T4 DNA labeled 15 minutes

after infection after pretreatment with chloramphenicol at
8 minutes after infection. Cells were prepared and labeled
at 15 minutes after infcction es described in Fiqgure 6,
except that at 8 minutes they were treated with chlor-
amphenicol (200 ug/ml). Samples were spun for 25 minutcs
at 17,000 r»pm at 4 C through 5-320% neutral sucrosec

gradients, Symbols: T4 (0); T4x (Q); and T4y (A).
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Figure 20. Alkaline sucrose gradient analysis of
"chloramphenicol rescued" progeny T4 DNA labeled 15
minutes after infection after pretrcatment with chlor-
amphenicol at 8 minutes after infection. Samplcs were
prepared and labeled as described in Fiqgure 18. Samples
were spun for 2 hours at 35,000 rpm at 4 C through 5-20%
T 0y; Tax ()

alkaline sucrose gradients. Symbols: T4

T4y (D).
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Figurce 21. Neutral sucrose sedimentation analysis of
parental DNA isolated after 15 minutes of infection.
Labeled parcontal T4+, T4dx and T4y were prepared as described
in the Materials and Mecthods, Cells were coinfected with
the 6 possible combinations of labeled and unlabeled T4+,
T4x and T4y. Complexes were lyscd after 15 minutes of
infection as described in Materials and Methods. Samples
were spun on 5-30% neutral sucrose gradients for 1 hour

at 17,000 rpm at 4 C. Symbols: (A) labeled 4% and
unlabeled Tdx (0), labeled r4" and unlabeled Tdy (0 );

(B} labeled T4x and unlabeled 4" ()Y, labeled T4x and
unlabeled T4y (I3): (C) labeled T4y and unlabeled T4z (A),

laboled W4y and unlabeled 147 (/Y).
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