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ABSTRACT
Data from several biological systems, including
those of procaryotic cells, suggest that the DNA precursors
are compartmentalized in dividing cells, even in cases where
no physical compartments have been observed.

Enzymes of DNA

precursor biosynthesis organized into a supramolecular
structure can function to maintain high local concentrations
of precursors near replication forks, thereby creating
intracellular concentration gradients.

In this dissertation,

both the direct and indirect approaches are described to
test such a speculation.
The direct approach involved sedimentation analysis
of several T4 phage coded early enzyme ;activities in crude
lysates of infected Escherichia coli.

When T4 infected cell

lysate is subjected to sucrose gradient analysis, one-third
to one-half of several activities tested—dCMP hydroxymethylase, dTMP synthetase, deoxynucleoside monophosphate
kinase, deoxyuridine triphosphatase, and dCMP deaminase but
not dihydrophosphate reductase or DNA polymerase—sedimented
much more rapidly than expected from their respective molec
ular weights.

About 5% of the host cell nucleoside diphos

phate kinase, known to participate in T4 DNA precursor syn
thesis, cosedimented with these activities.

To show that

this rapidly sedimenting material represents an organized
xiv

XV

enzyme complex rather than nonspecific aggregate, the
kinetics of formation of dTTP with dUMP as initial substrate
is studied.

This three step reaction sequence reached its

maximal rate within a few seconds when catalyzed by enzymes
in the aggregate, whereas an equivalent mixture of uncomplexed enzymes required nearly 20 minutes before dTTP syn
thesis reached its maximal rate.

I further explored the

nature of specific aggregation of precursor synthesizing
enzymes with respect to the effect of RNase and DNase treat
ment of the lysate before subjecting to sucrose gradient
analysis.

I found that neither RNase nor DNase had any sig

nificant effect on rapidly sedimenting material.

Moreover,

replacement of EDTA by MgC^ in dialysis buffer seems to
enhance sedimentation of aggregated enzymes, which allowed
recovery of the DNA precursor synthesizing enzyme activities
in high concentration.

Further, this aggregate seems to

remain stable even when filtered through the Agarose gel.
An indirect but most related line of investigation
has been conducted using an in situ DNA synthesizing system
in T4 phage infected cells.

In sucrose plasmolyzed T4

infected bacteria, deoxynucleoside mono-phosphates incor
porate much more efficiently than deoxynucleoside tri
phosphates into DNA, even though tri-phosphates are known to
be the proximal precursors in vivo.

Evidence is presented

that tri-phosphates in this in situ system are dephosphorylated before their ultimate incorporation into DNA.

xvi

Further, ribonucleosiae diphosphates also incorporate more
efficiently than the deoxyribonucleoside triphosphates into
acid precipitable, and alkali resistant material in same in
situ system.

Density-labeling experiments show that the

deoxyribonucleoside monophosphate-dependent incorporation
represents semi-conservative replication, while much of
the deoxyribonucleoside triphosphate-dependent incorporation
represents a conservative repair-type process.
From the results presented in this dissertation a
model is presented which reveals that the DNA precursors are
channeled to the site of their utilization, i.e., replica
tion apparatus (forks), preferentially through the complex
of DNA precursor-synthesizing enzymes.

Validity of this

model in the light of present data is discussed.

CHAPTER I
INTRODUCTION
An Overview of DNA Replication and a Suitable
System to Study its Regulation
It is already three decades since it was firmly
established experimentally that deoxyribonucleic acid (DNA)
is the repository of genetic information, and possesses an
innate ability to duplicate itself.

While this duplication

is known to occur without the intervention of an additional
overriding source of information, the exact mechanism by
which it is accoitplished is still not clear.

Besides the

mechanism of DNA replication, the control of this process,
especially as related to other macromolecular synthesis, is
poorly understood.

Although much evidence points to chain

initiation as a central process in control of replication,
the regulation of precursor supply itself as another
possible control mechanism cannot be excluded or repudiated.
In recent years most of the enzymes involved in DNA pre
cursor synthesis have been identified and characterized.
However, the extent to which control might be exerted at the
level of precursor biosynthesis is still obscure and the
possible importance of this area is becoming more fully
appreciated.

1

2

T-even bacteriophages have contributed a great deal
to our understanding of the mechanism and control of DNA
replication.

This system is especially advantageous for

studies related to DNA precursor synthesis and replication
because of the following reasons:
1.

Most of the steps involved in DNA precursor
synthesis and virtually all in DNA replication are
catalyzed by phage-coded enzymes.

2.

Upon infection with these virulent phages the macromolecular metabolism in Escherichia coli is abruptly
and completely redirected; i.e., the synthesis of
many macromolecular constituents characteristic of
the growing bacterial cell cease and a new biosynthetic pattern directed toward the growth and
reproduction of phage is established.

3.

The availability of a large catalogue of mutants
defective in viral functions provides a wide scope
to maneuver in designing experiments.

4.

The presence of a unique base, 5-hydroxymethyl
cystosine (HMC), in phage DNA serves as a special
"tool" for following viral DNA and its precursor
synthesis.
Among T-even phages, bacteriophage T4 has been

genetically, biochemically, and morphologically character
ized to the point where it is now one of the best understood

3

biological systems.

This dissertation deals with an aspect

of the existence of a "multienzyme complex" involved in DNA
precursor synthesis in this system.
General Biology and Molecular Aspects of
Bacteriophage T4
This complex virus contains five distinct sub
structures:

the head (95 nm long), which contains a single

molecule of DNA; the head-tail connector, with a collar and
attached whiskers; a tail (110 nm long), which acts as an
adsorption organ and the passageway through which viral
nucleic acid passes on its way into the host cell; a complex
base plate and attached pins; and six fibers protruding from
the base plate (Fig. 1).

The life cycle of this organism

can be broadly divided into four stages:

(1) adsorption of

T4 to the surface of E. col . followed by injection of its
DNA into the host cell; (2) production of the enzymes which
direct T4 DNA replication and degrade the host DNA; (3) com
mencement of DNA replication accompanied by the synthesis of
virion structural components/ leading ultimately to progeny
phage assembly; and (4) release of the progency at the
expense of host cell lysis, a process directed by phagecoded proteins.

All these events have been extensively

reviewed elsewhere (Stent, 1963; Mathews, 1971, 1977).
Compared to other closely related T-even phages like
T2 and T6, T4 has been an attractive system mainly because
of the early availability of its relatively complete genetic
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Fig. 1.

Schematic representation of bacteriophage T4.

map (Epstein et al., 1963).

So far, the most reliable

estimate of the T4 genome has been 1.66 x 10^ nucleotide
pairs (Kim and Davidson, 1974), or 166 kilobase pairs (kb),
a genome large enough to accommodate between 160 and 170
"average size" genomes of 1,000 nucleotide pairs.

In a

population of T4 genomes, the sequences are circularly per
muted, i.e., different molecules begin and end at different
points in the sequence (Thomas and Rubenstein, 1964).

This

property accounts for the observed circularity of the T4
genetic map, although it possesses a linear duplex DNA of
about 120 x 10

daltons (Kornberg, 1974).

Moreover each

molecule is terminally redundate, i.e., the sequence at one
end is repeated at the other (Streisinger, Emrich, and Stahl,
1967) and the redundancy is estimated to be 1-3 per cent of
the genome size (MacHattie et al., 1967).
So far, about 140 T4 genes have been identified
genetically and to some extent, characterized functionally
(reviewed by Wood and Revel, 1976).

The relationship be

tween a gene and its expression has been established through
the isolation of mutants which affect biological activity in
a manner that produces an observable and selective change of
phenotype.

A class of mutations that offered special ad

vantages in these studies were conditional lethal mutations.
Such mutations in bacteriophage T4D have helped to analyze
the gene controlled functions essential to viral DNA repli
cation.

Two types of well characterized conditional lethal

6

mutants in bacteriophage T4D are: (1) temperature sensitive
(ts) mutants which form plaques at 25°C but not at 42°C
(Wiberg and Buchanan, 1964), and (2) amber mutants (am)
which form plaques on E. coli CR6 3 but not on E. coli B
(Edgar, Denhardt, and Epstein, 1964).

Temperature sensitive

mutants are produced from point mutations which often make
the corresponding protein more heat labile (Wiberg and
Buchanan, 19 64) , whereas amber mutants result from similar
mutations nonsense or chain-terminating dodon within the
gene, which can be suppressed by growing on a suppressor
strain like E. coli CR6 3.

These strains have an altered

transfer RNA (tRNA) which can insert an amino acid at the
site of the nonsense codon.
T4 DNA Synthesis
In about 10 minutes following T4 phage adsorption at
37°C, host macromolecular synthesis virtually ceases
(Scofield, Collinsworth, and Mathews, 1974) and the tran
scription of certain phage genes commences and within 5-6
minutes the replication of viral DNA is underway.

Mosig,

together with several other collaborators (Mosig and Werner,
1969; Marsh, Breschkin, and Mosig, 1971), initially pre
sented data to support a model in which replication is uni
directional from a single fixed point of origin.

However,

current evidence (discussed below) indicates that replica
tion begins at several specific initiation sites along the
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DNA molecule and proceeds bidirectionally (Delius, Howe, and
Kozinski, 1971; Howe et al., 1973).

That the mode of DNA

replication is discontinuous has been earlier demonstrated
by the discovery of 10S replication fragments which anneal
equally to both strands, during studies of T4 replication
(Okazaki et al., 1968).
As the number of replication forks increases during
the initial stages (Werner, 19 68), the rate of DNA synthesis
in E. coli infected with T4 increases exponentially until
about 12 minutes after infection (Murray and Mathews, 1969).
The replication rate then becomes linear and continues at
this constant rate until lysis.

However, at this stage a

great deal of controversy is centered around the mode by
which T4 DNA is replicated.

One school of thought held that

T4 DNA replicates by the so-called "rolling circle model"
(RCM) (Fig. 2A), in which a nick at some initiation site on
one strand of the circle (formed by recombination between
the homologous regions of its redundant ends) would permit a
replication fork to proceed unidirectionally around the
circle again and again (Gilbert and Dressier, 1968; Frankel,
1968a).

Structures which resemble rolling circles have also
3
been observed by autoradiography of H-labeled replicating
DNA (Bernstein and Bernstein, 1973).

But, the other school

still contends that circularization of the T4 chromosome is
not essential for at least the first few rounds of replica
tion (Kozinski and Doermann, 1975) (Fig. 2B).

Whatever may

Fig. 2.

Models proposed to explain mode of DNA replication
and concatemer formation.

(A) Rolling Circle Model: 1. Circularization of linear
duplex DNA by intramolecular recombination of
terminally redundant ends; 2. Induction of single
stranded nick in circular duplex DNA; 3. One end of the
nicked strand is elongated by displacing the other end
from the circular template strand and displaced strand
also serves as a template; 4. Concatemer is produced by
the continuous synthesis of progeny DNA from a rolling
circular DNA.
(B) Bidirectional replication of linear duplex DNA: 1. DNA
replication is bidirectional starting at multiple
specific origins (of which only one is shown in the
figure); 2. First progeny DNA; 3. Replication is
repetitive; 4. Second progeny DNA; 5. Intermolecular
end-to-end recombination of progeny DNA at redundant
regions; 6. Following recombination concatemer is
produced with two or more phage genomes in continuum.

8

Fig. 2.

Models proposed to explain mode of DNA replication
and concatemer formation.

9

be the actual mode of replication (reviewed by Doermann,
1974) , the common feature is that the nonencapsulated T4
DNA, vegetative-state DNA, within the infected bacterium
exists in the form of large concatemers (Frankel, 1968b)
which are composed of two or more phage genomes in a linear
continuum (Fig. 2).

According to the proponents of the

earlier model, these concatemers are generated by the
rolling circle mechanism of Gilbert and Dressier (1968).
Proponents of the latter model proposed that the concatemer
formation can be achieved by recombination of the end of one
daughter molecule with that of another (Broker, 1973;
Doermann, 1974).

Release of DNA from this multimeric com

plex in mature form ready for packaging into phage head re
quires a nonspecific double strand scission that provides
"headful"-size pieces (Streisinger et al., 1967; Luftig,
Wood, and Okinaka, 1971; Laemmli and Favre, 1973).

This

cleavage mechanism, while it recognizes the "headful"lengths, produces molecules slightly larger than one genome.
This aspect of concatemer cleavage explains how terminally
redundant and circularly permuted ends can be generated in
T4 DNA molecules.
Physiological Roles of T4 Phage-Coded Enzymes
Involved in Deoxyribonucleotide Metabolism
A virus for its development must either depend on
its host cell's replication machinery or should bring in
the genetic information to tailormake its own machinery.
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Bacteriophage T4 seems to do some of both.

However, the

concept of "virus-induced acquisition of metabolic functions"
in infected cells became more promising when Flaks and
Cohen, Koniberg and his collaborators, and others discovered
a number of new protein molecules synthesized under the
direction of the phage DNA (reviewed in Cohen, 1968).

Thus

far, the T4 chromosome is known to contain about 30 genes
whose products participate, either directly or indirectly,
in replication of the viral genome (Epstein et al., 1963;
Warner and Hobbs , 1967; Mathews, 1977).

The position of

these genes on the T4 linkage map is shown in Fig. 3, and
the proteins they code are listed in Table 1.
Enzymes Involved in DNA
Precursor Metabolism
According to the available literature on enzymes
involved in T4 DNA precursor synthesis one can depict the
pathways of nucleotide metabolism as shown in Fig. 4, and
the phage-coded enzymes involved as listed in Table la.
A perusal of the enzymes associated with each reaction in
this metabolic panorama, represented by their gene number
or initials in Fig. 4, reveals several features worth com
ment.

First, there are several multifunctional enzymes in

volved such as the gene 1, deoxyribonucleotide monophosphate
kinase (dNMP kinase), which phosphorylates HMdCMP, dGMP, and
dTMP; and the gene 56, nucleoside di- and triphosphates
(dCTPase-dUTPase), which catalyzes the breakdown of dCTP,

Fig. 3.

Bacteriophage T4 genetic map showing the position
of genes involved in DNA replication and its pre
cursor metabolism — The numerical scale in the
center represents the physical distances in
kilobase pairs (kb) from an arbitrary zero point.
The position of the genes and the scale are as
depicted by Wood and Revel (1976). The products
of these genes and their functions, as reviewed by
Wood and Revel, are listed in Table 1.
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Fig. 3.

Bacteriophage T4 genetic map showing the position
of genes involved in DNA replication and its pre
cursor metabolism.

Table 1.

Genes

den A

Map
Position
(kb)

164

dex A

9

47

Gene product and/or its function

Defective phenotype

(a) Genes: coding for enzymes involved in DNA precursor metabolism
DNA endonuclease II
Unable to degrade host DNA
136

den B

46

Bacteriophage T4 genes associated with DNA replication.3

DNA endonuclease IV

Fails to degrade cytosinecontaining T4 DNA and un
able to degrade host DNA

DNA exonuclease A

Unable to degrade host DNA

DNase (?)

Arrest of DNA synthesis
impaired degradation of
host DNA

36-j
38

nrd A

140-1

Ribonucleoside diphosphate reductase

nrd B

138-1

Sub unit.

nrd C

49

Thioredoxin

tK

56

Thymidine Kinase

td

141

Thymidylate Synthetase; non
essential component of baseplate

frd

142

Dihydrofolate reductase; non
essential component of baseplate

cd

130

Deoxycytidylate deaminase

Table 1.—Continued

Bacteriophage T4 genes associated with DNA replication.3

Map
Position
(kb)

Gene product and/or its function

1

74

Deoxynulceoside monophosphate kinase

42

23

Deoxycytidylate hydroxymethylase

No DNA synthesis

56

18

Deoxycytidine-deoxyuridine di- and
tri-phosphatase

No DNA synthesis

Genes

Defective phenotype

(b) Genes involved in macromolecular DNA synthesis
30

122

DNA ligase

32

145

DNA binding protein

39

4

41

Arrested DNA synthesis

Not known

Delayed DNA synthesis

22

DNA replication, lagging strand
chain initiation (?)

Arrest of DNA synthesis

43

27

DNA polymerase

No DNA synthesis

44

32

Component of DNA replication complex

No DNA synthesis

45

33

Component of DNA replication complex, No DNA synthesis
also associated with host RNA
polymerase; participates in control
of late transcription

52

161

Not known

Delay in DNA synthesis

Table 1.—Continued

Genes

Map
Position
(kb)

58-61

19 .

Bacteriophage T4 genes associated with DNA replication.

Gene product and/or its function

Defective phenotype

Component of DNA replication complex

Delay in DNA synthesis

59

146

Not known

Arrest of DNA synthesis

60

3

Not known

Delay in DNA synthesis

.62

31

Component of DNA replication complex

No DNA synthesis

aCompiled

from Wood and Revel (1976).

Fig. 4.

Pathways of DNA precursor biosynthesis in T4-infected E. coli — Reactions
catalyzed by phage coded enzymes are denoted with an arrow and solid line
and the name or number of the controlling gene. Reactions catalyzed by
bacterial enzymes are indicated with an arrow and dashed line.
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Pathways of DNA precursor biosynthesis in T4-infected E. coli,

U1
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dCDP, dUTP, and dUDP to their respective monophosphates.
Secondly, the ultimate step in precursor synthesis, namely,
the synthesis of deoxyribonucleoside triphosphates (dNTP's)
from the corresponding diphosphates (dNBP's), seems not to
be catalyzed by virus specific enzymes.

Thirdly, there is

at least one unique protein, deoxycytidylate hydroxymethy~
lase (gene 42 product), found in T-even phages, which con
verts dCMP, formed by gene 56 product, to HMdCMP.

In addi

tion to these there are more enzymes produced after T4 in
fection which augment the pre-existing pathways of precursor
metabolism in E. coli cells.

These include thymidylate

synthetase, dihydrofolate reductase, ribonucleotide
reductase, and thymidine kinase.

While dUTPase is already

involved in provision of dUMP as substrate for thymidylate
synthetase in uninfected cells, deoxycytidylate deaminase
provides an additional pathway for dUMP synthesis after in
fection with T4.
Also, as is shown in Fig. 4, there are at least five
phage-coded nucleases which are involved in breakdown of
host DNA.

This provides an additional source of deoxyribo-

nucleotides for phage DNA replication.
Proteins Associated with Macromolecular DNA Synthesis
The T4 bacteriophage genes which are known to be
associated with its macromolecular DNA synthesis are listed
in Table 2b.

Warner and Hobbs (1967) , through their studies
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on ["^C]-Uracil incorporation into DNA, classified the
mutants which were originally recognized as bearing defects
in DNA synthesis (Epstein et al. , 1963) in terms of the
kinetics of DNA synthesis.

This classification included DO

(no detectable DNA synthesis:

genes

43, 44, and 45; this

category also includes genes 1 and 42 which are involved in
precursor synthesis); DS (a little DNA synthesis:
32, 41, 56, and 62); DD (delayed DNA synthesis:

genes 30,

genes 39,

52, 58-61, and 60); and DA (arrested DNA synthesis:
46, 47, and 59).

genes

Of all the genes so far known to be in

volved in DNA replication, the functions of only 3 of them
have been identified and their products characterized.

They

are DNA ligase, gene 30 product (Fareed and Richardson,
1967); DNA binding protein, product of gene 32 (Alberts and
Frey, 1970); and DNA polymerase coded for by gene 43 (de
Waard, Paul, and Leyman, 1965).
DNA Polymerase.

The only type of enzyme activity

which a priori can be predicted to be involved in DNA
replication is polymerizing activity.

The converse may not

be true, namely that all the polymerases found in cells
necessarily have a role in replication.

However, by the

identification of conditional lethal mutations in its
structural gene the DNA polymerase induced by T4 infection
has been characterized as a replication polymerase (Goulian,
Lucas, and Romberg, 1968) and not involved in DNA repair in
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vivo (Schnitzlein, Albrecht, and Drake, 1974).

T4 DNA poly

merase, the product of gene 43, is a single polypeptide
chain of molecular weight 112,000.

It catalyzes the forma

tion of a phosphodiester bridge formation between the 3'hydroxyl group at the growing end of DNA chain, called
primer, and the 51-phosphate group of the incoming deoxyribonucleotide, thus enabling the DNA to extend in 5'->3'
direction.

The observation that some gene 43 mutations

display mutagenic activity (Speyer, 19 65) while other muta
tions display antimutagenic (Drake et al., 1969) effects can
be interpreted in terms of defects in the template-directed
nucleotidyl transferase activity or its associated 3'exonuclease activity (Goulian et al., 1968) which acts as a
proof reading function.

The frequency of spontaneous

mutations in such mutants is dependent on the ratio of the
polymerase activity to its associated 3'-exonuclease activi
ties (Goodman et al., 1974).
DNA Li gase.

T4 DNA ligase, coded for by gene 30, is

a single polypeptide chain of molecular weight around 65,000.
This enzyme promotes an ATP-dependent phosphodiester bond
formation at single strand breaks in DNA duplexes which have
5'-phosphate and 3'-hydroxyl termini.

An accumulation of

low molecular weight DNA during replication in mutants
defective in gene 30 led to the postulation that DNA syn
thesis occurs discontinuously and apparently DNA ligase is
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the enzyme required for joining the replication fragments to
the main body of the chromosome (Okazaki et al. , 1968;
Sugimoto,

Okazaki, and Okazaki, 1968; Masamune and

Richardson, 1968).

The requirement for this seems to be not

species specific in the sense that the absence of ligase
activity in cells infected with T4 mutant, defective in gene
30, can be compensated for if the cells were pre-infected
with phage T7, which codes for a DNA ligase (Koch, 19 73,
and Table 2).
DNA Binding Protein.

The first "DNA-binding

protein," otherwise known as "DNA-unwinding protein" or
"helix-destabilizing protein," to be characterized was the
T4 bacteriophage gene 32-protein (Alberts and Frey, 1970).
It has subunit molecular weight around 35,000 and is re
quired for both replication and genetic recombination of T4
DNA.

This protein binds preferentially, and cooperatively,

to single stranded DNA and hence promotes both denaturation
and renaturation.

It undergoes a concentration-dependent

aggregation (Huberman, Kornberg, and Alberts, 1971), with
the dimer being preferred at low protein concentrations
(Carroll, Neet, and Goldthwait, 1972).

Krisch, Bolle, and

Epstein (1974), from their observation that mutants which
make an inactive gene 32 product overproduce that product by
at least tenfold, have proposed that P32 apparently regu
lates its own synthesis.

In any event, P32 unlike other

Table 2.
Mutants
used

Effect of co-infection with T7 on the growth of T4 amber mutants.
Experimental
conditions

Number of T4
phage produced

T4 burst
size

Stimulation
in growth

amH39
(gene 30)

Control
Co-infected

1.1 x 10^
3.4 x 108

0.036
1.1

30.5 fold

am N05
(gene 41)

Control
Co-infected

1C)7 7
1.5 x 10'

1 X

0.033
0.05

1.6 fold

am N82
(gene 44)

Control
Co-infected

106 .
1.8 x 10

0.003
0.006

1.8 fold

am NG485
(gene 62)

Control
Co-infected

8.3 x 1077
8.2 x 10'

0.27
0.27

1 X

nil

enzymes of DNA metabolism, is required in stoichiometric,
not catalytic, amounts to facilitate the unwinding of DNA
during replication (Sinha and Snustad, 1971) and it "coats"
DNA in the replicating fork.

Of special interest is the

specificity of the T4 DNA polymerase stimulation by T4 un
winding protein.

It has been observed that T4 DNA poly

merase is markedly stimulated by T4 32-protein but not by E.
coli unwinding protein and also that T4 unwinding protein
had no effect on the E. coli polymerase (Sigal et al.,
19 72).
Other Proteins Involved in DNA Replication.

In

order to identify the functions controlled by some of the DO
and DS gene products, Barry and Alberts (19 72.) through their
ingenious complementation assay have purified some of these
gene products to near homogeneity.

Alberts and his co

workers later, using P41, P44, P45, and P62, thus purified,
along with P32 and P43, have reconstituted a system in vitro
which can synthesize DNA at rates comparable to those ob
served in vivo (Alberts et al., 1975; Morris, Sinha, and
Alberts, 1975).

This system which also possesses P30 as a

contaminafit of P41, requires rNTP's to synthesize DNA from a
template (Alberts et al., 1975).

Although such studies did

not reveal the specific function of these four additional
gene products (P41, P44, P45, and P62), it was found that
P44 and P62 form ia tight complex and possess DNA-dependent
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ATPase activity (Alberts et al., 1975).

However, from the

finding that P45 interacts with E. coli RNA polymerase
(Ratner, 1974; Snyder and Montgomery, 1974) and since rNTP's
are required for NDA replication in Alberts' reconstituted
system, one can predict that P45 may be involved in syn
thesis and/or excision of RNA primers.
At this stage I might add that unlike the require
ment for P30, the requirement for the products of genes 41,
44, 45, and 62 seems to be more species specific for T4 DNA
replication.

As earlier reported by Koch (1973), the gene

30 defect can be rescued in infection of cells previously
infected with phage T7, which codes for ligase.

However, I

found that similar preinfection with T7 cannot correct the
defects associated with mutations in gene 41, 44, and 62
(Table 2 and Mathews, 1977).
In general, upon infection with wild type phage, DNA
rapidly associates with the membrane (Miller, Kozinski, and
Litium, 1970; Earhart, 1970).

However, it was reported that

with a DD gene mutant, defective in gene 52, infection
results in premature release of the DNA from the membrane
and P52 seems to control an endonuclease activity (Naot and
Shalitin, 1973).

Later it was reported that P39, another DD

gene product, and P52 bind to DNA (Huang and Buchanan, 1974)
and are present in membranes of infected cells (Huang, 1975).
From studies on mutants defective in gene 52, it was
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reported that these mutants produce' a reduced number of
replication forks (McCarthy et al., 1976).
Although replication in cells infected with DA
mutants begins normally, as in the case of DD mutants the
DNA is released from the membrane, and replication is
arrested prematurely (Shah and Berger, 1971; Wu and Yeh,
1974).

Genes 46 and 47, while reported to be essential for

degradation of host DNA (Kutter and Wiberg, 1968), were
known to be involved in recombination (Bernstein, 1968) and
this involvement in a recombinational event may be essential
for replication (Broker, 1973).
These observations made with both DD and DA gene
products might suggest that these proteins are involved in
promoting and/or maintaining the integrity of DNA in a
membrane-bound replication complex which is essential for
initiation and/or continuation of DNA synthesis in infected
cells.
DNA Replication and the Membrane
The idea that the replicating point of bacterial
chromosome is attached to the cell membrane was first pro
posed by Jacob, Brenner, and Cuzin (1963).

Since then, the

M-band technique of Tremblay, Daniels, and Schaechter
(1969), which distinguishes between membrane bound and free
intracellular DNA, has been used in various systems to iso
late the DNA associated with cellular membrane fractions.
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This technique enabled several laboratories to demonstrate
DNA membrane associations, including attachement of (1)
bacterial DNA to cell membrane (Firshein, 1972); (2) T4
(Earhart, 1970; Miller, 1972) , A (Hallick, Boyce, and Echols,
1969), <p X174 (Salivar and Sinsheimer, 1969) bacteriophage,
and bacterial plasmid (Hershfield, LeBlanc, and Falkow,
19 73) DNA to host cell membrane); (3) adenovirus (Smith and
Vinograd, 1972) and simian virus 40 (LeBlanc and Singer,
19 74) DNA to the host nuclear membrane; (4)' eucaryotic
chromosomal DNA to the nuclear membrane (Infante et al.,
19 73) and the mitochondrial DNA to its inner membrane
matrix (Tuyle and Kalf, 1972).

In most of the systems

studied, including bacteriophage T4 (Miller and Kozinski,
1970), the membrane-DNA complexes appear to contain the
replicating portion of the DNA but not the bulk of the nonreplicating DNA.

An examination of the membrane-DNA com

plexes thus isolated from bacterial (Firsheim, 1973),
developing sea urchin nuclear (Infante et al., 1973), and
regenerating rat liver mitochondrial (Shearman and Kalf,
19 77) systems revealed that this fraction is absent in cells
not undergoing DNA synthesis.

Moreover, it possesses the

ability to synthesize DNA both in_ vivo and in vitro.

This

suggested that such complexes also contain polymerizing
enzymes needed for DNA synthesis.

Indeed, a number of

enzymes were detected in DNA-membrane complexes isolated
from Pneumococci, which acted cooperatively in synthesizing

DNA, including deoxyribonucleoside mono- and diphosphate
kinase, DNA polymerase, ribonucleoside diphosphate reductase,
and DNA ligase (Firshein, 1972; Greene and Firshein, 1976).
Similar findings were earlier reported in eucaryotes also
(Baril et al., 1973), where DNA synthesizing enzymes, in
cluding DNA polymerase, thymidine kinase, thymidylate synthatase, and ribonucleoside diphosphate reductase were
isolated as an apparent aggregate from the post-microsomal
membrane fragments.

The most interesting outcome of these

studies, however, is the possibility that a complex of
enzymes required for DNA synthesis may be organized at the
site of replication on the membranes (Alfert and Das, 1969).
DNA replication for even a relatively simple
organism such as bacteriophage T4 is also a complicated pro
cess.

It requires the participation of many gene products,

including those of genes 32, 41,
(DNA negative, DO genes).

42, 43, 44, 45, and 62

While shown to be absolutely

necessary for macromolecular synthesis, additional T4
proteins were genetically found to be required for proper
initiation (possibly products of DD genes) as well as main
tenance (DA gene products) of DNA replication.
earlier

As mentioned

along with phage DNA (Miller et al., 1970; Earhart,

19 70) at least 13 of the phage proteins synthesized during,
the pre-replieative period, including products of rllA and
rllB genes and genes 39 and 52 (DNA delay) were found selec
tively enriched in E. coli membrane (Huang, 1975).

Under
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appropriate conditions, most of these gene products that
have been implicated in T4 DNA metabolism—for example, DO,
DD, and DA genese—have also been found to bind DNA with
various affinities.

Products of genese 43, rllA, 46, 30,

39, 52, Bgt, 32, and internal protein III, were identified
among such DNA binding proteins.

Protein-protein inter

actions are involved in formation of the DNA-protein com
plexes (Huang and Buchanan, 1974), so that not all of these
proteins bind DNA directly.
These findings and protein-protein interactions,
such as specific interaction between P32 and P43 and P44 and
P62 and synergistic action of the products of genes 32, 41,
43, 44, 45, and 62, as reported by Alberts and co-workers
(discussed earlier), might suggest that proteins of T4 DNA
metabolism as in Pneumococci and eucaryotes exist in the
form of a complex.

The presence in DNA-membrane complexes

(Huang, 1975) of many more proteins than those known to
participate directly in macromolecular DNA synthesis and the
inability to reconstitute P44-P62 complex ill vitro (Barry
and Alberts, 1972) implies that proteins other than those
absolutely required may be needed for eventual reconstruc
tion of the T4 DNA replication apparatus.
Genetic evidence has also been provided for such
interaction between P39 and P52 and P60 (Mufti and
Bernstein, 1974) and interaction between P32 and P30 (Mosig
and Breschkin, 1975; Breschkin and Mosig, 1977).
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Possible Existence of Intracellular Concentration
Gradients of Deoxyribonucleotides
During DNA Replication
The literature reviewed in the preceding section,
pertaining to the existence of membrane-DNA complexes and
their importance in DNA replication in both procaryotes and
eucaryotes, refers back to the concept that DNA replication
is localized both in time and space, occurring only during
certain periods and at a limited number of intracellular
sites.

Iri vivo experiments indicate also that the deoxy

ribonucleotides are highly specialized, playing quite
limited roles outside their function as DNA precursors.
Moreover, the polymerization of these nucleotides at the DNA
replication forks is known to occur at a rate several fold
faster than most other macromolecular biosynthetic processes,
including the chemically similar process of RNA synthesis
(reviewed in Kornkerb, 1974).

In addition to these dis

tinguishing features of DNA replication, most of the in
vitro studies indicate that relatively high concentrations
of deoxyribonucleotides are required to saturate the
replication apparatus.
The observation that in an uninfected E. coli strain
labeled with thymine or thymidine,,the rate of labeling of
DNA reached maximal value well before the dTTP pool had
reached its highest radioactivity, led to the assumption
that either an activated form of the monophosphate (Werner,
19 71) or the diphosphate (Rubinow and Yen, 1972) is the
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proximal precursor of the DNA.

These assumptions were

basically in disagreement with the reports that the poly
merization reaction proceeds exclusively by the addition of
mononucleotide units from deoxynucleoside triphosphates to
the hydroxyl terminus of a primer chain (Romberg, 19 74;
Lehman and Uyemura, 1976).

In addition, from nucleotide

pool analysis and in vitro DNA replication experiments it
was demonstrated that the deoxyribonucleoside triphosphates,
indeed, represent the proximal precursors for DNA replica
tion (cf. Mathews, 1976 ; Morris et al., 1975).

However,

from experiments with eucaryotic cells, Fridland (1973) has
proposed that earlier interpretations of Werner (19 71) and
Rubinow and Yen (1972) are likely in error due to compartmentation of triphosphates in different cellular pools.
These and other considerations (discussed earlier) make it
appealing to consider the existence of intracellular con
centration: gradients (metabolic channeling) of "deoxyribonucleotides, with the highest concentrations occurring near
replication forks.

Of course, such gradients can be main

tained by physical compartmentation' in eucaryotes.

However,

as discussed by Davis (1972), among others, concentration
gradients can also be maintained in either prokaryotic or
eukaryotic cells by the existence of multienzyme complexes.
Several other recent observations within the past
few years provide additional end support for the thought
that the enzymes of DNA precursor synthesis are organized
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into some form of supramolecular structure that is
physically adjacent to the replication apparatus in T4infected cells.

These observations were made partly by

using permeabilized cell systems and partly by direct
measurement of nucleotide pools during DNA replication.

It

is generally believed that the DNA precursor-synthesizing
enzymes function independently of DNA replication except for
limiting the production of needed substrates.

Doubt about

this independence was expressed from studies with a tempera
ture sensitive mutant of bacteriophage T4, ts L13,s carrying
1

a lesion in the structural gene for one of the precursor
synthesizing enzymes, namely, dCMP hydroxymethylase (product
of gene 42) (Mathews and Kessin, 1967; Chiu and Greenberg,
1968).

Mathews and Kessin (1967) reported that this enzyme,

although detectable in extracts, was not active in vivo at
the restrictive temperature.

Chiu and Greenberg (1968),

further, proposed that this enzyme, in addition to its
catalytic function of forming HMdCMP, has either a second
more direct role in DNA synthesis, or that it must be acti
vated to function in vivo.

Activation of dCMP hydroxy

methylase (P42) in vivo, they argued, is likely the function
of its structural involvement as a component of a replica
tion complex.

They found that T4 DNA and phage are formed

in cultures infected by T4 ts L13 at permissive temperature
(30°C) and shifted to non-permissive temperature (42°C)
after the initiation of DNA replication has occurred.
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However, if the upward shift was prior to the initiation of
DNA replication, DNA synthesis did not occur even though
dCMP hydroxymethylase had already reached about one-third of
its ultimate level.

From this they expressed that an active

complex, stable to non-permissive, is made during initiation
of DNA replication at permissive temperature and that it
cannot be formed at non-permissive temperature even though
the enzyme is present (Chiu and Greenberg, 1968).

However,

it was later found that cultures infected by ts_ L13 at nonpermissive temperatures do not form detectable levels of
either HMdCTP (Mathews, 1972) or HMdCMP (Tomich and
Greenberg, 19 73).

Using an ingenious in vivo assay, based

on the release of tritium from 5'-labeled pyrimidine nucleo
tide substrates into water, for dCMP hydroxymethylase and
thymidylate synthetase, Tomich et al. (1974) have reported
that these enzymes may not function catalytically in vivo
until they become part of an active complex at least 5 min
after infection.

Subsequently, it emerged that in situ DNA

synthesizing systems prepared from either gene 42 or some
gene mutant phage-infected cells do not function to repli
cate DNA even when their metabolic block is circumvented by
the provision of exogenous HMdCTP.

This observation was

made in cells permeabilized to exogenous precursors either
by toluene treatment (Dicou and Cozzarelli, 1973) or by
sucrose treatment (Wovcha 6t al., 1973; Collinsworth and
Mathews, 1974; North, Stafford, and Mathews, 1976).

That
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this failure of gene 42 mutants to synthesize DNA in permeabilized cells cannot be ascribed to a deficiency of
growing chain extension in such systems (North et al., 1976)
as had been previously suggested by Dicou and Cozzarelli
(1973).

Moreover, in an jLn vitro DNA synthesis system using

•concentrated, gently lysed T4-infected cells (cell free
system) , developed by Barry and Alberts (1972) , North et al.
(1976) found that the same mutants are capable of synthe
sizing DNA in the presence of HMdCTP.

Thus, from the

effectiveness of this metabolic block in situ but not in a
cell-free, in vitro, system one might picture a complex of
enzymes acting to "funnel" precursors into DNA in intact
cells.

Perhaps in permeabilized cells of in situ systems,

as in intact cells, the replication apparatus is accessible
to the exogenous precursors only through the funnel, and
that too at an earlier stage than that of deoxyribonucleoside 5'-triphosphates (see the Discussion).

On the

other hand, if the cells are lysed, for exampled by the pro
cedure of Barry and Alberts, the "funnel" will be separated
from replication apparatus, then the apparatus becomes
accessible to 5'-dNTP's.
Further, an analysis of pyrimidine deoxyribonucleotide pool expansion suring a block in DNA synthesis in cells
infected with T4 ts L159 (gene 45, temperature sensitive
phage mutant in which DNA synthesis can be reversibly halted
by a temperature upshift) has revealed an unexpected
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accumulation of deoxyribonucleoside diphosphates (Mathews,
1976).

That the deoxyribonucleoside diphosphates accumulate

faster than monophosphates in T4 infected cells is un
expected, because earlier Bello and Bessman (1963) had
reported that upon infection with its close relative, T2
bacteriophage, even though dTMP kinase activity increased
markedly, the dTMP kinase at its highest level is still 1/30
the activity of dTDP kinase in infected cells.

Similarly, a

significant difference between the two kinases is observed
in T4 infected cells (see Results; North et al., 1976).
What limits the NDP kinase activity in intact cells to cause
such excessive accumulation of dNTP1s during a block in DNA
synthesis was not clear.
In addition, kinetic studies relating to regulation
of deoxyribonucleotide biosynthesis during bacteriophate T4
DNA replication _in vivo have revealed that the ratio of the
synthesis of thymidine/hydroxymethy1 deoxycytidine deriva
tives in wild type is maintained constant at 2:1 for at
least 4 5 minutes after infection.

However, a mutant in the

structural gene for T4 DNA polymerase seemed to behave
differently with respect to this criterion (Flanegan and
Greenberg, 1977).

How the cell accomplishes such a close

knit regulation of precursor synthesis in coordination with
the state of viral DNA is uncertain.
However, as an answer to several of these paradox
ical situations some investigators have interpreted their
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observations as an inherent property of a complex of
enzymes, which synthesizes deoxyribonucleotides and channels
the products directly into the replication complex, bringing
about polymerization of DNA (Wovcha et al., 1973; Tomich et
al., 1974; North et al., 1976; Flanegan and Greenberg,
1977).

Although their data suggest interaction of the

proteins involved in DNA precursor synthesis and their sub
sequent polymerization, the evidence is basically indirect.
In order to have a better perception of such protein-protein
interactions among DNA precursor synthesizing enzymes, one
has to understand the physiological importance of this
complex in particular, as well as the importance of their
cellular organization in general.
Experimental Approaches to Demonstrate ProteinProtein Interactions Among Precursor
Synthesizing Enzymes and the Sig
nificance of their Cellular
Organizations
Metabolic channeling, a phenomenon which occurs as a
consequence of protein-protein interactions, is hard to
demonstrate with certainty or, once demonstrated, is hard to
explain in terms of cell structure.

However, it has been

suggested that the primary physiological role of aggregated
multienzyme systems, constituting two or more consecutive
enzymes of a metabolic sequence, may lie in their ability to
facilitate catalysis at a rate higher than that of the
corresponding unaggregated system.

This feature of
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muItienzyme systems has been exploited in recent years, to
demonstrate the formation of concentration gradients or the
metabolic channeling of several substrates in the cell
(Welch and Gaertner, 1975, 1976; Davis, 1972).

To conduct

such demonstration, either the enzymes of a particular
metabolic sequence should be isolated in a complex or such
enzymes when retained in a physiological state inside the
cells should be made accessible to the exogenous compounds,
such as initial substrates for the complex explored in this
thesis.
By subjecting a crude lysate of T4 infected cells to
sucrose density gradient analysis, it has been demonstrated
that the dCMP hydroxymethylase (Chiu and Greenberg, 1968)
and DNA polymerase (Huang and Buchanan, 1974) exist in forms
that sediment more rapidly than the corresponding pure
enzymes do.

However, until the present study, no attempts

have been made to test the association of any other DNA pre
cursor synthesizing enzymes with these rapidly sedimenting
forms of enzyme.

If various proteins involved in DNA pre

cursor synthesis do interact, as suggested earlier, and if
the forces involved in such interactions are sufficiently
strong to resist standard lysis techniques and subsequent
sedimentation through sucrose gradients, as observed by Chiu
and Greenberg (1968) and Huang and Buchanan (1974) , then
assaying for various enzymes involved in DNA precursor syn
thesis would enable one to identify and fractionate rapidly
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sedimenting aggregates of these enzymes on sucrose gradients.
Specificity of enzyme interactions in the isolated aggregate
is verified by comparing its efficiency for catalysis of a
multistep pathway to that of an otherwise equivalent mixture
of uncomplexed enzymes.

Welch and Gaertner (1975) have re

ported that when a multistep pathway was catalyzed by an
enzyme complex the volume through which an intermediate can
diffuse before it becomes bound to the next enzyme in
sequence is decreased considerably.

This can be seen experi

mentally as a decrease in the steady state levels of inter
mediates in the pathway, as compared to a corresponding
system with uncomplexed enzymes, and a decrease in transient
time.

The transient time, which is defined as the zero time

intercept of the 'plot of product concentration versus time,
is related to the time needed for filling all pools of
intermediates.
Another equally important approach to understanding
the significance of cellular organization of multienzyme
complex in DNA precursor synthesis, is to investigate the
kinetics of deoxyribonucleotide incorporation into DNA in
permeabilized cell systems.

The major advantage of the per-

meabilized cell system is that it overcomes the impermea
bility of the intact cells to nucleotides, while still pro
viding a more physiological milieu than lysed cell systems
for studying events in which non-penetrating or actively
transported molecules participate.

Therefore, the term in
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situ for such systems is found more appropriate than in
vitro (Collinsworth and Mathews, 1974).

T4 infected cells

permeabilized either by sucrose treatment (Wovcha et al.,
1973; Collinsworth and Mathews, 1974; North et al., 1976) or
toluene treatment (Dicou and Cozzarelli, 1973; Miller et
al. , 1973) have been used in studies of T4 DNA synthesis.
By these treatments cells are made permeable so that
exogenous compounds can be introduced into the cells while
most macromolecules are retained, thus maintaining much
cellular integrity.

DNA synthesis in both of these systems

requires the products of T4 genes > 32, 41, 43, 44, 45, and
62.

Moreover, amber mutants in genes 42 and 1 fail to

direct DNA synthesis in these permeabilized cells.
Present Work
The results presented in this dissertation demon
strate the existence of an intracellular concentration
gradient of deoxyribonucleotides maintained probably at the
site of DNA replication.

Such demonstration emanates partly

from the direct isolation of an enzyme aggregate which
efficiently catalyzes a multistep pathway in deoxyribonucleotide synthesis, and partly from kinetic analysis of
deoxyribonucleotide incorporation into DNA in an in situ
system, namely sucrose plasmolyzed cells.

Most of the work

presented in this dissertation has been published elsewhere
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(Reddy et al., 1977; Stafford, Reddy, and Mathews, 1977;
Reddy and Mathews, 1978).

CHAPTER II
MATERIALS AND METHODS
Bacteria and Bacteriophage
Unless otherwise indicated, all the experiments
reported in this dissertation were carried out with phageinfected Escherichia coli B.

E. coli CR6 3, a permissive

host for amber T4 phage mutants, was used for preparation
and maintenance of the stocks.

E. coli D110 (Pol A, end 1,

thy), a strain deficient in DNA polymerase I and endonuclease I and requiring thymine for its growth, was also
used.

All these strains were from the collection of Dr.

Christopher K. Mathews.
All the bacterial stocks were maintained at 4°C on
nutrient agar slants.

Twenty pg/ml of thymine was supple

mented in nutrient agar slants for the maintenance of
thymine-requiring strains.
In most of the' experiments presented in this disser
tation, bacteriophage T4 D (wild type) , available in Dr.
Mathews' lab, has been routinely used.

In addition to this

wild type strain of T4 some amber and temperature sensitive
mutants were used, as listed in Table 3.
Bacteriophage T7 (wild type) was also used in one of
the initial experiments.
38
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Table 3.

Bacteriophage T4 mutant strains used.

Mutant Strain

Source

Defective Gene

am H39

30

C. K. Mathews

am N05

41

C. K. Mathews

am N82

44

C. K. Mathews

am E10

45

C. K. Mathews

am BL292

55

H. Bernstein

am NG485

62

H. Bernstein

ts LB 1 and ts L3

62

C. K. Mathews

Both T4 and T7 bacteriophage lysates were prepared
in liquid culture and purified by standard techniques
(Adams, 1959).

Fresh stocks of T4 were prepared from single

plaques, and the phenotypes of the amber mutants were
checked at regular intervals by assay on E. coli B. and CR
CR6 3.

All amber mutants used in these experiments had

relative plating efficiencies (B/CR63) of less than 10
Media
Nutrient agar plates were poured from a medium con
taining 23.0 g dehydrated nutrient agar, 4.0 g dehydrated
nutrient broth, and 5.0 g NaCl per liter.
Hershey soft agar contained 8.0 g dehydrated
nutrient broth, 7.0 g Bacto agar, and 5.0 g NaCl per liter.
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Nutrient agar slants contained 20.0 g Bacto agar,
15.0 g nutrient broth, and 5.0 g NaCl per liter.
M9 medium (Adams, 1959) contained 6.0 g Na2HP0^,
30 g KH2P04, 1.0 g NH4C1, 0.2 g MgS04'7H20, 0.01 g CaCl2,
0.005 g Fe(NH^)2(SO^)2" 6H2O, and 3.0 g glucose per liter.
SM9 medium is supplemented with 0.2% Casamino acids.
medium is similar to SM9 except that MgS04

M-S9

CaC^ t and

Fe(NH4)2(S04)2 are replaced by identical quantities of MgC^/
FeCl^, and Na2SO^, respectively.

M-S9 is a low sulfate

containing medium, used when cell proteins were labeled with
sulfur 35.
F-J medium (Fraser and Jerrel, 1953) -contained 10.5
g Na2HL-04, 4.5 g

1.0 g NH4Cl, 2.0 g Casamino acids,

23.8 ml glycerol, 0.02 g MgSC^'VH^O, and 0.01 g CaC^ per
liter.
All media were sterilized by autoclaving before use.
MgS04*7H20, CaCl2/ Fe(NH4)2(S04)2 * 6H20, and glucose for M9
and SM9 or glycerol for i*-J were sterilized separately and
added just prior to use.
Reagents
Nutrient broth, nutrient agar, vitamin-free Casamino
acids, and agar to prepare media were purchased from Difco.
Various nucleotides, such .as dNMP's (where dN is either
dG or dC or dA or dT), dNDP1s, dNTP's, rNMP's (where rN is >
either rG or rC or rA or rU) , rNDP's, and rNTP's were
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obtained either from Sigma Chemical Company or P-L Biochemicals, Inc.

Br-dUMP and BrdUTP were purchased from

Sigma Chemical Company.

Calf thymus DNA used as template in

DNA polymerase assay is also from Sigma.
The enzymes used were egg white lysozyme (9 ,000
u/mg, 92% protein), obtained from Worthington Biochemical
Corp., and pancreatic DNase I and bovine pancreatic RNase I,
obtained from Sigma.

Lactate dehydrogenase and pyruvate

kinase used for the nucleotide kinase spectrophotometric
assay were from Sigma and P-L Biochemicals, respectively.
Proteins used as standards for molecular weight determina
tion on polyacrylamide gels, namely, bovine serum albumin,
ovalbumin, and carbonic anhydrase, were also obtained from
Sigma Chemical Company.
Antiserum against bacteriophage T4 and T7 were
prepared from rabbits as described by Adams (1959).
Reagents for polyacrylamide gel electrophoresis,
including X-ray film RP/R-14 for autoradiography, liquid
X-ray developer, and rapid fixer, were all purchased from
Eastman Kodak Company.
Various other reagents, such as Tris hydroxymethyl
amino-methane, sucrose (free from RNase) , sodium deodecyl
sulfate (SDS), dimethylsulfoxide (DMSO), 2,5-diphenyloxazole
(PPO), dithiothreitol (DTT), mercaptoethanol, toluene, and
Triton X-100, were all obtained from Sigma.
from Atlas Chemical Industries, Inc.

Brij-58 was
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Sepharose 2B, the registered trademark of spherical
agarose gel beads, manufactured by Pharmacia Fine Chemicals,
was used for column chromatography.

Thin layer polyethyl-

eneimine (PEI) cellulose chromatographic sheets were obtained
from Brinkmann Instruments, Inc.
Dihydrofolic acid (FH2) and tetrahydrofolic acid
(FH4) were either prepared in the laboratory by the method
of Futterman (19 57) and Hatefi et al. (1960), respectively,
or purchased commercially from Sigma.
Desdanine, a trade name for cyclamidomycin (trans-3(l-pyrrolin-2-yl) acrylamide) was a gift from Dr. G. B.
Whitefield of Upjohn Co., to Dr. C. K. Mathews.
3
3
Radioactive nucleotides, including H-dTMP, H-dTDP,
3H-dTTP,

5'-3H-rUMP, 5'-3H-rUDP, 5'-3H-rUTP, 5,3H-rCTP,

3

H-rGDP, were purchased either from American/Searle Corp.
3
3
from New England Nuclear Corp.
H-dAMP and H-dATP were
obtained from Schwarz/Mann Co.; 35S-sulfate was from
Amersham/Searle Corp.; and

14
C-labeled amino acid mixture

was purchased from New England Nuclear Corp.

Omnifluor,

used for scintillation cocktail, was also from New England
Nuclear Corp., and dimethyl POPOP (l,4-bis-2-(4-methyl-5phenyloxa-zolyl)-Benzene) is from Packard Instrument Comp. ,
Inc.
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Liquid Scintillation Counting
Scintillation cocktails used for radioactive counting
were toluene phosphor (containing 4.0 g Omnifluor and 0,14 g
dimethyl POPOP per liter of toluene) and liquifluor (prepared
by mixing 12.0 g Omnifluor, 1028 ml Triton-XlOO, 148 ml
ethylene glycol, and 424 ml ethanol and making up to 4
liters with xylene).

All radioactive counting was done in

Beckman LS-230 or LS-250 or LS-3122P liquid scintillation
spectrometer.
Centrifugation
All centrifugations up to a speed of 20 ,000 x g were
done in a Sorvall Superspeed RC-2 or RC-5 centrifuge and for
higher speeds Beckman preparative ultra-centrifuges were
used.
Spectrophotometry
Spectrophotometric assays for various enzyme activi
ties were done either by using Gilford 2000 Spectrophotom
eter with automatic cuvet positioner, zero offset control,
and recorder or with a Beckman DB Spectrophotometer connected
to a 10-inch recorder.
Co-Infection Experiments to Test the
Rescuing Capability of T7 on
Amber DO Mutants of T4
Bacteriophage T3 or T7 DNA ligase was shown to
relieve gene 30 mutational lethality of T4 when both were
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infected to a common host, E. coli B (Koch, 1973).

Similar

approaches were taken to test if the T7 (wild type) can
rescue any of the DO mutants of T4, namely, am N05 (gene
41) , am N82 (gene 44) , and am NG485 (gene 62) , but substi
tuting for the missing function due to their mutant genes.
The coinfection experiment described by Koch (1973) was done
as follows:

E. coli B cells were grown in SM9 to a density

of 3 x 10 8 cells/ml and infected with T7 at a multiplicity
of 5 phage per bacterium.

At 30 sec the complexes were

superinfected with bacteriophage T4 (am H39 [gene 30] which
served as control; am NO5, am N82, and am NG485 were superinfected individually in separate experiments) at a multi
plicity of 5 phage/bacterium.

At 3 min anti-T4 serum was

added to inactivate unadsorbed phage.

At 9 min the

complexes were diluted 1,000 fold and after 60 min chloro
form was added to complete the lysis.

The lysates were then

treated with anti-T7 serum to inactivate most of the T7
progeny.

The burst size was measured on CR63 cells by using

initial infected cell concentration as a base.

Results of

this experiment are presented in Table 2.
Preparation of Cell Extract
Extracts for measuring deoxyribonucleoside mono
phosphate kinase and nucleoside diphosphate kinase activity
in infected and uninfected cells were prepared by growing
O
the cells to a density of 3 x 10 cells per ml. For
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infected cell extracts, T4 phage were added to the growing
culture at a multiplicity of 5-6 phage per bacterium and
infection continued for 12 min.

To a 5 ml aliquot of such a

culture EDTA and 2-mercaptoethanol were added to give final
concentrations of 0.001 M and 0.01 M, respectively.

The

cells were then disrupted by sonic oscillation with three 30
sec pulses at a setting of 3 with a Branson sonifier (Heat
Systems, Inc.), and cell debris was removed by centrifugation at 20,000 x g and 4°C for 15 min.

Supernatant solution

was used to measure the activity of kinases.
Preparation of Toluene Treated Cells
E. coli cells infected with T4D were permeabilized
by toluene treatment as described by Dicou and Cozzarelli
(1973).

The toluene treatment of uninfected cells was as

described by Moses and Richardson (1970).
infected cells is as follows:

The treatment of

cells were grown to a density

of about 3 x 10' 8 cells per ml at 37°C in SM9 medium.

Cells

were then infected with T4D at a multiplicity of 8 phage per
bacterium.

Infection was continued for 15 min and the cells

harvested by centrifugation.

Cells were resuspended in 70

mM potassium phosphate (pH 7.5) to a final concentration of
about 1.2 x 1010 cells per ml.

Cell suspension was then

made 1% toluene and exposed to toluene by occasional
shaking at 0°C for about 45 min.

The cells were then per

meable to exogenous substrates and were ready to use either
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to assay for nucleotide kinase activities or to measure
rates of DNA synthesis in situ.
Toluene treatment of uninfected cells to' permeabilize them was identical to that for infected cells except
that the harvested cells were resuspended in 50 mM potassium
phosphate and then exposed to 1% toluene at 37°C for 15 min.
Preparation of Infected Cell Lysate
for Sedimentation Analysis
Unless otherwise indicated, E. coli B was grown in
200 ml SM9 medium at 37°C to about 3 x 10^ cells per ml.
Cells were then infected with five to six phage per
bacterium.

After 10 minutes of infection, the cells were

chilled on crushed ice, harvested by centrifugation at 6000
rpm for 10 min, and resuspended in 2 ml of 10 mM Tris-HCl
(pH 7.4) , 10 mM 2-mercaptoethanol, and 25% sucrose.

Cells

were then disrupted by a brief sonic oscillation of ca 30
sec at a sietting of 3 on a Branson sonifier.

The sonicate

was then clarified by centrifugation at 12,000 rpm for 10
min.
Another procedure initially followed for preparing
cell lysate was.as described by Huang and Buchanan (1974).
Cells were grown, infected, harvested, and resuspended in
25% sucrose; 10 mM Tris-HCl (pH 7.5) as described above.
Disodium EDTA (2.7 ug/ml) and lysozyme (1 mg/ml) were then
added to cell suspension by gentle mixing at ice temperature.
MgCl2 (to a concentration of 20 mM) and DNase (30 yg/ml)
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were then added and the mixture was incubated at room
temperature for 15 min.

The whole cell suspension was then

exposed to Brij-58 )7.0 mg/ml) and let stand at 0°C for 1
hour to complete lysis.

The lysate was then clarified by

centrifugation at 12,000 rpm for 10 min.
The clarified lysate obtained after either sonic
treatment or detergent (Brij-58) treatment was dialysed
extensively against a Tris buffer.

Unless otherwise indi

cated, the buffer "A" contained 20 mM Tris HCl (pH 7.8) , 50
mM NaCl, 5 mM 2-mercaptoethanol, and 2 mM EDTA.

In some

experiments EDTA was substituted by 5 mM MgCl2 and in some
MgC^ concentration was varied.
Preparation of 14C-Amino Acid or
35
S-Sulfate Labeled Cell Lysate
Whenever it was required to label the proteins for
polyacrylamide gel electrophoretic analysis, cells were
14
grown either in M9 medium (for labeling with
C-amino
35
acids) or in M-S9 medium (for labeling with
S-sulfate).
In labeling experiments, E. coli B cells were generally in
fected with T4 am BL292, a gene 55 mutant, to allow early
gene expression and DNA synthesis but no late gene expres14
sion. Labeling was carried out with either
C-labeled
35
amino acid mixture or
S-sulfate at 5 to 12 min after in
fection.

The rest of the procedure is the same as described
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above for preparing cell lysate by sonic treatment and its
dialys is.
Sedimentation Analysis of Enzymes in T4
Infected Cell Lysate
Sedimentation analysis of the infected cell lysate
was done by using sucrose density gradients.

Clarified and

dialyzed cell lysate (0.4 ml) was layered on an 11.2 ml
linear gradient of 5-20% (vol/vol) sucrose in the tris
buffer (A) used for dialysis.

Unless otherwise indicated,

11.2 ml of 5-20% (vol/vol) sucrose gradients were prepared
on a 0.4 ml shelf (pad) of 66% sucrose in the same buffer.
Centrifugation of the gradients was then carried out in a
Beckman SW 41 rotor at 5°C.

The speed and duration of

centrifugation were varied for different experiments as
mentioned in the results section.

Unless otherwise indi

cated, each gradient was resolved into 0.7 ml fractions.
These fractions were then assayed for enzyme activities or
subjected to polyaery lamide gel electrophoresis analysis as
described below.
Enzyme Assays
Nucleoside Diphosphate Kinase
(NDP Kinase)
Radioactive Assay.

The radioactivity assay used to

measure NDP kinase activity either in cell extracts or in
toluene treated cells is modified from Bellow and Bessman
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(196 3). This method measures the rate of formation of
3
3
H-dTTP from HdTDP. The reaction catalyzed by the enzyme
is:
dTDP + rATP

-* dTTP + rADP

The incubation mixture contained 4.3 ymoles Tris-HCl
(pH 7.4) , 0.86 ymole MgC^ r 0.72 ymole rATP, 0.13 ymole
3
4
H-dTDP (6 x 10 cpm/ymole), and the cell extract or toluene
treated cells in a final volume of 0.10 ml.
37°C was carried out for 10 min.

Incubation at

The reaction was terminated

by making the incubation mixture 60% methanol and each
mixture was then maintained at room temperature for 2 hours.
The incubation mixture; was then cleared by centrifugation in
a Brinkman Eppendorf centrifuge 3200 for 2 min.

Nucleotides

in the reaction mixture were separated by PEI cellulose
chromatography as described by Mathews (1976).

Twenty yl of

60% methanol mixture was spotted on PEI cellulose chroma
tographic sheets along with 5 yl of marker solution con
taining 0.01 M dTMP, dTDP, and dTTP, each.

PEI cellulose

sheets were washed in absolute methanol and chromatographed
at room temperature in a solution containing 0.5 M LiCl
(pH 7.4) and 5% sodium borate.

After drying, the three

nucleotide spots on chromatographic sheets were localized by
UV absorbance at short wave length and counted after ex
tracting into 1 ml 1 N HC1 as described by Mathews (1976).
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Spectrophotometric Assay.

NDP kinase was also

assayed by the spectrophotometric method modified from
Duckworth and Bessman (1967).

This assay method couples the

formation of nucleoside triphosphates from nucleoside di
phosphates to the oxidation of NADH.

The reaction catalyzed

by the enzyme and other reactions coupled to it in oxidation
of NADH can be shown as :
NDP kinas

TTP
NAD
NADH

phospho(enol)
pyruvate

> pyruvate
pyruvate
kinase

> lactate

lactate dehydrogenase

Thus one mole of NADH is oxidized for every mole of
NDP which is phosphorylated.

The reaction mixture in a

final volume of 1.0 ml contained:

100 mM Tris (pH 7) , 10 mM

MgC^/ 10 mM 0-mercaptoethanol, 4 mM phospho-(enol)pyruvate,
18 mM ATP, 0.2 mM NADH, and 8 mM dithioreiotol, 1.8 mM dTDP
(substrate), 0.2 unit each of lactate dehydrogenase and
pyruvate kinase (1 unit of lactate dehydrogenase reduces 1
ymole of pyruvate to L-lactate per min and 1 unit of
pyruvate kinase will convert 1 ymole of phospho[enol]
pyruvate to pyruvate per min) and 10 yl of gradient fraction
or diluted extract and ^0
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All assays were done at room temperature.

The rate

of NADH oxidation was followed on a Gilford model 2000
multiple sample absorbance recorder as the decrease in
absorbance at 340 nm.

A control containing no substrate' was

included with each measurement.

The amount of NADH oxidized

(equal to the amount of substrate phosphorylated) was cal
culated by using a molar extinction coefficient of 6.2 x
i n3 M-1 cm-1
10
Deoxyribonucleoside Monophosphate
Kinase (dTMP Kinase)
Radioactive Assay.

The assay, procedure for dTMP

kinase is similar to that described for NDP kinase except
3
3
that H-dTMP was substituted for H-dTDP as the substrate.
The rate of phosphorylation in this reaction is measured as
3
3
the total of H-dTDP and H-dTTP formed per nun.
Spectrophotometric Assay.

Although the coupling

reaction described for NDP kinase is similar for dTMP
kinase, 2 moles of NADH are oxidized for every mole of
deoxynucleoside monophosphate which reacts.

This is because

NDP kinase present along with dTMP kinase in crude extracts
converts dTMP used as substrate (instead of dTDP) in this
reaction to dTTP and, therefore, 2 molecules of NADH are
oxidized t- complete every reaction.

Components of the

reaction mixture are similar to those of NDP kinase reaction
mixture except for the substrate.

One half of the amount of

52

NADH oxidized was calculated as a measure of the amount of
substrate phosphorylated due to dTMP kinase.
dCMP Hydroxymethylase
This enzyme was assayed under the modified conditions
of incubation described by Pizer and Cohen (19 62).

The

reaction catalyzed by this enzyme is:
deoxycytidylate + HCHO

FH4

*-

5-hydroxymethyl deoxycytidylate
The incubation mixture for the assay contained:

0.02 ml 1 M

potassium phosphate (pH 7.0); 0.03 ml 83 mM formaldehyde14
C (23,000 cmp/ymole) ; 0.10 ml 25 mM dCMP; 0.25 ml 2 mM
tetrahydrofolate (FH4) in 0.1 M Tris-HCl (pH 7.4) and 0.2 M
2-mercaptoethanol; 0.1 ml of the extract and water to give a
final volume of 0.5 ml in 12 ml centrifuge tubes.
were incubated for 20 min at 37°C.

Tubes

Reactions were terminated

by adding 0.5 ml of 10% TCA to each tube.

TCA-insoluble

material was precipitated by centrifugation in a clinical
centrifuge and supernatant was applied to a Dowex-50 (H+)
column, which had been pre-washed with 50 ml of 0.01 M
formic acid.

The column was then eluted with 0.01 M HCOOH,

and 50 ml elution fractions were collected.

The second 50-

ml eluate which contained HM-dCMP, was saved and measured
for it 14C activity with a liquid scintillation spectro
photometer.
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Thymidylate Synthetase
Thymidylate synthetase was assayed spectrophotometrically as described by Mathews and Cohen (196 3).
reaction catalyzed by this enzyme is:
enetetrahydrofolate

The

dUMP + 5,10-methyl-

dTMP + dihydrofolate.

The experimental spectrophotometer cuvette contained
contained: 0.04 M Tris HCL (pH 7.4); 0.10 M 2-mercaptoethanol; 0.001 M EDTA (Na2>; 0.025 M MgCl2; 0.015 M HCHO;
200

dl, L-tetrahydrofolate; 100 (j,M dUMP; and 0,1 ml of

extract in a final volume of 1 ml.

The blank contained all

of the above reagents except dUMP.

The conversion of tetra

hydrofolate to dihydrofolate was recorded as the change in
absorbance at 338 nm.

The enzyme activity in terms of

substrate turnover was then computed from change in ab
sorbance using a molar extinction coefficient of 6600 M ^
cm-1
Dihydrofolate Reductase
Dihydrofolate reductase was assayed by the method of
Mathews (1967).

The complete reaction mixture in a semi-

micro spectrophotometer cuvette contained:

40 mM potassium

phosphate (pH 7.0) ; 8 mM 2-mercaptoethanol; 0.08 mM dihydro
folate; 0.08 mM NADPH"; extract and water in a total volume
of 1.0 ml.

Reactions were started by the addition of di

hydrofolate and the change in absorbance at 340 nm was
determined on the Gilford 2000 spectrophotometer.

The
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amount of NADPH oxidized (equal to the amount of substrate
reduced due to dihydrofolate reductase activity) was calcu4

lated by using a molar extinction coefficient of 1.2 x 10
M

cm

DNA Polymerase
The radioactive procedure for the DNA polymerase
3
assay, which measures the conversion of H-dTTP into acid
insoluble product was modified from Goulian et al. (1968).
The incubation mixture contained 67 mM Tris-HCl (pH 8.8);
6.7 mM MgCl„; 10 mM 2-mercaptoethanol; 16.6 mM ammonium
sulfate; 6.7

EDTA; 0.33 mM sodium fluoride; 167 |j,g of

bovine plasma albumin; 30 (j,g alkali denatured calf thymus
DNA; 0.033 mM each of dCTP, dATP, dGTP, and 3H-dTTP (45-50
cpm/picomole); extract and water in a final volume of 0.3
ml.

The reaction was terminated by taking 25

jj.1

aliquots

at specific intervals directly onto Whatman 3 mm chromatog
raphy paper and processed as described below.
Trichloroacetic Acid Precipitation and Chromatog
raphic Development.

Before samples were applied the

chromatographic paper was cut into sheets of approximately
20 x 20 cm.

Along one axis of the sheet, 2 cm away from the

edge, lines were drawn with a pencil so as to delineate a
strip of 2 x 2 cm squares.

The comers of each square were

numbered for identification.

Twenty-five |j,l aliquots from

the reaction mixture were applied onto the center of a

square.

After all the squares were filled the paper was

air dried for 10 rain. The sheets were then transferred
directly to a chromatographic tank containing 5% TCA to a
height of 3 mm for an ascending chromatography.

In this

technique the acid precipitable material containing radio
active nucleotides will be retained in the squares and unpolymerized free nucleotides will move away along the
solvent front.

After 1 hour of chromatography the strip of

squares was cut, washed in absolute methanol, and dried.
Individual squares were then separated from each other and
counted for radioactivity.

This procedure is as described

by Weinstein, Bharadway, and Li (19 75).
Alkaline Phosphatase
When alkaline phosphatase was used as a marker on a
sucrose gradient its activity peak in the gradient fractions
was located by a standard assay prodedure.

A change in the

absorbance at 408 nm of a reaction mixture containing: 0.99
-3
ml 10
M, p-nitropheny1 phosphate in 1.0 M Tris-HCl (pH
8.0) and 0.01 ml of fraction collected from the gradient,
was recorded on Gilford 2000 spectrophotometer.
Ribonucleoside Diphosphate Reductase
This enzyme was assayed as described by Warner
(1973).

The incubation mixture constituted: 200 nmoles

rATP; 1.8 ^moles MgCl2; 100 nmoles EDTA; 10 ^moles HEPES
(pH 7.6); 1.35 pinole dithiothreitol; 70 nmoles

H-UDP
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(20-25 cpra/picomole); 80 nmoles NADPH; and extract in a
final volume of 0.125 ml.

The reaction was stopped by

withdrawing 10 |j,l samples from the incubation mixture and
directly applying onto PEI thin-layer plates and drying with
hot air.

Prior to the application of the sample to a spot

on start line which was 2 cm away and perpendicular to one
edge of the plate, 10 nmoles each of rUMP, dUMP, rUDP, dUDP,
rUTP, and dUTP were added to each spot.

Chromatograms were

then washed in absolute methanol for 5 min, dried, and
developed ascending as follows (Neuhard, 1978):
1.

absolute methanol (to the start line)

2.

1 M ammonium acetate, 2.5% boric acid, pH 7.0 (with
NH^) (to 2 cm above the start line)

3.

2.5 M ammonium acetate, 3.6% boric acid, pH 7.0
(with NH^) (to 14 cm above the start line).
By this system all six uridine nucleotides were

separated from each other and could be located by ultra
violet light.

The spots corresponding to dUMP, dUDP, and

dUTP were cut out and counted.
Electrophoretic Analysis of Proteins in
Sucrose Density Gradient Fractions
Sucrose gradients prepared for sedimentation
analysis of infected cell lysate containing either "^C- or
35
S-labeled proteins were fractionated and each fraction was

analyzed by using 10% SDS gel electrophoresis and auto
radiography.

Ten per cent polyacrylamide gels containing

0.1% SDS, with a 3% stacking gel were prepared as described
by Laeinmli (1970).

Electrophoresis was carried out in the

slab gel apparatus described by Studier (1973).

In this the

main gel was 10 cm long and the stacking gel 1 cm.
Twenty-five [j,l of sample loaded in each well of the
polyacrylamide slab gel contained:

0.05 M Tris-HCl (pH 6.8)

1% SDS; 0.002 M EDTA; 1% 2-mercaptoethanol; 10% glycerol;
and 73% fraction containing labeled protein.

All samples

were heated to 100°C for 2 minutes before being applied to
the gells.

Twenty-five to 50 p,l samples of labeled protein

fractions were loaded into wells with microsyringe and PE50
intramdeic polyethylene tubing.
out in a buffer containing:

Electrophoresis was carried

6 g Tris (base), 28.8 g glycine

1 g SDS, and 0.002 M EDTA in one liter.

Electrophoresis was

done at a constant voltage of 150.
After electrophoresis, the gels were washed in
dimethyl sulfoxide (DMSO) for one hour and then impregnated
with PPO as described by Bonner and Laskey (19 74).

Gels

were then dried on a Bio-Rad gel slab dryer 224 and exposed
to Kodak X-ray film RP/R-14 for autoradiography at -80°C.
Agarose Gel Filtration
Sucrose gradient fractions containing the putative
complex of DNA precursor synthesizing enzymes were filtered

through a column (2.5 cm diameter) containing agarose gel
beads, Sepharose 2B, to a heigt of 12.5 cm.

Before filtra

tion the column was extensively washed with buffer A con
taining 20 mM Tris • HC1 (pH 7.8), 50 mM NaCl2t 5 mM MgCl2,
and 5 mM 2-mercaptoethanol.

After layering 2 ml of sucrose

gradient fraction on the gel, the column was eluted with
buffer A at 4°C.

Fractions of 1 ml were collected from the

column flowing at a rate of 0.5 ml per min.

Each fraction

was then assayed for protein content and appropriate enzyme
activities.
Protein Estimation
Protein content in crude extracts was estimated by
the method of Lowry et al. (19 51) and protein iii the
fractions eluted from agarose column were estimated by the
method of Warburg and Christian (1941).
Measurement of DNA Replication in situ
Preparation of Sucrose Plasmolyzed Cells
Infected Cells. E. Coli B cells were grown at 37°C
O
to a density of 5 x 10 cells/ml in F-J medium and infected
with either wild type bacteriophage T4 or its amber mutant,
as desired for the experiment, at a multiplicity of 5-6
phage per bacterium.

Infection was continued for about 12

min and the culture was chilled by shaking the cells on
crushed ice for 3 min.

Chilled cells were then harvested

by centrifugation at 7000 rpm and 4°C for 10 min.

Pelleted

cells completely freed from the medium and the cells were
resuspended in plasmolysis buffer to obtain a density of
11
1 x 10
cells per ml. Plasmolysis buffer contained 0.04 M
Tris • HC1 (pH 8.1), 2 M sucrose, and 0.01 M EGTA.

Through

out this treatment precautions were taken to maintain cells
at 4°C.

The cells thus treated could incorporate exogenous

nucleotides into acid precipitable material.
Uninfected Cells.

The procedure for plasmolyzing

uninfected cells was similar to that described for infected
cells except that the harvested cells after resuspending in
plasmolysis buffer were maintained at room temperature for
20 min before they became fully permeable to exogenous
substrates.
Measurement of DNA Synthesis in
Sucrose Plasmolyzed Cells
DNA synthesis in plasmolyzed cells was measured as
rate of incorporation of radioactive labeled deoxyribonucleotides into acid precipitable material.

The procedure

followed was earlier optimized by Dr. Mary E. Stafford in
this laboratory.

Each reaction mixture in a total volume of

0.3 ml usually contained 32 mM Tris (pH 8.4) ; 64 mM KCl;
3
12 mM MgC^; 83 pjl each of dATP, dGTP, dCTP, and H-dTTP (or
corresponding monophosphates depending on the experiment);
0.83 mM rATP; 42 |j,M each of rCTP , rGTP, and rUTP ; 1 mM
9
dithiothreitol; and 3 x 10 plasmolyzed cells. Unless
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otherwise indicated, the specific activity of either
3
3
H-dTTP or H-dTMP was 0.1 p,Ci per nmole or 60-70 cpm per
pmole.

The incubations were terminated by taking aliquots

of 25 (0,1 at specific intervals directly onto Whatman 3 mm
chromatography paper as described for polymerase assay.
Chromatographic development for trichloroacetic acid pre
cipitation and radioactivity counting was done as described
earlier.
Measurement of Nucleotide Turnover
in Incubation Mixture Containing
Plasmolyzed Cells
An analysis of the conversion of either dTMP or dTDP
and dTTP or dTTP to dTMP and dTDP in a standard incubation
mixture containing sucrose plasmolyzed cells, as used for
measuring the rate of DNA replication, was done by chromato
graphic separation of the labeled nucleotides.

Each

reaction was terminated by adding an aliquot of incubation
mixture to methanol so as to make it 60% methanol.

The cell

suspension was then cleared by centrifugation in an
Eppendorf microcentrifuge and 20 p,l aliquots of supernatant
were applied to the starting line of a PEI-cellulose thin
layer along with

0.05 ^mole each of the marker nucleotides

dTTP, dTDP, and dTMP.

The layer was washed in ethanol and

dried, and then chromatography was carried out in one dimen
sion with 0.5 M LiCl in 5% sodium borate, pH 7.0 as
described by Mathews (1976) and mentioned earlier.
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Nucleotide spots located under UV were cut and extracted in
1.0 ml of 0.1 M HCl and counted.
Isopycnic Analysis of the DNA
Synthesized in situ
Sucrose plasmolyzed cells were incubated in a DNA
synthesizing reaction mixture as described earlier except
that the reaction mixture contained 3H-dATP or 3H-dAMP
instead of

3
3
H-dTTP or H-dTMP.

To study the nature of the

DNA synthesized in plasmolyzed cells DNA labeled in the
presence of thymidine nucleotides was used to serve as a
normal density marker against the DNA synthesized in
parallel incubations which contained the same quantities of
bromodeoxyuridine nucleotides instead of thymidine nucleo
tides.

These incubations were allowed to proceed for 20 min

at 37°C and cells were lysed and the DNA was prepared for
CsCl gradient analysis as described by Collinsworth and
Mathews (1974).

A mixture of 0.2 ml of 0.2 M EDTA, 0.02 ml

of 1 M Tris • HCl buffer, pH 7.9, and 200 (j,g of lysozyme
were added to 0.3 ml of reaction mixture and incubation was
carried out at 65°C for 2 min.

Then 10 ^liters of 20%

sodium dodecyl sulfate and Pronase (2 mg/ml) were addeid and
incubation continued for 1 hour at 37°C.

The lysate was

then dialyzed overnight against standard saline citrate
(SSC) (0.15 M NaCl - 0.015 M sodium citrate pH 7.0).
Neutral and alkaline gradients of CsCl were prepared
as described by Murray and Mathews (1969).

Neutral

gradients prepared in 5 ml cellulose centrifuge tubes con
tained 3.96 g CsCl dissolved in 3.0 ml SSC containing the
sample.

This solution was overlaid with mineral oil to

reach 1 mm below the top of the tube.

These tubes were

centrifuged at 35,000 rpm for 60 hr at 21°C in a Beckman
SW 50.1 rotor.

Alkaline gradients were prepared by dis

solving 3.95 g CsCl in 3.0 ml mixture containing 1.0 ml of
sample in SSC and 2 ml of 0.1 M potassium phosphate buffer,
pH 12.0.

These gradients were centrifuged at 40,000 rpm

for 44 hours.
After centrifugation 0.13 ml fractions from CsCl
gradients were collected on filter paper discs.

These

discs were then washed three times with 5% trichloroacetic
acid for 10 minutes each and in acetone two times.

Washed

discs were dried, and counted in 7.5 ml phosphor.
Table 4 is a general listing of the abbreviations
used throughout this dissertation.
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Table 4.

Abbreviations used.

Abbreviation

Meaning

am

amber

CPM

radioactive counts per minute

dNMP

deoxyribonucleoside monophosphate, where a
nucleoside may be either adenosine, or
guanosine, or cytosine, or thymidine

dNDP

deoxynucleoside diphosphate

dNTP

deoxynucleoside triphosphate

DA

DNA-arrest

DD

DNA-delay

DMSO

dimethyl sulfoxide

DO

DNA negative

DS

DNA defective (some DNA synthesis)

FH2

dihydrofolate

FH^

tetrahydrofolate

HM- or hm-

5-hydroxymethyl

P (followed by
a number)

product of the gene which the number
refers to

PPO

2,5-diphenyloxazole

TCA

trichloro acetic acid

Tris

(Tris-hydroxymethyl) amino ethane

ts

temperature sensitive

CHAPTER III
RESULTS
Part I
Deoxyribonucleotide Metabolism and DNA
Precursor Synthesizing Enzymes
As is revelaed in Fig. 4, T4 bacteriophage codes for
all the enzymes required for DNA precursor synthesis except
for nucleoside diphosphate kinase, which catalyzes the final
step in DNA precursor synthesis.

Bello and Bessman (1963),

during their studies on the closely related phage, T2, found
that the activity of this nonspecific enzyme, which phosphorylates any of the ribo or deoxyribonucleoside diphos
phates to their corresponding triphosphates, is very high in
both infected and uninfected cells.

Further, this activity

was found to be considerably higher than that of the deoxy
ribonucleoside monophosphate kinase, even after the latter
had been fully induced after T-even phage infection.

How

ever, Mathews (1976) found that thymidine di- and triphos
phates accumulate at nearly identical rates and considerably
more rapidly than the corresponding monophosphates, in T4
ts L159 (temperature-sensitive gene 45 mutant) infected
cells, in which DNA synthesis was blocked by temperature up
shift.

This accumulation of dNDPs in T4 ts L159 infected
64
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cells was quite unexpected when it was found that the
activity of NDP kinase is at least 30-fold greater than that
of dNMP kinase in T2.

Although it.is unlikely that the

kinase activity would differ in two closely related T-even
phages these findings made it desirable to test T4 infected
cells for the two kinase activities.
dNMP Kinase and NDP Kinase Activities
in T4 Infected Cell Extracts and
Toluene Treated Cells
As shown in Table 5, cell extracts prepared after T4
infection contained at least 15-fold greater activity of NDP
kinase as compared to dNMP kinase.

T4 infected cells which

were made permeable- to exogenous precursors were also tested
for these enzyme activities.

Cells permeabilized after

toluene treatment, as shown in Fig. 5, were capable of syn
thesizing DNA and behaved according to the genetic makeup of
the infected phage.

Note that in these cells as expected

from its genotype, a DNA negative mutant of T4, am E10 (gene
45), showed a greatly reduced level of DNA synthesis as com
pared to wild type.

Because toluene treatment does not

physically disrupt cells, one might expect that all the
enzymes involved in DNA replication maintain their normal
spatial relationships to one another.

When dNMP kinase and

NDP kinase were assayed even in such cells, as in crude
extracts, NDP kinase activity was at least 15-fold greater
than that of dNMP kinase.

Table 5.

Extracts or toluene-treated cells assayed for dNMP kinase with dTMP as
substrate and NDP kinase with dTDP as substrate — Activities are
recorded as picomoles of nucleotide phosphorylated per minute per mg of
protein (extracts) or per 4 x 10 cells (toluene treated cells). One
milligram of protein corresponds to approximately 4 x 109 bacteria.

Monophosphate kinase
in

infected

and
and

Diphosphate kinase
un-infected

Activities

cells.

Q
(Enzyme activities in pmoles/mg of protein or 4x10 cells/min)
Monophosphate kinase

Diphosphate kinase

Extracts •
Uninfected

33-8

3828

Infected

220 0

3192

Uninfected

31-2

3400

Infected

2100

3600

Toluene treated:
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10
IN MIN.

Deoxyribonucleotide incorporation into acid
precipitable and alkaii resistant material in
toluene treated cells.
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When the cell-free extracts or toluene treated cells
were directly assayed for NDP kinase no observations were
made which indicated that this enzyme possibly becomes rate
limiting for dNTP synthesis.

However, just such a rate

limitation was revealed from the thymine nucleotide pool
analysis of Mathews (1976).

Further, a simulation of

thymine nucleotide metabolism in T4-infected E. coli, based
on nucleotide pool data and the kinetic and equilibrium
properties of the enzymes involved, suggests that the
effective intracellular ratio of NDP kinase and dNMP kinase
activities for deoxyribonucleotide synthesis is about 4:1
(ratio obtained from computer simulation analysis made by
Dr. Singh of this laboratory) as against 15:1 observed in
either cell-free extracts or toluene treated cells.

A

reasonable explanation for the apparent flow effective
activity of NDP kinase in infected cells is that a small
proportion of the total NDP kinase molecules in a cell be
comes sequestered by- incorporation into a specific dNTPsynthesizing enzyme complex and that only these enzyme
molecules are available to participate in dNTP synthesis in
vivo.

In a search to obtain evidence for this explanation,

I sought to extend earlier observations of Chiu and
Greenberg (1968).

They have reported that a portion of the

dCMP hydroxymethylase activity in crude extracts of T4infected cells sediments much more rapidly than expected
from its molecular weight.

If this finding is consistent
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with the idea that the rapidly sedimenting activity repre
sents a complex of DNA precursor synthesizing enzymes
(Wovcha et al., 1973; North et al., 1976; Tomich et al.,
1974), then one would expect that the other precursor syn
thesizing enzymes constituting the complex would also sedi
ment rapidly along with dCMP hydroxymethylase.
Sedimentation Analysis of
Early Enzymes
To study further the sedimentation behavior of DNA
precursor synthesizing enzymes, I measured various enzymatic
activities in sucrose gradients of T4D-infected cell lysates.
These gentle lysates were prepared either by brief sonic
treatment or by treatment with lysozyme, EDTA, and Brij-58.
Both techniques yielded comparable results.

These experi

ments, while confirming the 'earlier findings of Chiu and
Greenberg (1968), that a part of dCMP hydroxymethylase
activity sediments more rapidly than expected from its
molecular weight, also revealed that most of the other
enzymes tested also sediment in two peaks.

Part of the

activity of each enzyme sedimented as expected from its
respective molecular weight, while the other sedimented far
more rapidly.

In addition to dCMP hydroxymethylase the

other enzymatic activities tested included dNMP kinase, NDP
kinase, thymidylate synthetase, dihydrofolate reductase,
ribonucleoside diphosphate reductase, dCMP deaminase,
dUTPase, and DNA polymerase.

Typical data of an experiment,
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involving sonicated extracts of T4D-infected cells revealing
the activity of some of the enzymes tested, are presented in
Fig. 6.

Since the difference was very slight between

lysates prepared either by sonic treatment or by detergent
(Brij-58) treatment, in terms of the quantitative yield of
rapidly sedimenting activity for any of the enzyme tested,
and because of its simplicity, the gradients analyzed
generally contained lysates prepared by brief sonication.
As plotted in Fig- 6, note that one-third to one-half of the
activities of dCMP hydroxymethylase, dTMP synthetase, and
dNMP kinase sedimented near the bottom of the gradient
whereas all of the dihydrofolate reductase activity sedi
mented as expected from its molecular weight.

The presence

of a single peak of dihydrofolate reductase as compared to
the rest of the enzymes tested suggests that the rapidly
sedimenting material is not formed by nonspecific aggrega
tion.

Further, the existence of two peaks of activities for

NDP kinase in these gradients (Fig. 6D) suggests that while
the total intracellular activity of this enzyme is very
high, only a fraction of it which sediments rapidly is asso
ciated with precursor synthesis in intact cells.

In addi

tion, a quantitative comparison of NDP kinase and dNMP
kinase in rapidly sedimenting fraction revealed a ratio of
about 4:1 of their activities, which was in close approxi
mation to the simulated effective intracellular ratio of
these enzymes.

Localization of rapidly sedimenting

Fig. 6.

Sedimentation analysis of enzyme activities in a crude extract of T4Dinfected E. coli B — Sedimentation is from right to left. (A) dCMP
hydroxymethylase; (B) dihydrofolate reductase; (C) dTMP synthetase; (D)
nucleotide kinases. In D the solid circles denote dNMP kinase activity
measured with dTMP as substrate (left ordinate) and the open circles
denote NDP kinase activity measured with dTDP as substrate (right
ordinate).
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Sedimentation analysis of enzyme activities in a crude extract of T4Dinfected E. coli B.
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activities of various enzymes in a common fraction might
indicate that this rapidly sedimenting behavior is due to a
single supramolecular structure.

This supramolecular

structure, which contains several enzymes involved in DNA
precursor synthesis, for the sake of. simplicity, will be
referred to as dNTP-synthetase complex in the remaining
portion of this dissertation.
Nature of DNA Polymerase Association
with dNTP Synthetase Complex
To investigate further the relation between this
putative dNTP-synthetase complex and the replication appa
ratus, I analyzed DNA polymerase activity in such gradients.
It was found that DNA polymerase also sediments more rapidly
than expected from the molecular weight, a finding which isin consonance with that of Huang and Buchanan (1974).
Results of this experiment are presented in Fig. 7.

Panel A

depicts an experiment in which lysates of E. coli B infected
with T4 ts L13 at a permissive temperature were analyzed on
the sucrose gradients.

Although DNA polymerase in this

experiment sedimented rapidly, its peak of activity is well
separated from the rapidly sedimenting peak of dNMP kinase
and dTMP synthetase.

Because there was a smear of DNA poly

merase activity extending into the fraction containing
rapf.idly sedimenting precursor synthesizing enzymes it was
felt desirable to check the possible associations of DNA
polymerase with dNTP-synthetase complex.

It is also

Fig. 7.

Sedimentation analysis of enzyme activities (nmol/
ml per min) in crude extracts of T4-infected E.
coli.

(A) Sedimentation analysis of enzyme activities in lysates
of E. coli B infected with T4 ts L13 at permissive
temperature. Enzymes assayed include dNMP kinase (o),
dTMP synthetase (•), DNA polymerase (A; activities for
this enzyme are given in pmol/ml/min).
(B) Sedimentation analysis of enzyme activities in lysates
pol A of E. coli DUO (pol A) infected with T4D. Enzymes
assayed include dNMP kinase (o), NDP kinase (A), DNA
polymerase (A; activity in pmol/ml/min).
An arrow in panel A represents the peak at which E. coli
alkaline phosphatase (mol. wt 80,000), when it was added as
sedimentation marker, was recovered (primarily in fraction
12).
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Sedimentation analysis of enzyme activities (nmol/
ml per min) in crude extracts of T4-infected E.
coli.

possible that most of the DNA polymerase in these gradients
might represent the membrane bound DNA polymerase I of E.
coli B, as shown by Frankel (1968a, 1968b).

To clarify this

a lysate of T4D infected E. coli DUO , a pol A mutant, was
analyzed on sucrose gradients.

This infection of T4D on E.

coli D110 eliminated most of the host specific polymerase
activity and helped to resolve T4 DNA polymerase to a
greater extent.
Fig. 7B.

Results of this experiment are plotted in

This figure shows that DNA polymerase is com

pletely resolved from rapidly sedimenting dNMP kinase and
NDP kinase, suggesting that the DNA polymerase activity near
the bottom of the gradient in Fig. 7A may represent host
enzyme.

These results in general suggest that the putative

dNTP synthetase complex is resolved from replication
apparatus by the cell lysis conditions I have adopted.
Since the polymerase activity sedimented more slowly in the
experiment of Fig. 7B than that of Fig. 7A, it is possible
that the interactions involving T4 DNA polymerase are
relatively weak.
Effect of Defective dCMP Hydroxy methy lase
on the Rapidly Sedimenting Aggregate of
Precursor Synthesizing Enzymes
Further, I explored the question whether infection
of E. coli B with ts gene 42 mutants at non-permissive
temperature would lead to an altered distribution of DNA
precursor synthesizing enzymes in sucrose gradients as
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compared to control infection at permissive temperature.
Inactivation of one component might cause disaggregation of
supramolecular structure and so prevent rapid sedimentation
of DNA precursor synthesizing enzymes.

As shown in Fig. 8

the rapidly sedimenting forms of the DNA precursor synthe
sizing enzymes are still detectable at the non-permissive
temperature (42°C).

For ts_ L13 and ts LB3 the sedimentation

patterns for infections at permissive (30°C) and nonpermissive (42° C) temperatures were virtually identical
except for slightly reduced amounts of dTMP synthetase and
dNMP kinase in rapidly sedimenting material of LB3 infected
at 42°C.

Other experiments, not shown, indicated that in

another ts gene 42 mutant, ts_ LBl, the sedimentation
patterns, whether infected at 30° or 42°C, are identical.
Thus inactivation of gene 42 does not cause .gross structural
changes in the presumed complex.
Further Characterization of Rapidly
Sedimenting Aggregate of Precursor
Synthesizing Enzymes
In a separate investigation attempts were made to
further characterize the nature of the specific aggregation
of precursor synthesizing enzymes.

In experiments conducted

so far, whose data are summarized in Figs. 6 and 7, dialysis
of extracts and sedimentation were carried out in buffer A,
as used in the lysis and centrifugation procedures of Huang
and Buchanan (1974).

Subsequently, I found that replacement
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Effect of inactivation of gene 42 upon sedimenta
tion of early enzymes in crude extracts of T4
infected E. coli B — Cells were infected at
either 30° or 42°C and centrifuged as described
in Materials and Methods, except that each gradient
was resolved into fractions of 1.4 ml each. The
height of each bar denotes the activity of an
enzyme in the bottom of a gradient fraction
(fractions 1-3), the middle (fractions 4 and 5),
or the top (fractions 6^8). Open bars, enzyme
activity in infection at 30°; hatched bars,
activity in infection at 42°. TS, dTMP synthetase;
Mk dNMP kinase; DK, NDP kinase; DR, dihydrofolate
reductase; DP, DNA polymerase.
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of EDTA in buffer A by 5 mM MgCl2 resulted in even more
rapid sedimentation of aggregated enzymes, which allowed
recovery of these activities in high concentrations (Fig.
9B and D).

As is revealed in Fig. 9D sedimentation of the

NDP kinase and dNMP kinase activities to the bottom of the
gradient was apparent even when both the time of sedimenta
tion and the rotor speed were decreased.

At this stage the

reason for the higher sedimentation rate in the presence of
Mg

2+

xs not very clear.

It may reflect the attachment of

these rapidly sedimenting activities to other cellular
structures.

However, it seems unlikely that the aggregate

is membrane-bound because neither dNMP kinase nor dCMP
hydroxymethylase has been detected among membrane proteins
of T4 infected E. coli (North, 1976).
It was also tested to see if this putative complex
has any direct:' interaction with DNA.

For this T4-infected

E. coli lysate was treated with pancreatic deoxyribonuclease
(50 i^g/ml) for 20 min before it was dialyzed in buffer A and
sedimented on sucrose gradients.

A profile of the enzyme

activities of dNMP kinase and NDP kinase obtained from this
gradient is presented in Fig. 9C.

It is evident from the

data that the sedimentation pattern of these kinases did not
alter appreciably as a result of pancreatic DNase treatment.
Further, similar results were seen with extracts treated in
a comparable fashion with pancreatic ribonuclease (data not
shown).

At this stage, except for the insensitivity of the

Fig. 9.

Characterization of the nature of specific aggregation of precursor
synthesizing enzymes — Sedimentation analysis of enzymes in crude
lysates of T4D-infected E. coli B. Sedimentation is from right to
left. (A) Involvement of dUTPase activity in rapidly sedimenting
fraction; (B) Sedimentation analysis of NDP kinase, dNMP kinase,
and DNA polymerase; conditions were identical to those in panel A
except that the 5 mM MgC^ was substituted for EDTA in buffer A;
(C) Sedimentation analysis of NDP kinase and dNMP kinase in a lysate
treated with pancreatic DNase (50 yg/ml for 20 min at room tempera
ture); (D) Rapid sedimentation of precursor activities even when
rotor speed was decreased from 41,000 rpm to 35,000 rpm and
centrifugation time from 13 hours to 8 hours. All enzyme activities
except DNA polymerase are expressed in nmoles/min/ml. DNA polymerase
activity is given in pmol/ml/min.
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aggregate to either DNase or RNase, the extent to which
either DNA or RNA participate directly in constitution of
putative dNTP-synthetase complex is not very clear.
These rapidly sedimenting aggregates were also
tested for the presence of other enzymatic activities.

When

the gradients were analyzed for dUTPase activity (gene 56),
Ms. Nancy Mesta (working in this laboratory) found that this
activity also was present in rapidly sedimenting aggregate
(Fig. 9A).

This activity almost certainly represents the

gene 56 product because essentially no activity was seen in
a comparable experiment with an uninfected cell extract.
Attempts were also made to assay dCMP deaminase and nucleo
side diphosphate reductase (rNDP reductase) activities in
such gradients.

Although dCMP deaminase activity was

detected in the aggregate fraction, rNDP reductase was not
detectable.

When the extracts were assayed for the rNDP

reductase as shown in Fig. 10 the activity over a period of
twenty minutes was detectable.

However, when the same

extracts were subjected to sedimentation through sucrose
gradients, the activity was apparently lost.

As indicated

by Warner (1973), thioredoxin and thioredoxin reductase are
both required in large amounts in incubation mixtures when
purified rNDP reductase, but not crude extracts, was assayed.
Therefore, inability to detect rNDP reductase activity on
the sucrose gradients may be attributed to the lack of
thioredoxin and thioredoxin reductase, which may have been
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Fig. 10.

rNDP reductase activity measured in 50 yl aliquots
of T4D-infected E. coli B lysate prepared from
about 3 x 10l0 cells/ml.
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dissociated from the enzyme complex during its.sedimenta
tion.

Mere inability to detect this enzyme activity

directly on the gradients, therefore, may not indicate its
absence in the aggregate.

Moreover, kinetics of incorpora

tion of rNDPs into DNA synthesized in situ, indeed, suggest
the participation of rNDP reductase in dNTP synthetase
complex (see Part II).
Sedimentation Coefficient of DNA
Precursor Synthesizing Complex
In all the experiments so far described, sedimenta
tion of the lysates was done on 5-20% sucrose gradients.
These gradients allowed the aggregated complex of precursor
synthesizing enzymes to appear only at the bottom of the
gradient against the 66% sucrose shelf.

In order to resolve

the peak of dNTP-synthetase complex activity above the
shelf, I decided to work with 10-40% sucrose gradient.

The

sedimentation pattern of NDP kinase, dNMP kinase, dTMP syn
thetase, and DNA polymerase, as obtained with such gradients
of lysate, is shown in Fig. 11.

The sedimentation coeffi

cient of the complex calculated from this gradient is found
to be about 95 S.
SDS Gel Electrophoretic Analysis
of T4 Infected Cell Lysate
Sucrose Gradient Fraction
Further information on the specificity of the
aggregate representing dNTP-synthetase complex was obtained
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Fraction Number

Fig. 11.

Sedimentation analysis of T4D-infected E. coli B
lysate to identify sedimentation coefficient of
dNTP-synthetase complex — Experimental conditions
are similar to that described for Figs. 6 and 7
except that 10-40% sucrose gradients were used
instead of 5-20%. All enzyme activities are
expressed in nmoles/min/ml except for DNA
polymerase which is in pmoles/min/ml,
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by sodium dodecyl sulfate gel electrophoretic analysis of
labeled proteins in various gradient fractions.

As shown in

Fig. 12, the distribution of proteins in the bottom fractions
was distinctly different from that seen in the upper
fractions, which evidently contain uncomplexed enzymes, or
from that of a whole extract (now shown; but compare with
patterns in references:

North et al. , 1976 ; O'Farrell, Gold,

and Huang, 1973; Karam and Bowles, 1974).

Tentative gene

product identifications on the gel were made by comparison
of these patterns with calibrated gels containing molecular
weight standards (Fig. 13) and by comparison with gel
patterns containing firm gene product identifications
(O'Farrell et al., 1973; Karam and Bowles, 1974).

Much of

the protein in the bottom fractions, particularly fraction
1, may represent virus-specified membrane components, be
cause 100% of the radioactivity applied to this gradient was
recovered.

However, as stated earlier, the dNTP-synthetase

complex is probably not associated directly with the
membrane, even in the intact cell.

This figure also illus

trates the utility of electrophoresis as a tool for analyz
ing the aggregate in attempts at further purification.

As

is shown in Fig. 14, proteins in the lysate when labeled
35
with
S also revealed the same kind of pattern except that
the labeled proteins were less intense.

Fig. 12.

Sodium dodecyl sulfate/gel electrophoretic analysis of labeled T4
proteins in sucrose gradient fractions — E. coli B was grown in M9
medium as described in Materials and Methods and infected with T4 am
BL 292, a gene 55 mutant, to allow early gene expression and DNA
synthesis but no late gene expression. Labeling was carried out with
l^C-labeled amino acid mixture at 5-12 min after infection. Extracts
were prepared and sedimented in the same fashion as described in
Fig. 9B. Each fraction (25 yl aliquots) was subjected to electro
phoretic analysis. Exposure time was 1 day.
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A profile of the calibrated 10% acrylamide gel containing molecular
weight standards — After electrophoresis, gels containing molecular
weight standard proteins were stained with Coomassie brilliant blue, as
described by North (1976), and the position of each band from the
bottom of the gel was measured and plotted on semi-logarithmic scale.
Relative electrophoretic mobility is the distance of the protein
migrated in the gel relative to the migration front.
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SDS gel electrophoretic analysis of labeled T4 proteins in sucrose
gradient fraction — All the experimental conditions are similar to
those described in Fig. 12, except that ^^S-sulfate was used to label
the proteins.
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Kinetics of a Multistep Reaction Sequence:
dUMP -* dTMP -* dTDP dTTP
Proof that the rapidly sedimenting activities of
precursor synthesizing enzymes do represent an organized
complex requires the demonstration of the functional sig
nificance of such a supramolecular structure.

As discussed

earlier (in the Introduction) and reported by, among others,
Welch and Gaertner (1975), the primary physiological role of
aggregated multienzyme complex lies in their ability to
facilitate catalysis over the corresponding systems through
the coordinated activation or inhibition of constituent en
zymes and compartmentation of intermediate substrates.

Be

cause of this distinctive feature one would expect to
observe a reduction of transient time for the overall multienzyme system and the depression of the level of free inter
mediate substrates with a complex, as compared to an unaggregated system.

In a collaborative experiment Dr. C. K.

Mathews subjected the dNTP-synthetase complex (containing
among other enzymes dTMP synthetase, dNMP kinase, and NDP
kinase) I obtained on the gradients to test whether it
satisfies the above criteria in converting dUMP to dTTP
through dTMP and dTDP, when compared to an otherwise
equivalent mixture of uncomplexed enzymes.
Figure 15 reveals the results of the above de
scribed experiment in which the dTTP production reached its
highest rate within 1 minute, and this rate was virtually
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dTDP

dTTP

10

15
Minutes

Fig. 15.

Kinetics of formation of dTTP and dTDP from dUMP
— Fraction 1 of the experiment of Fig. 9B was
dialyzed and used for the experimental deter
minations (o). The dashed lines represent
theoretical curves for a reaction mixture con
taining uncomplexed dTMP synthetase, dNMP kinase,
and NDP kinase activities equivalent to those
present in the dialyzed enzyme fraction.
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identical to the activity of dTMP synthetase in the reaction
mixture (dTTP formation, 1.45 nmol/min/ml; dTMP synthetase
activity, 1.50 nmol/min/ml).

Because of the unavailability

of purified enzymes at this stage, it was not possible to
compare these results with those given by an equivalent
mixture of uncomplexed enzymes.

However, Dr. A. Singh has

used a computer to simulate the process.

All three enzymes

involved exhibit Michaelis-Menten kinetics with respect to
their deoxynucleotide substrates.

The Michaelis constant

(Km) for dTMP synthetase is 20 ^M (Capco, Krupp, and
Mathews, 1973) ? the values for dNMP kinase and NDP kinase
are 0.12 mM and 0.20 mM, respectively (Singh and Mathews,
1978).

Values for Vmax were taken from the activity of each

enzyme in the gradient fraction used in the experiment of
Fig. 9B and the dilution involved in preparing the reaction
mixture.

These values in nmol/min, 1.50, 15.1, and 60.5 for

dTMP synthetase, dNMP kinase, and NDP kinase, respectively.
The equations describing the uncomplexed system are as
follows:
d[dUMP]
dt

VTS [dUMP]
max
T,TS , rjTTliml
K +[dUMP]
m

d[dTMP]
dt

TS [dUMP]
Vmax
J
T,TS, r
K +[dUMP]
m

vdNMPK

max IdTNP]
dNMPK
+[dTMP]
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,,,
,
yNDPK[dTDp j
ydNMPK[dTMp j
d[dTDP] _ max
_ max
_
dNMPK
NDPK
dt
K
+[dTMP]
K
+[dTDP]
m
m

d[dTTP]
dt

CK'dTDP1
KNDPK+[LdTDP]
m

Figure 15 shows the results obtained when -these
equations were solved on a Control Data 6400 digital com
puter.

The free enzymes required nearly 20 minutes to reach

a maximal rate of dTTP production; moreover, the steadystate level of dTDP was much lower than that seen in the
experiment involving the slowly sedimenting enzyme fractions,
which presumably represent uncomplexed enzyme.
It seems clear from the above that the enzyme
aggregate facilitates dTTP production by maintaining local
concentration gradients of the intermediates.

To try to

define this in quantitative terms, the simulation was modi
fied by writing the differential

equations with the con

centration terms for the intermediates (dTMP and dTDP) being
increased, in separate simulations, by factors of 2, 4, 10,
and 50.

Thus, the intermediates are arbitrarily confined

to volumes 1/2, 1/4, 1/10, and 1/50 that of the whole
reaction mixture, respectively.

For example the equation

describing dTMP formation and disappearance when concentra
tions of intermediates are increased 4-fold becomes:
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<gPK WTMP] x 4

d[dTMP] _
dt

KTS+[dUMP]
m

KdNMPK+[dTMP] x4
m

Values obtained from each of these simulations are
given in Fig. 16, along with experimental and simulated
values from Fig. 15.

The experimental values determined for

the enzyme aggregate correspond most closely to the simu
lated valued obtained from the assumption that the inter
mediates are concentrated 50-fold.

Thus, the enzyme aggre

gate apparently behaves in vitro as postulated for the be
havior i_n vivo of a DNA precursor enzyme complex--namely, by
channeling intermediates and maintaining local concentration
gradients.

The remarkable extent to which this channeling

evidently occurs in vitro does not unequivocally prove that
the aggregate represents a specific enzyme complex that
exists in the cell, but it is difficult to imagine that a
nonspecific aggregate would catalyze a multistep pathway as
efficiently as observed here.
Measurement of Deoxyribonucleotide
Incorporation into DNA in an in
vitro Sytem Containing dNTPSynthetase Complex Fraction and
DNA Polymerase Fraction of
Sucrose Gradients
Since the dNTP-synthetase complex could support the
conversion of dUMP to dTTP, 1 attempted to ask whether the
same fraction can provide dTTP to facilitate its
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Kinetic parameters of the sequence dUMP -> dTMP -+
dTDP -* dTTP — Tabulated values represent the
parameters indicated on the graph which were
obtained from the simulation and experiment of
Fig. 15 (first and last line, respectively) and
from the additional simulations described in the
text.
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polymerization when gradient fraction containing DNA poly
merase was used along with it.

This aspect was tested by

using either calf thymus or T4 denatured DNA as template.
The two fractions, one containing the dNTP-synthetase
complex (i.e., fraction 1) and other containing DNA poly
merase (i.e., fraction 7) of the gradient used in the
experiment of Fig. 9B--were incubated in a reaction mixture
containing the reagents required both for converting dTMP to
dTTP in a two step pathway and subsequent polymerization of
dTTP into DNA.

The results of such an experiment, pre

sented in Fig. 17, indicate that the dNTP-synthetase complex
along with the DNA polymerase fraction is able to polymerize
dTMP by converting it to dTTP.

However, a perusal of the

same figure also reveals that dNTPs serve as better sub
strates than dNMPs in conditions where the dNTP-synthetase
complex is resolved completely from the DNA replication
apparatus.

A key antecedent of this was an earlier finding

in this laboratory that gene 42 mutant-infected cells cannot
synthesize DNA in situ, even when the block to precursor
synthesis is bypassed by provision of dNTPs and when repli
cation forks are present (North et al., 1976).

This was

interpreted in terms of entry of precursors to the replica
tion apparatus only via the putative enzyme complex, a path
way that was blocked when one of its key components was in
activated.

Further, the lack of requirement for gene 42

product in lysed cell systems was interpreted in terms of

94

3H

dTTP

o 0-8

HdTMP

20

40

Minutes
Fig. 17.

Measurement of deoxyribonucleotide incorporation
into acid precipitable material in the presence
of dNTP-synthetase complex and DNA polymerase —
The reaction mixture was similar to the one
described in Materials and Methods for measurement
of DNA synthesis in plasmolyzed cells except that
50 ul each of fractions 1 and 7 from the gradient,
used in the experiment of Fig. 9B, was substituted
for 30 yl of plasmolyzed cells. Incubation
mixture contained dNTPs when
dTTP incorporation
was monitored and dNMPs when H dTMP was monitored.
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separation of the precursor complex from the replication
apparatus, making replication forks accessible to exogenous
nucleotides.

Therefore, the rapid rate of incorporation of

dNTPs, as compared to dNMPs, into DNA (in Fig. 17) might
reflect the possibility that higher concentrations of dNTPs
at the site of replication are required for rapid polymeri
zation when the dNTP-synthetase complex and replication
apparatus are resolved from each other.

As mentioned

earlier the dNTP-synthetase complex behaves, as though it was
capable of maintaining at least a 50-fold higher concentra
tion of dNTPs as compared to that of equivalent mixture of
uncomplexed enzymes (Figs. 15 and 16).

But still this

gradient of dNTPs formed from dNMPs by this complex simply
may not be large enough to saturate the replication appa
ratus _in vitro when they are resolved from each other.

Con

sistent with this interpretation, as presented in Part II of
this chapter and published elsewhere (Stafford et al., 1977),
is the observation that, in the plasmolyzed cell system,
dNMPs are incorporated into DNA 2- to 5-fold more rapidly
than are dNTPs.
Partial Purification of dNTPSynthetase Complex
Sucrose gradient fractions containing the dNTPsynthetase complex were applied to an agarose gel (Sepharose
2B) column in an attempt to test its stability and to
further purify the putative complex.

An elution profile of

the dNMP kinase and NDP kinase activities along with protein
concentration is depicted in Fig. 18.

A total of about 1.16

mg of protein was applied to the column, which was then
eluted with buffer A in which 5 mM MgC^ was substituted for
EDTA.

When 1 ml fractions from a column flowing at the rate

of 0.5 ml per min were collected, the total applied activity
of NDP kinase and dNMP kinase (322 and 65 units, respec
tively) was recovered in fractions from 20 to 26.

One unit

of enzyme activity is defined as the amount of enzyme re
quired to phosphorylate 1 nmole of nucleotide per minute.
The specific activity of NDP kinase increased from 250 to
627 and that of dTMP kinase from 56 to 134 after their
elution through the agarose column.

Specific activity is

defined as the units of enzyme activity per mg of protein.
Elution of both enzyme activities in the same fraction and a
2.5-fold increase in each specific activity indicated that
the dNTP-synthetase complex had maintained its integrity
during its elution through the column.
Further indication that the dNTP-synthetase complex
is partially purified by its elution from the agarose column
is derived from SDS gel electrophoretic analysis of labeled
protein in fractions containing aggregated enzyme activi
ties.

As shown in Fig. 19, the number of protein bands in

the eluted fraction, which contained both the kinase
activities, definitely decreased relative to those present
in the material applied to the column or from those of the
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Fig. 18.

Elution profile from agarose gel filtration of
sucrose gradient fraction containing dNTPsynthetase complex — Details as described in
Materials and Methods.

Fig. 19.

SDS gel electrophoretic analysis of labeled T4
protein in (A) sucrose gradient fraction con
taining the dNTP-synthetase complex which was
subjected to agarose gel filtration (B-D) frac
tions eluted from agarose column of experiment
in Fig. 18 — B contained fractions from 20-26
pooled together, C contained fractions 54-60
pooled together, and D contained fractions 64-70
pooled together. Proteins were labeled with -^C
amino acids and subjected to sucrose gradient
centrifugation. SDS gel electrophoresis was
carried out as described in the legend of
Fig. 12.

Fig. 19.

SDS gel electrophoretic analysis of labeled T4
protein.
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rapidly sedimenting fraction 1 shown earlier in Fig. 12.
However, at this early stage of purification, many more
individual protein bands are seen on the gels than can be
accounted for by the number of enzyme activities detected
thus far in the dNTP-synthetase complex.

Thus, further

attempts to purify this complex are warranted.
Part II
Kinetics of Deoxyribonucleotide
Incorporation into DNA in an in
situ System, Namely, Sucrose
Plasmolyzed Cells
Isolation of an aggregate, containing at least five
phage-coded activities plus a small portion of the host
specific NDP kinase, for DNA precursor synthesis in T4 in
fected cells, as presented in Part I of this chapter, has
revived an incentive to explore the nature of functional
compartmentation of DNA precursors near replication forks.
Initially, the observation of Werner (1971) , that in an un
infected E. coli strain labeled with thymine or thymidine,
the rate of labeling of DNA reached its maximal value before
the dTTP pool had reached its highest activity, had sug
gested either that dTTP was riot a proximal DNA precursor, or
else that dNTPs were compartmentalized within the cell.
However, at this stage thereis little doubth that dNTPs
represent the proximal precursors for DNA replication (cf.
ref.: Mathews, 1976; Morris et al., 1975).

Although
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compartmentation is difficult to visualize in a prokaryotic
cell, one could easily envision functional compartmentation
of DNA precursors (Davis, 1972) as an alternative explana
tion for Werner's observation.

Further, in T4 phage-

infected bacteria, where rapid rates of DNA replication are
maintained despite the existence of rather low precursor
pools (Mathews, 1972, 1976), considerable indirect evidence
has accumulated to support the existence of a complex of
deoxyribonucleotide-synthesizing enzymes justaposed with
the replication apparatus (Tomich et al. , 1974 ; North et al.,
1976? Flanegan and Greenberg, 1977).

By virtue of this

situation one would expect that the concentration gradients
of dNTPs will be maintained in the vicinity of replication
forks enabling their rapid polymerization.

Thus, the pool

of precursors supplying DNA replication would be small and
rapidly turned over.

Consistent with this formulation was

the observation that the relative rate of dNMP utilization
for DNA synthesis in situ (where DNA precursor synthesizing
complex is expected to be juxtaposed with the replication
apparatus as in intact cells) is higher than that of dNTP,
initially observed in this laboratory by Dr. M. E. Stafford.
This observation was also compatible with the explanation
offered earlier for the experiment in Fig. 17.

One inter

pretation of these findings, which is consistent with other
data (North et al. , 1976), is that precursors are accessible
to replication forks preferentially through the precursor
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synthesizing complex.

This aspect is explored further in

the following section.
Relative Rate of dNMP and dNTP
Incorporation into DNA in an
in situ System of T4
Infected Cells
When T4D infected E. coli B cells were made per
meable by treating with high concentrations of sucrose, as
described in Materials and Methods, exogenous DNA precursors
could be incorporated into DNA under appropriate conditions.
As is revealed in Fig. 20, deoxyribonucleoside monophosphates
in this in situ system could serve as a better precursor
than deoxyribonucleoside triphosphates for DNA replication,
an observation which confirmed the earlier report of Dr.
M. E. Stafford in this laboratory.

Further, it was found

that the substitution of triphosphates for the coixesponding
monophosphates in the incubation mixture gave intermediate
levels of incorporation.

Quantitative aspects of the data

presented in Fig. 20 are of special interest, when we con
sider the differential effects produced by either purine or
pyrimidine nucleoside triphosphate substitution for their
corresponding monophosphates.

As explained in Fig. 4

pyrimidine dNMPs are intermediates in a reaction sequence
leading specifically toward their ultimate DNA precursors
(for example:
hmdCTP).

CDP -* dCDP -* dCMP

hmdCMP -* hmdCDP. ->

On the other hand, purine dNMPs, as breakdown

products of host DNA, can enter a triphosphate synthesis

dAMP dGMP dCMP dTMP
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Fig. 20.

Effects of substituting dNTPs for dNMPs, upon T4D-directed DNA synthesis
in situ — Experimental conditions were as described in Materials and
Methods. In the substitution incubations individual dNTPs were added
at 83 yM and the corresponding dNMPs were omitted from the incubation
mixture.

o
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pathway directly at the dNMP kinase level (for example:
dAMP -*• dADP -> dATP).

Possibly because of this feature, the

deoxyribonucleotide incorporation i_n situ seems to be less
sensitive when dATP alone or both purine dNTPs are substi
tuted for their corresponding monophosphates than when dCTP
along with both the purine dNTPs are substituted for their
corresponding monophosphates.
Effect of dNTPs on the Rate of
dNMP Incorporation into DNA in
an in situ System of T4
Infected Cells
Since the above experiments consistently revealed
that more rapid rates of DNA synthesis are achieved in the
presence of dNMPs as substrates rather than dNTPs, I
pursued several alternative possibilities to explain this
behavior in this in situ system.

The effect of dNTP addi

tion upon dNMP incorporation was also tested in a separate
experiment.

As is presented in Fig. 21, addition of indi

vidual dNTPs to a dNMP-containing system does not cause in
hibitory effect on dNMP incorporation and actually enhances
it somewhat.

The exception is dTTP, which depresses the in

corporation of labeled dTMP.

This is to be expected if

labeled dTMP and unlabeled dTTP compete with each other for
incorporation into DNA.

Again, as found in the previous

experiment, the presence of dNTPs as the substrates yielded
reduced level of DNA synthesis.

This experiment strongly
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Fig. 21.

Effect of dNTP addition upon dNMP incorporation
— Individual dNTPs were added at 83 yM each to
incubation mixtures containing dNMPs at 83 JJM
each.
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indicates that dNTPs do not directly affect the rate of
dNMP incorporation.
Influence of dNMP or dNTP Concentrations
on the Relative Rates of Their
Incorporation into DNA in_ situ
Further, in the experiment of Fig. 22, it was found
that the substrate concentration of either dNMPs or dNTPs do
not account for the difference observed in the rates of
their incorporation into DNA.

Here the idea tested was

whether the concentration of the substrates used is optimal
for dNMPs but sub-optimal for dNTPs to synthesize DNA.

If

we are monitoring the rate of incorporation of both the sub
strates at a subsaturation level, then a particular concen
tration of dNMPs might yield higher rates of DNA synthesis
than that of dNTPs.

However, at saturation level dNTPs

might serve equally well or even better.

For this reason

various concentrations of both dNMPs and dNTPs were tested
for their effects on rates of polymerization.

As shown in

Fig. 22, at any concentration tested, ranging from 25 (j,M to
125 p,M dNTPs never equalled the rate of incorporation of
dNMPs into DNA.

Even at a concentration of 125 jj,M dNMPs

served as better substrates than dNTPs.

However, on the

double reciprocal plots of the same data, as shown in Fig.
23, both lines extrapolated to the same point, suggesting
that the half saturating concentrations of both dNMPs and
dNTPs are approximately equal, even though the maximal rates
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Fig. 22.

Effect of deoxyribonucleotide concentration upon
rates of incorporation into DNA — Initial rate
of DNA synthesis was obtained by terminating
incubations at 20 min.
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Fig. 23.

Double reciprocal plots of the initial rates of
nucleotide incorporation into DNA — Values
obtained from the experiment of Pig. 2 2 .
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of incorporation differ considerably.

The half saturating

concentration seems to be about 200 |j,M in each case.

This

was confirmed when initial rates of incorporation were
determined at concentrations up to 50 0

(Fig. 24).

Both

the monophosphate system and triphosphate system reached
saturation at about 400 (j,M, although the maximal rate of
dNMP incorporation was nearly 3-fold higher than that seen
with dNTPs and approaches 20% of the iri vivo rate of DNA
synthesis.

Note that the minimal saturating dNTP concentra

tion is over twice the actual average intracellular dNTP
concentration (Mathews, 1972).

If the replication apparatus

is saturated with substrates in vivo, as seems likely
(Mathews, 1976) , this constitutes presumptive evidence for
dNTP compartmentation in vivo.
Another interesting outcome of experiments relating
to substrate concentration-dependent rate of incorporation
of either dNMPs or dNTPs over a period of time is shown in
Fig. 25.

In this experiment, when the rate of incorporation

of dNMPs and dNTPs was monitored for 40 min at various con
centrations, the dNTP incorporation demonstrated an initial
lag at lower concentrations, viz., 25 and 50 |j,M, as compared
to linear incorporation observed at various concentrations
of dNMPs.

Collinsworth and Mathews (1974) have similarly

reported of a lag period before maximal rates of dNTP in
corporation into DNA when 45 jj,M concentration of deoxyribo
nucleotides was used in sucrose plasmolyzed cells.

For the
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Effect of deoxyribonucleotide concentration upon
rates of incorporation into DNA — Except for
dNMP and dNTP concentrations used, conditions
were as described for the experiments in Fig. 22.
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Deoxyribonucleotide incorporation in situ at different concentrations
— All four deoxyribonucleotides were present at each indicated con
centrations on the figure. Other conditions were as described in
Materials and Methods.

Ill

sake of clarity the results presented in Fig. 25. will be
discussed later in this section.
Relative Rates of rNMP and rNTP
Incorporation into RNA in Sucrose
Plasmolyzed T4 Infected Cell
System
A key assumption is inherent in all of the experi
ments presented thus far, namely, that the sucrose plasmo
lyzed cell is freely permeable to all nucleotides, irre
spective of their phosphorylation level.

However, a trivial

explanation of my data could be simply that triphosphates
penetrate plasmolyzed cells more slowly than monophosphates.
Although it is technically difficult to measure nucleotide
transport directly in plasmolyzed cells, a simple experiment
was done to rule out this trivial explanation.

When ribo-

nucleoside mono- and triphosphate incorporation into RNA was
measured in plasmolyzed infected cells, as expected from the
enzymology of RNA synthesis, rNTPs are incorporated more
efficiently than rNMPs (Fig. 26).
Mode of dNTP Incorporation into
DNA in Sucrose Plasmolyzed T4
Infected Cell System
As mentioned earlier it has been reported that T4
mutants defective in either dNMP kinase or dCMP hydroxymethylase fail \t.o Utilize exogenous dNTPs for DNA replica
tion in sucrose plasmolyzed cells (Wovcha et al., 1973;
Collinsworth and Mathews, 1974; North et al., 1976).

This
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Fig. 26.

Incorporation of ribonucleoside mono- or tri
phosphates into RNA in sucrose plasmolyzed T4infected cells — The labeled nucleotide was UMP
or UTP, respectively. Each of the four ribo
nucleotides instead of deoxyribonucleotides in
each reaction mixture was initially present at
83 yM. Conditions were otherwise identical to
those used for following deoxyribonucleotide
incorporation. All of the incorporated radio
activity was labile to treatment with mild
alkali.
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observation can be interpreted to mean that exogenous dNTPs
are initially hydrolyzed to dNMPs and because of the defect
in precursor synthesizing enzymes, are not channeled further
to the replication site in plasmozyled cells.

This assump

tion can be tested directly by the following experiments:
From a pathway for precursor synthesis in T4 infected cells,
as shown in Fig. 27, one would expect that a block in NDP
kinase should not affect the incorporation of dNTPs into
DNA.

3

Furthermore, if one monitors the rate of 5- H-dCTP

incorporation in an incubation mixture containing sucrose
plasmolyzed cells one would expect that 5- 3H of dCTP will be
'incorporated into DNA.

However, both the situations may not

be witnessed if dNTPs are converted to dNMPs and if 53
H'dCTP is converted to HM dCTP through dCMP as shown in
Fig. 28.

NDP kinase of E.coli can be effectively and

specifically inhibited by the use of cyclamidomycin (socalled desdanine) (Saeki, Hori, and Hmezawa, 1974).
Cyclamidomycin, whose chemical formula is shown below, was
tested for its specificity on NDP kinase on T4 infected
cell extract.

C0NH2

Cylamidomycin (desdanine) (trans 3(l-pyrrolin-2-yl)acrylamide)

As shown in Fig. 29, while 100 p,g/ml of desdanine
could inhibit 75% of the NDP kinase activity, it did not

dCTP
dCTPose

I
d

CMP^S^hm-dCMP
dCMP deaminase

dUMP

thllosr^

> hm-dCDP

dNMP kinase
dTMP

>hm-dCTR
NOP kinase

>

dTDP

*

dTTP

J dUTPase
dUTP

Fig. 27.

Pathway depicting some
precursor synthesis —
figure are found to be
demonstrated in Part I

of the enzyme activities involved in DNA
All the enzyme activities presented in this
the components of dNTP-synthetase complex
of this chapter.

NH,

DNA-H

NH,

hm-dCMP

NH,
dR-P

dR- PPP
(5- H)dCTP

HN

.CH.

HN

cfa-P
dTMP

Fig. 28.

Pathways for either hmdCMP or dTMP synthesis from dCTP — Note that
5-3H of dCTP will be released in both the pathways.
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Effect of cyclamidomycin (desdanine) on NDP kinase
and DNA polymerase activities — Effect of
desdamine is tested against the two gradient
fractions of experiment in Fig. 9B, one containing
free NDP kinase activity (fraction 13) and another
containing DNA polymerase (fraction 7).
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affect DNA polymerase activity significantly even at 200
[ig/ral

concentration.

This observation confirmed the

specificity of desdanine, reported earlier by Saeki et al.
(1974).
Figure 30 shows the results of an experiment where
the effect of desdanine on dNTP incorporation and rate of
3
5- H*dCTP incorporation into DNA in sucrose plasmolyzed
cells was tested.

The data in this figure reveal that the

inhibition of NDP kinase drastically reduces dNTP incorpora
tion into DNA, suggesting that dNTPs are not incorporated
into DNA directly. This aspect is further strengthened by
3
the fact that 5- H-dCTP was not incorporated into DNA. This
3
lack of DNA labeling by 5- H-dCTP might also indicate that
the DNA synthesized in T4-infected sucrose plasmolyzed cells
mostly contained hm-dCMP and therefore, in sucrose plasmo
lyzed cells DNA replication is monitored by the page-coded
enzymes but not those of the host.

The effect of desdanine

on deoxyribonucleoside monophosphate incorporation in DNA
in sucrose plasmolyzed cells was also tested.

As expected,

desdanine strongly inhibited the incorporation of dNMPs into
DNA since the monophosphates must be converted to tri
phosphates before incorporation (Fig. 31).

In comparison to

this and as a confirmation to the experiment in Fig. 30,
dNTP incorporation was again inhibited by some 65%.
these experiments with desdanine strongly favored the
assumption that deoxyribonucleoside diphosphates are

All

Fig. 30.

Effect of desdanine on deoxyribonucleoside triphosphate incorporation
in sucrose plasmolyzed cells — One hundred yg/ml desdinine was added
to the standard reaction mixture at the beginning of the incubation
mixture (a). In a separate incubation H dTTP was replaced by 5- H
dCTP (•) and the control contained 3H dTTP (•).

3 H-dTTP

50
•"

if

4 0

—A

A

5'- 3 H-dCTP
3 H-dTTP

+ Desdanine

o"o
o
—
2 x

Q- ^ 30
h N
O ^
w
-a o>

O
Q.
h"
TD

I
a

20

10

30

40

50

60

TIME in Min.

Fig. 30.

Effect of desdanine on deoxyribonucleoside triphosphate incorporation
in sucrose plasmolyzed cells.
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Fig. 31.

Effect of desdanine (100 pg/ml) upon dNMP or dNTP
incorporation — o, dNMPs alone (83 M each);
•, dNMPs plus desdanine; A, dNTPs alone (83 M
each); A, dNTPs plus desdanine.
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intermediates in the synthesis of DNA from exogenous tri
phosphates in sucrose plasmolyzed cells.
Fates of Deoxyribonucleotides
During Their Incorporation
into DNA in Sucrose Plasmolyzed
System of T4 Infected Cells
Further evidence t6 this point was gathered when the
fates of labeled deoxyribonucleotides were followed in a
monophosphate-containing, and triphosphate-containing in
situ DNA replicating system of sucrose plasmolyzed T4Dinfected cells.

As shown in Fig. 32, the dNMP-dependent

system maintained rapid DNA synthesis even though no dTTP
accumulation could be detected.

On the other hand, in the

dNTP-dependent system the added dTTP was rapidly degraded
to dTDP and dTMP.

Note that the concentration of the deoxy-

ribonucleotides used in this particular experiment, either
in dNMP- or dNTP-containing system, is 43 |j,M.

At this low

concentration it was found that when the dNMPs were incor
porated at a linear rate dNTPs showed an initial lag before
incorporation into DNA became linear, an observation which
is consistent with that reported earlier for the experiment
in Fig. 25.

Further it is interesting to note that the

initial lag period for dNTPs apparently corresponds to the
period required to hydrolyze at least 80% of the total exog
enous dTTP to either dTDP or dTMP.

Moreover, dTTP incor

poration into DNA was maintained at its maximal rate even
when the exogenous triphosphate precursors were completely
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Fates of labeled thymine nucleotides during DNA synthesis in situ —
dNMPs and dNTPs, respectively, were present at 43 yM each. During
incubation separate aliquots of each mixture were removed to determine
incorporation into DNA and distribution of acid-soluble radioactivity
among thymine nucleotides.
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hydrolyzed.

From these results it seems likely that the lag

represented the time required for significant degradation of
dTTP to a substrate which could travers the shuttle.

If so,

one would expect reduced lag times at higher dNTP concen
trations, due to saturation of the phosphatase(s) presumed
to be acting upon dNTPs.

One might also expect no lag in

the dNMP-containing system, even at low concentration.

This

contention is consistent with the observations described in
Fig. 25 where the systems behaved essentially in the same
fashion as interpreted above.
Relative Rates of dNMP and dNTP
Incorporation into DNA and the
Fate of Labeled dTTP in Sucrose
Plasmolyzed System of Uninfected
E. Coli B
The observations made thus far suggest that in permeabilized T4-infected cell systems the distal DNA pre
cursors will be more readily associated with the substrate
shuttle, which ultimately converts them to proximal pre
cursors, than will the proximal precursors themselves.
Therefore, in T4-infected cell systems one finds that the
dNMPs serve as better precursors than dNTPs for DNA replica
tion.

Once again as a control to rule out this observation

as an artifact related to restrictive transport of dNTPs
across the membrane in this permeabilized system, the
results obtained with T4-infected cells were compared with
those of the uninfected cells.

The observations of an
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experiment in which the relative rates of dNMP and dNTP in
corporation into DNA and the fate of labeled dTTP in dNTPcontaining system of sucrose plasmolyzed uninfected E. coli
was monitored are presented in Fig. 33.

It is evident from

this experiment (Fig. 33A) that, as observed earlier in the
ether treated cell system of Vosberg and Haffman-Berling
(1971), in the sucrose plasmolyzed system also, dNTPs
served as better precursors than dNMPs in uninfected cells.
This situation is opposite to that found in T4-infected
cells.

Even so, I observed that, as in T4-infected cell

systems exogenous dTTP in this uninfected cell system (Fig.
33B), although at a slightly slower rate, is also hydrolyzed
to either dTMP or dTDP.

This might suggest the existence of

a DNA-precursor synthesizing complex in uninfected cells as
well, but at this stage no further evidence has been
gathered on this point.

However, the lower relative rate of

dNMP incorporation in uninfected cells as compared to the
high relative rate in infected cells is perhaps not sur
prising.

This is because, as mentioned earlier, the high

relative rate of dNMP utilization for DNA synthesis iri situ
can be explained in terms of distal DNA precursors becoming
associated with the substrate shuttle more rapidly than
proximal precursors.

Further, in T4-infected cells dTMP

arises in large part through nucleolytic degradation of host
cell DNA, a process which is presumably not highly localised
in the cell.

On the other hand, in uninfected cells dTMP

dTMP

dNTP's

dTDP

dNMP's

dTTP

Minutes

Fig. 33.

Deoxribonucleotide incorporation in plasmolyzed uninfected E. coli B
(panel A) and fate of labeled dTTP in the dNTP-containing system (panel
B) -- Except for the fact that the cells were not infected and
deoxyribonucleotides were used at a concentration of 83 yM, experi
mental conditions were identical to those of Fig. 32.

to
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arises primarily as an intermediate in a reaction sequence
leading specifically-toward DNA synthesis (UDP -* dUDP -*•
dUMP

dTMP

dTDP -> dTTP).

Also the other dNMPs (dCMP,

dGMP, and dAMP) are presumably not even involved in the de
novo synthesis of DNA precursors (rNDP -> dNDP •> dNTP).

This

aspect seems more likely when we consider the presence of
relatively low levels of dNMP kinase activity in uninfected
cells as compared to infected cells.

Thus, a complex of E.

coli dNTP-synthesizing enzymes need not have a priori a high
affinity for dNMPs.

However, further investigations are

certainly warranted before any conclusions aire made re
garding the existence of a DNA precursor synthesizing
complex in uninfected cells.

In any event, an observation

made in this experiment which is more pertinent to my
findings is that the sucrose plasmolyzed cell is freely
permeable to nucleotides irrespective of their phosporylation level.

Since dNTPs in this experiment could incorpo

rate at a relatively high rate, as is observed for rNTPs in
the experiment of Fig. 26, it is unlikely that the slow rate
of triphosphate incorporation can be explained simply in
terms of permeability barrier.
Pycnographic Analysis of
DNA Synthesized in situ
An observation that the DNA is synthesized more
readily even when the exogenous deoxyriboriucleoside tri
phosphate precursors were completely hydrolyzed made it
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compelling to identify the nature of the DNA synthesized in
dNMP- and dNTP-containing in situ systems.

Actually, the

data presented in Fig. 32 when viewed in the light of
earlier observations of Werner (1971) made in an E_. coli
strain, indicate the possibility that in T4-infected cells
the deoxyribonucleoside triphosphates exist in two
kinetically distinct pools:

a minute pool in the vicinity

of replication forks which is replenished rapidly, and
another, larger pool presumably distributed more evenly
within the cell.

The larger pool may be used primarily for

DNA repair synthesis, a process which is less highly local
ized within the cell and which also presumably occurs at a
lower chain growth rate, thus obviating the need for juxta
position of precursor-synthesizing and polymerizing enzymes.
If this is true, then deoxyribonucleotide incorporation in
the dNTP-containing system of plasmolyzed infected cells
might represent both replications and repair synthesis.

By

contrast, one would not expect repair synthesis to occur in
the dNMP-containing system where accumulation of triphospates was not detectable (Fig. 32).

These predictions were

tested in the experiments of Figs. -34 and 35.

Cells were

grown, infected, and plasmolyzed as usual, and incubation
mixtures were prepared with either tritium-labeled dAMP or
dATP as the radioactive DNA precursor.

The dNMP-containing

system had either dTMP or 5-bromo-dUMP, which serves as a
density label for DNA synthesized in situ.

Similarly the
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Neutral CsCl gradient analysis of DNA synthesized
in situ — Standard conditions were used for
growth, infection, plasmolysis, and incubations
of the cells except that labeled dAMP and dATP
were substituted for labeled dTMP and dTTP,
respectively. In the experiments denoted by •,
5-bromo-dUMP and 5-bromo-dUTP (non-radioactive)
were substituted for unlabeled dTMP and dTTP,
respectively. In the experiments denoted by o,
standard reaction mixture contained dTMP and dTTP
(non-radioactive) in the respective incubations.
Rest of the experimental details are as described
in Materials and Methods.
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Alkaline CsCl gradient analysis of DNA synthesized
in situ — Experiment in the figure denoted by •,
contained 5-bromo-dUMP (non-radioactive) sub
stituted for dTMP; A, contained 5-bromo-dUTP (non
radioactive) instead of dTTP; and o, contained
dTMP. Rest of'the experimental details are as
described in Fig. 34.

I
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dNTP-containing system had either dTTP or 5-bromo-dUTP.
After 20 minutes of incubation DNA was isolated from each
of the four incubation mixtures and subjected to pycnographic analysis in neutral and alkaline CsCl gradients.
Analysis in neutral CsCl gradients, as shown in Fig. 34,
revealed that all of the incorporated radioactivity in the
density-labeled dNMP-system banded symmetrically at a
hybrid density position, indicative of semi-conservative
replication.

By contrast, radioactivity in the density

labeled dNTP system was distributed through both ithe. light
and hybrid density regions, suggesting that nucleotide in
corporation in this system represents both replicative syn
thesis and a conservative mode of repair synthesis.

Pycno-

graphic analysis of similarly labeled DNA in alkaline
gradients, as shown in Fig. 25, leads to a conclusion in
agreement with those made in neutral gradients.

It is found

that while all of the incorporated radioactivity in the
density-labeled dNMP sytem banded at the heavy density
position, the radioactivity in the density labeled dNTP
system was distributed through both hybrid and light density
regions.

Thus the density-labeling experiments support the

existence of two separate intracellular pools of DNA pre
cursors.

A part of the added dNTPs were utilized in a

semi-conservative synthetic process and the remaining were
used in a conservative process which may represent DNA
repair.
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Participation of rNDP Reductase
in dNTP-Synthetase Complex
Initial attempts to identify association of rNDP
reductase with dNTP-synthetase complex by the direct method
of sucrose gradient analysis met with little success.

As

explained earlier, detection of rNDP reductase in the
gradient fractions may be not possible because of the lack
of thioredoxin and thioredoxin reductase required for
detection of its activity in the reaction mixture.

However,

the relatively high rate of deoxyribonucleotide incorpora
tion in dNMP-containing in situ system of T4 infected cells,
and its significance with respect to the involvement of dNMP
kinase and NDP kinase in DNA-precursor synthesizing complex,
has prompted an alternative approach to identify the asso
ciation of rNDP reductase with dNTP-synthetase complex.

As

was inferred in the case of dNMP incorporation, that distal
precursors are more readily associated with the substrate
shuttle, one would expect that if rNDP reductase is involved
with the dNTP-synthetase complex then rNDPs will be more
readily: accessible to the complex and therefore will be
efficiently incorporated into DNA.

This aspect was tested

by incubating sucrose plasmolyzed T4-infected cells in an
rNDP-containing system.

As shown in Fig. 36, it was found

that rNDPs are incorporated much more efficiently than
dNTPs. From parallel incubations it was observed that the
3
3
H-rGDP but not 5- H'rUDP in an rNDP-containing system can
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Fig. 36.

Relative rates of ribo- and deoxy-ribonucleotide
incorporation into DNA in sucrose plasmolyzed
cell system — m, represents the experiment con
taining 4NDPs substituted for dNTPs with ^H-GDP
instead of ^H*dTTP; A, contains dNTPs and
^H*dTTP in its incubation mixture; •, contains
same reaction mixture as in the experiment
denoted by o except that 5'-^H*UDP was substituted
for
•GDP. Rest of the reaction conditions are
as diescribed in Materials and Methods.
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be incorporated into acid-precipitated material at a faster
rate than

3

H*dTTP in a dNTP-containing system (Fig. 36).

In

this experiment it is possible that the acid precipitable
material detected when 5- 3H* rUDP was used in the rNDP3
containing system represents RNA and that when H-rGDP was
used represents, both DNA and RNA.

As explained in Fig. 37,

when rUDP is converted to dTMO or hm dCMP tritium at the 5
position of rUDP is substituted by CH^ or CE^OH, respectively. Therefore, no label of 5- 3H-rUDP can be detected
in DNA and all the incorporated radioactivity in this case
will be in RNA.

Thus, in rNDP-containing system an estimate

of DNA in acid-precipitable material can be made by finding
the difference in nucleotide incorporation detected in the
presence of 3H*rGDP and that in the presence of 5-3H-rUDP.
As shown in Fig. 36, at any particular time the amount of
acid precipitable material estimated to represent DNA in the
rNDP-containing system is still higher than that found in
dNTP-containing system.'
Further evidence that the acid precipitable material
detected in rNDP-containing system largely represents DNA
is obtained from the experiments presented in Figs. 38 and
39.

Figure 38 reveals that most of the acid precipitable

material is also alkali resistant.

In this experiment it is

also evident that the nucleotide incorporation is at a
higher rate in the rNDP-containing system than in the dNTPcontaining system.

Further the rate of rNDP incorporation,
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Pathways converting [5- H] rUDP to dTMP and hmdCMP and showing its
incorporation into RNA — Note that tritium from 5 position of rUDP is
released during its conversion to either dTMP or hmdCMP but not when
incorporated into RNA. H* represents tritium.
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Fig. 38.

Relative rates of ribo- and deoxyribonucleotide
incorporation into acid precipitable and alkali
resistant material in T4D and T4 am N82 (gene
44) infected sucrose plasmolyzed cell system —
•, represents incubation mixture containing
rNDPs with H-GDP instead of dNTPs with H dTTP
and T4D infected sucrose plasmolyzed cells. A,
standard reaction mixture containing 3H*dTTP and
dNTPs with T4D infected permeabilized cells. o,
reaction mixture is as described for incubation
denoted by ®, except that it contained T4 am N82
infected permeabilized cells. A, contained
standard reaction mixture as described for incuba
tion denoted by A, except that it contained T4
am N82 infected permeabilized cells. Experi
mental conditions are as described in Materials
and Methods and the incubations are terminated
by taking 40 yl aliquots into a mixture of 40 yl
containing 1 M NaOH and 0.4 M disodium EDTA.
Incubated for 10 min at 37°C and then 40 yl of
each sample was chromatographed to obtain acid
precipitable material as described in Materials
and Methods.
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Fig. 38.

Relative rates of ribo- and deoxyribonucleotide
incorporation into acid precipitable and alkali
resistant material in T4D and T4 am N82 (gene
44) infected sucrose plasmolyzed cell system.

Fig. 39.

Relative effect of either RNase or DNase treat
ment ori acid precipitable material synthesized
in the presence of either rNDPs or dNTPs in an
in situ system of T4D infected cells — •, acid
precipitable material from a system containing
rNDPs and labeled rGDP remaining after DNase
treatment; A, acid precipitable material from
standard incubation mixture containing dNTPs and
labeled dTTP remaining after DNase treatment;
o, acid precipitable material from an incuba
tion similar to that denoted by e remaining
after RNase treatment; A acid precipitable
material from an incubation similar to that
denoted by A remaining after RNase treatment.
Experiments are conducted as described in
Materials and Methods except that before pro
ceeding with chromatography for obtaining acid
precipitable material each aliquot was treated
with either RNase or DNase (at 100 yg/ml) in the
presence of 20 mM MgC^-
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Relative effect of either RNase or DNase treat
ment on acid precipitable material synthesized
in the presence of either rNDPs or dNTPs in an
in situ system of T4D infected cells.
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like that of dNTP incorporation in this iri situ system,
requires the action of gene 44, a gene essential for DNA
replication.

In both cases a reduced rate of nucleotide

incorporation was seen when T4 am N82 (gene 44) infected
cells were tested.

Results in Fig. 39 demonstrate the

sensitivity of acid precipitable material obtained either
from the rNDP- or dNTP-containing systems to DNase and
RNase.

In this experiment, however, I should mention that

it was not possible to attain complete hydrolysis of acid
precipitable material when the sucrose plasmolyzed cells
were treated at any concentrations of either RNase or DNase.
This may be because of the limited permeability of these
cells to the exogenous macromolecules.

Even in such condi

tions it was observed that the acid precipitable material
from the rNDP-containing system is slightly sensitive to
RNase but like the acid precipitable material from the dNTPcontaining system it is more sensitive to DNase.

Therefore,

the product contains some RNA but is mostly DNA.
These experiments indicate that in sucrose plasmo
lyzed T4-infected cells rNDPs are efficiently incorporated
into DNA and are incorporated at a relatively faster rate
than dNTPs.

This is consistent with the idea that rNDP

reductase is also associated with dNTP synthetase complex.

CHAPTER IV
DISCUSSION
In T4 phage-infected bacteria, where rapid rates of
DNA replication are maintained despite the existence of
rather low precursor pools (Mathews, 1972, 1976) considerable
indirect evidence has accumulated to support the existence
of a complex of deoxyribonucleotide synthesizing enzymes
juxtaposed with the replication apparatus (Wovcha et al.,
1973; North et al., 1976; Tomich et al., 1974).

The work

presented in this dissertation is compatible with those
reports and provides the first direct evidence for the
existence of a precursor synthesizing complex, through which
the deoxyribonucleotides are possibly placed in the vicinity
of the replication forks.

These studies mainly relied upon

sucrose gradient analysis and the in situ DNA synthesizing
system.

The gradient analysis enabled resolution of the

complex of precursor synthesizing enzymes from their
corresponding unaggregated forms and thereby provided a
means to characterize the specificity of the complex.

On

the other hand, the in situ system of plasmolyzed cells was
found useful in evaluating replication when the nucleotides
are supplied exogenously in a situation where the putative
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complex is expected to be functioning in close relation with
the replication apparatus.
As presented in Part I of Results of this disser
tation and as discussed below, the above approaches have
provided logical explanation for several of the intriguing
aspect's encountered, in recent years, by investigators in
the field of deoxyribonucleotide metabolism.

Although

these studies so far have been mainly conducted in T4
bacteriophage-infected cell systems, the discovery that a
complex of DNA precursor synthesizing enzymes monitors the
shuttling of nucleotides to their ultimate site of utilizaton may prove to have- general significance.
Multienzyme Complex of DNA Precursor
Synthesizing Enzymes
The name "dNTP-syrithetase" is given to the complex
of DNA precursor synthesizing enzymes identified in my
present studies.

The results presented in Chapter III of

this dissertation provided the first direct evidence sup
porting the existence of an enzyme complex involved in
deoxyribonucleotide synthesis.

When the initial observation

of Chiu and Greenberg (1968), that dCMP hydroxymethylase
activity sediments more rapidly than expected from its
molecular weight, was extended using gradient analysis of
crude lysate of T4 infected cells, it was found that at
least four other phage-coded enzymes of DNA precursor metab
olism and one host enzyme, namely NDP kinase, have
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co-sedimented similarly in an aggregate.

Several subsequent

observations indicated that this rapidly sedimenting
material does not form as a result of nonspecific aggrega
tion during cell disruption.
An initial observation in this respect is"that two
early enzyme activities, namely, dihydrofolate reductase and
DNA polymerase, are not associated with the complex.
Absence of dihydrofolate reductase in the complex is not too
surprising, when its participation in several diversified
metabolic events in a cell is considered.

As mentioned

earlier in this INTRODUCTION, although genetic studies
support the idea that a DNA precursor synthesizing enzyme,
namely dCMP hydroxymethylase, interacts functionally with
the replication apparatus (Karam and Chao, 1975), I failed
to detect the sedimentation of significant DNA polymerase
activity along with the aggregate of DNA precursor synthe
sizing enzymes.

However, as will be discussed later, the

replication apparatus within the cell might be actually
functioning in close association with the dNTP-synthetase
complex.

However, the lack of requirement for dCMP hydroxy-

methylase in a lysed cell DNA-synthesizing system (North et
al., 1976) or in the purified T4 system (Morris et al. ,
1975) is entirely consistent with my observation that DNA
polymerase in crude infected cell lysate does not cosediment with the DNA precursor activities.
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SDS gel electrophoretic analysis indicated that the
overall protein composition of sucrose gradient fractions
containing the rapidly sedimenting enzymes is clearly dif
ferent from that of the fractions containing the unaggregated enzymes.

This observation provides further support

for the specificity of the aggregated enzyme complex.
A routine observation that about 5% of the total NDP
kinase in the host cell is associated with the complex was
another significant finding.

This observation is consistent

with the in vivo observations of Mathews (19 76) where this
enzyme reaction was found to represent a rate-limiting step
for dNTP synthesis.

It was reported that deoxyribonucleo-

side diphosphate pools expand when DNA synthesis is blocked
in vivo, even though NDP kinase is present in vast excess,
as measured in crude cell-free extracts.

If only the

"complexed" nucleoside diphosphate kinase participates in
DNA precursor synthesis, then the pool kinetic data of
Mathews (19 76) are entirely compatible with my findings that
a sm&ll, but significant, fraction of this activity sedi
ments rapidly.

Moreover, a simulation of thymine nucleotide

metabolism in T4-infected E. coli based upon nucleotide pool
data and the kinetics and equilibrium properties of the
enzymes involved,' suggested that the effective intracellular
ratio of dNMP kinase and NDP kinase activities is about 4:1
(Singh, 1978).

A similar kind of situation is, indeed,
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observed in the dNTP-synthetase complex isolated on the
sucrose gradients.
Finally the observation that the isolated enzyme
aggregate could behave in vivo as though it were capable of
maintaining at least a 50-fold concentration of deoxyribo
nucleotides has conclusively supported the specificity, of
the rapidly co-sedimenting aggregate of precursorsynthesizing enzymes.
The techniques I have used in the present studies
did not allow reliable estimation of the molecular weight
of the complex because of the 66% sucrose shelf used in most
of the sucrose gradients.

However, when the complex was

resolved on a 10-40% gradient without using the sucrose
shelf, it was found that the sedimentaton coefficient of
the complex is about 95 S (Fig. 11); and a rough com
parison of this with the sedimentation of an alkaline phos
phatase marker suggests a molecular weight of at least
300,000.
At this stage it is not clear whether the relative
amounts of rapidly and slowly sedimenting activities ob
served during these investigations represent the true pro
portion of "free" and "complexed" enzymes within the cell
or whether disruption of the cell destroys part of the
complex.

It is likely that the former is true because of

the relatively consistent proportion of the enzyme activi
ties recovered in rapidly sedimenting material.

For example
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in several of the gradients tested the amount of dTMP
synthetase associated with aggregate was varied only between
30-35 per cent of its total activity.

Further the enzyme

aggregate in rapidly sedimenting material seems to be quite
stable for the reason that the aggregate obtained by sedi
mentation can be resedimented to the same level on separate
gradients (data not shown).

Also as found in the experiment

shown in Fig. 18, the total dNMP kinase and NDP kinase
activities in the rapidly sedimenting aggregate were
eluted in common fractions when filtered through an agarose
column, indicating that they are co-purifiable without sig
nificant loss of their activities.
however, that

It is interesting,

early T4 enzymes are all synthesized in

two- to three-fold excess, if one compares total activity in
extracts with the flow of precursors needed to sustain DNA
synthesis at observed rates (reviewed in Cohen, 1968).

This

is consistent with the idea that only enzymes in the
"complex" are actually utilized for deoxyribonucleotide
synthesis in vivo.
In the light of these findings, it is evident that
the rapidly sedimenting material may represent a specific
multienzyme complex of DNA precursor synthesizing enzymes
which exists in the intact cell.

However, at this stage

further characterization of this complex is desired with
respect to other enzyme activities present, association with
DNA or with components of the replication apparatus,
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possible association with the membrane/ and the forces
involved in keeping it together before one can draw firm
conclusions regarding the nature of this material or its
biological role.
Kinetics of Deoxyribonucleotide Incorporation
into DNA in situ
As mentioned earlier, Werner (1971) has found that
in an uninfected E. coli strain labeled with thymine or
thymidine, the rate of labeling of DNA reached is maximal
value well before the dTTP pool had reached its highest
radioactivity.

Since it is unlikely that dTTP cannot be a

proximal DNA precursor (Mathews, 1976; Morris et al., 1975),
his results possibly meant that the dNTPs were compartment
alized within the cell.

Such compartmentalization can be

be explained if those dNTP molecules near the replication
forks constitute a small pool which turns over extremely
rapidly as its contents are removed for replication, and
those distributed throughout the cell represent a more
slowly replenished and larger poool, presumably partici
pating in DNA repair synthesis.

In this context the exist

ence of the complexes of dNTP-synthesizing enzymes, as
identified in the present work with the T4 system and as
indicated earlier by other investigators (Tomich et al.,
1974 ; North et al., 1976; Flanegan and Greenberg, 1977) ,
helps to explain how high local concentrations of DNA pre
cursors are maintained in the vicinity of replication forks.
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The nature of this functional compartmentalization of DNA
precursors is further explored in terms of the dynamics in
volved in deoxyribonucleotide incorporation into DNA in an
in situ system, i.e., a plasmolyzed, nucleotide-permeable
preparation of infected cells.
From these studies it has emerged that deoxyribonucleoside monophosphates are incorporated into DNA severalfold more rapidly than the corresponding triphosphates.
This aspect is explained in terms of the distal DNA pre
cursors (dNMPs) becoming associated with the substrate
shuttle, mediated by the dNTP-synthetase complex, more
readily than the proximal precursors (dNTPs).

Consistent

with this interpretation is the finding that the dNTPs in
the plasmolyzed cell system are dephosphorylated before they
traverse the substrate shuttle and become incorporated into
DNA.

While from the data presented in this dissertation it

is not clear whether the triphosphates are cleaved to give
initially either monophosphates or diphospates, the inhibi
tion of dNTP incorporation into DNA by desdanine does indi
cate that dNTPs are intermediates in this process.

One

might even argue that conversion of dTTP to dTMP can also
occur due to the exonuclease associated with T4 DNA poly
merase, i.e., after dTTP polymerization into DNA exonuclease
activity, known to be involved in the editing function
(Goodman et al. , 1974), associated with DNA polymerase re
leases the incorporated thymidine nucleotide in the form of
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dTMP.

However, this seems unlikely mainly because of the

fact that during the initial period, when the dNTPs are
getting dephosphorylated at a maximal rate, absolutely no
incorporation of the deoxyribonucleotides into DNA is ob
served in dNTP-containing system (Fig. 32).

If exonuclease

has to function in the turn-over of dNTPs to dNMPs one would
expect that the dNTPs would have to be initially incorpo
rated into DNA, but that situation is not observed in the
present studies.

At this stage, I might add that the

association of this putative phosphatase(s) activity, which
evidently acts upon dNTPs in plasmolyzed cells, with the
dNTP-synthetase complex was also tested.

During these in

vestigations I found that although cell free extracts of T4infected E. coli readily converted dTTP to dTMP and dTDP,
little or no phosphatase activity was detected in those
sucrose gradient fractions which contain the dNTP-synthetase
complex.

Thus a specific association between enzymes of

dNTP cleavage and resynthesis seems unlikely.

At this stage

it is not clear whether the hydrolysis of the dNTPs occurs
at a membrane site or at the cytoplasmic level.
One other interesting observation which strongly
favors the idea of functional compartmentation of either
dNTPs or dNMPs required for DNA synthesis in the sucrose
plasmolyzed cells is about 400 ^M.

This minimal saturating

concentration of deoxyribonucleoside triphosphates seems to
be more than twice the actual average intracellular dNTP
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concentration reported earlier by. Mathews (1972).

In this

situation one envisions that T4 DNA is synthesized by the
simultaneous extension of several replicating forks and
that each replication fork is saturated with substrates in
vivo, as seems likely (Mathews, 1976), then one would expect
that the DNA precursors are possibly compartmentalized in
the vicinity of replication forks.
The above consideration, that the distal DNA pre
cursors are more readily associated with the substrate
shuttle than the proximal precursors, as an explanation for
the high relative rate of dNMP utilization for DNA synthesis
in situ, has made it important to ask if rNDP reductase is
an element of the dNTP-synthetase complex.

It was found

that in plasmolyzed T4-infected cells that rNDPs are in
corporated into DNA much more efficiently than dNTPs.

An

observation similar to this was also made earlier by Wovcha
et al. (1973).

These findings suggest the involvement of

rNDP reductase in the complex.
Finally, I should reiterate that, as indicated by
the observations of Werner (1971), the density labeling
experiments of Figs. 34 and 35 support the existence of two
separate intracellular pools of DNA precursors.

About half

the added dNTPs were utilized in a semi-conservative
synthetic process and have were used in a conservative pro
cess which may represent DNA repair and may also represent
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that fraction of dNTP-dependent synthesis which is resistant
in inhibition by desdanine, as shown in Figs. 30 and 31.
A Model for Channeling of Deoxyribonucleotides
into the Replication Apparatus
Some of the observations made during the present
investigations are compatible with the idea that DNA pre
cursors are accessible to replication forks preferentially
through the dNTP-synthetase comples as follows:
1.

Enzymes of DNA precursor biosynthesis in T4 phage
infected bacteria interact to form a complex which,
as studied in vitro, seems to produce concentration
gradients of deoxyribonucleotides.

2.

Both deoxyribonucleoside monophosphates and ribonucleoside diphosphates can be incorporated into
DNA more efficiently than deoxyribonucleoside tri
phosphates in situ.

3.

Deoxyribonucleoside triphosphates are initially dephosphorylated before their incorporation into DNA.

4.

DNA replication proceeded at a maximal rate even
when net accumulation of dNTPs is not detectable
in dNTP-containing in situ system.
In view of these findings a model is presented, in

Fig. 40, which reveals the possible funneling action of the
dNTP-synthetase complex through which DNA precursors are
channeled to the replication apparatus.

This kind of model

Fig. 40.

A model to show channeling of deoxyribonucleotides onto the replication
apparatus.

H
00

-
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seems to be compatible with several of the earlier findings
also.

It may be recalled that the T4 gene 42 and gene 1

products (dCMP hydroxymethylase and dNMP kinase, respec
tively) must be active in the permeabilized T4-infected cell
preparation in order for DNA synthesis to occur in situ
(North et al., 1976; Dicou and Cozzarelli, 1973; Collinsworth
and Mathews, 1974; Wovcha et al., 1973).

This is true even

when both DNA precursors (as dNTPs) and DNA growing points
are available in the in si.tu system.

When these observa

tions are considered in terms of channeling of nucleotides
into the replication apparatus, as presented in Fig. 40, it
can be interpreted that the inactivation of one of the
components of dNTP-synthetase complex alters the complex
such that kinetic coupling is partly or completely abolished.
If precursors must traverse this substrate shuttle in order
to reach replication forks, then an uncoupled complex could
only poorly support DNA replication.

Accordingly, it was

found that the dNTP synthetase complex isolated from T4 ts
LB3 (a temperature sensitive gene 42 mutant) infected cell
lysate, unlike the aggregate tested in experiment of Fig.
15, failed to produce dTTP from dUMP at a non-permissive
temperature (Reddy and Mathews, 1978; this experiment was
done by Dr. Mathews).

Note that this reaction sequence does

not directly involved dCMP hydroxymethylase even though the
enzyme is identified as an element in the dNTP-synthetase
complex.

Therefore, it is possible that the functional
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and/or structural integrity of the DNA precursor synthesiz
ing complex is maintained by each of the individual elements
associated with the complex.

As long as this complex is

juxtaposed with the replication apparatus (as shown in Fig.
40) / maintenance of its functional and/or structural
integrity seems to be essential to ensure proper accessi
bility of DNA precursors to the replication forks.

Significance of Present Work
As discussed earlier, the model presented in Fig. 40
has offered the most plausible explanation for several para
doxical situations encountered during investigations on
nucleotide metabolism in T4-bacteriophage infected cells.
In addition to this when the observations of Werner (19 71) ,
made in bacterial systems), are viewed in the light of the
present findings, it appears that his conclusion (i.e., an
activated form of the monophosphate is the proximal precur
sor for DNA synthesis) is likely in error due to compartmentation of triphosphates in different pools.

With an aim to

evaluate the role of dTTP in DNA synthesis, Fridland (1973)
studied the kinetics of formation of intracellular thymidine
triphosphate from either deoxyuridine or thymidine in
eucaryotic cells.

In general agreement with my conclusions,

drawn from studies on T4-bacteriophage infected cells,
Fridland's investigations on eucaryotic cells also indicated
that only deoxyribonucleoside triphosphates serve as direct
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precursors and that they are compartmentalized in intra
cellular pools.
Moreover, DNA replication in eucaryotic cells is
thought to occur in a localized region in the nucleus
(Mizuno, Stoops, and Pfeiffer, 1971) and to make use of a
proximal deoxyribonucleoside triphosphate pool.

Baril,

Baril, and Elford (1972) have found that the enzymes for deoxyribonucleotide synthesis are localized in eucaryotic
cells by attachment to membranes.

Later, evidence for

association of these enzymes with replication- enzymes in
animal cells was reported by Baril et al. (1973).

Greene

and Firchein (1976) have similarly described a membraneassociated complex of deoxyribonucleotide- and DNAsynthesizing enzymes in Pneumococci.

Therefore, the model

derived from my work with T4, namely that DNA precursors are
channeled to the replication apparatus through a complex of
deoxyribonucleotide-synthesizing enzymes, may be applicable
to eucaryotic cells as well.

In this respect, because of

its well understood genetic make up and an availability of
large catalog of mutants specifically defective in DNA pre
cursor synthesizing enzymes, T4-bacteriophage seems to serve
as a suitable model system for better understanding of the
complex nature of nucleotide metabolism in higher organisms.
Recently, permeabilized eucaryotic cell systems,
like the one I used in the present investigations with
bacteriophage infected cells, have been developed by
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Castellot, Miller, and Pardee (1978X and Miller, Castellot,
and Pardee (1978).

Further, initial studies of Pardee and

his co-workers have indicated that in the permeabilized
eucaryotic cells also the distal precursors (namely deoxyribonucleoside diphosphate) are incorporated into DNA more
efficiently than the proximal precursors.

They also found

that exogenous ribonucleoside diphosphates can be incorpo
rated into DNA as efficiently as deoxyribonucleoside tri
phosphates in these eucaryotic permeabilized cells.

In

light of these observations it will be interesting to
extend the studies I presented in this dissertation to the
mammalian systems for a clearer understanding of the inter
relationship between deoxyribonucleotide metabolism and the
mechanism by which eucaryotic cells accomplish nucleotide
compartmentation.
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