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ABSTRACT 

This dissertation describes an investigation of the complex role 

played by the products of bacteriophage T4 genes 42 and 1 in DNA replica

tion. These genes code for deoxycytidylate hydroxymethylase (dCMP 

HMase) and deoxynucleoside monophosphate kinase, respectively. In vitro 

DNA synthesis systems have been utilized to evaluate requirements for 

these proteins when their known role in DNA precursor biosynthesis is by

passed by provision of 5-hydroxymethyl-dCTP. 

Gene 42 and 1 amber mutants are able to synthesize DNA in a cell-

free DNA synthesis system consisting of phage-infected cells which are 

gently lysed with the nonionic detergent Brij-58. Addition of extracts 

containing active gene 42 or 1 product has no effect on synthesis in 

lysates defective in the respective gene. Thus, if these enzymes do play 

additional direct roles in replication, they are not manifest in this 

lysed-cell system. 

In plasmolyzed cells, gene 42 temperature-sensitive mutants fail 

to synthesize DNA under conditions where replication forks and 5-

hydroxymethyl-dCTP are present. This supports the idea that the protein 

coded for by gene 42 is directly involved in DNA synthesis at the macro-

molecular level, in addition to its role in precursor provision. 

The gene 42 amber mutant N122/m, a double mutant bearing an addi

tional defect in DNA polymerase, is unable to synthesize DNA in cell-free 

lysates. This inability is overcome by addition of extracts containing 

an active T4 DNA polymerase, m is a leaky amber mutation which reduces 

xi 
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DNA polymerase to a very low level. However, this level Is high enough 

to allow positive genetic complementation tests with gene 43 mutants. 

Two other gene 42 amber mutants contain additional defects: am 

269 induces only half the normal level of DNA polymerase, and am C87 

fails to induce a detectable level of thymidylate synthetase. These de

fects are due to second-site mutations and not to pleiotropic effects 

of the gene 42 mutation. 

I have purified dCMP HMase to homogeneity as judged by SDS-poly-

acrylamide gel electrophoresis and sedimentation equilibrium centrifuga-

tion. Its molecular weight was determined to be 63,000 by sedimentation 

equilibrium centrifugation and 57,000 by gel filtration through Sephadex 

G-100. On SDS-polyacrylamide gels its subunit molecular weight is 27,000. 

Therefore, dCMP HMase appears to be a dimer consisting of two identical 

subunits. 

I have attached pure dCMP HMase to Sepharose beads with CNBr and 

used this resin for an affinity column to study interaction of other T4 

and E. coli proteins with this enzyme. No phage or bacterial proteins 

were specifically bound by immobilized dCMP HMase. Thus, if the complex 

role of this enzyme in DNA synthesis involves its interaction with other 

replication components, the interaction is not strong enough to be ob

served by this technique. 

I have also looked for the products of genes 42 and 1 in membrane 

fractions prepared by two different procedures. These two proteins were 

not detected in either of the membrane preparations. 

A model is proposed in which dCMP HMase is part of a loosely-

associated complex of DNA precursor enzymes which works in association 



with the DNA replication complex to provide nucleotides at the site of 

replication as they are needed. The agreement of available data with 

this model will be discussed. 



CHAPTER 1 

INTRODUCTION 

The T-even bacteriophages have contributed extensively to our 

understanding of the mechanism and control of DNA replication. Favorable 

attributes of this system include (1) the complete redirection of cellu

lar macromolecular metabolism after Infection of Escherichia coli by one 

of these large DNA viruses, leading to a great increase in the rate of 

DNA synthesis and complete arrest of host cell gene expression; (2) the 

presence of 5-hydroxymethylcytosine (HMC, Table 1), a unique base in 

phage DNA, which serves as a specific "handle" for following synthesis 

of viral DNA and its precursors; and (3) the fact that virtually all 

steps in replication per se and most steps in DNA precursor synthesis 

are catalyzed by phage-coded enzymes, a fact which brings to bear the 

considerable power of genetics to analysis of events attending replication. 

T-even phages have taught us a great deal about replication, in

cluding the following: (1) the first demonstration of a requirement for 

DNA polymerase in replication; (2) elucidation of a discontinuous mode 

of replication and the role of DNA ligase in this process; (3) discovery 

of DNA unwinding proteins; and (4) a demonstration of the involvement of 

nucleases and recombination events in replication. 

This dissertation is concerned with a phenomenon which may also 

have general significance in replication, namely the demonstration that a 

protein known to play a role in DNA precursor synthesis also plays a more 

1 



Table 1. Abbreviations Used. 

Abbreviation Meaning 

am 

CH2=FH4 

DA 

dCMP HMase 

dCTPase-dUTPase 

DD 

DMSO 

DO 

DS 

DTT 

HM 

KPO.-buffer 
4 

lysis buffer 

NaPPi 

P (followed by a 
number) 

P-buffer 

PFU 

polA 

PPO 

sarkosyl 

starting buffer 

amber 

5,10-methylenetetrahydrofolate 

DNA-arrest 

deoxycytidylate hydroxymethylase 

deoxynucleoside di-, and triphosphatase 

DNA-delay 

dimethylsulfoxide 

DNA-negative 

some DNA synthesis (DNA defective) 

dithiothreitol 

tetrahydrofolate 

5-hydroxymethyl 

potassium phosphate buffer 

0.15 M NaCl, 0.05 M Tris-HCl, pH 8.0, 10~4 M 
EDTA, 10~3 "M DTT 

sodium pyrophosphate 

product of the gene which the number refers to 

0.05 M Na2HP04, 10% glycerol, 0.36 M NaCl, pH 
adjusted to 7.6 

plaque forming units 

E. coli DNA polymerase I mutant 

2,5-diphenyloxazole 

sodium lauryl sarkosinate 

0.01 M Tris-HCl, pH 8.0, 20% glycerol 10~A M 
DTT, 10~4 M EDTA, 0.15 M NaCl ' 



Table 1. (continued) 

Abbreviation Meaning 

- R str 

- (superscript follow
ing a number) 

+ (superscript follow
ing a number) 

TCA 

Tris 

ts 

streptomycin-resistant 

phage mutant in the gene to which the number 
refers 

phage which contains a wild type gene to 
which the number refers 

trichloroacetic acid 

(Tris-hydroxymethyl) aminoethane 

temperature-sensitive 
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direct role in the replication process. Physical and/or functional 

coupling between precursor synthesis and polymerization is seen as a way 

for sustaining the enormous rates of DNA chain growth observed from in 

vivo studies. 

Bacteriophage T4 

Bacteriophage T4 is a large virulent phage whose genome consists 

g 
of a linear DNA duplex of molecular weight 1.3 x 10 daltons, which 

corresponds to about 1.7 x 10"* base pairs. The T4 life cycle is initiated 

by its adsorption to the surface of JE. coli followed by injection of its 

DNA into the cell. Early stages of the life cycle center around produc

tion of phage enzymes which direct the replication of T4 DNA. Following 

the onset of replication, synthesis of virion structural components be

gins, leading ultimately to assembly of progeny phage. The progeny are 

finally released by phage-directed lysis of the host cell. The T4 life 

cycle has been extensively reviewed (Stent 1963; Mathews 1971). 

T4 DNA contains sufficient genetic information to code for 160 

to 180 average sized proteins of molecular weight 30,000 to 50,000 dal

tons. Extensive genetic analysis has allowed identification of approxi

mately 120 genes and/or gene products. This leaves only about one-fourth 

of the T4 genome unaccounted for in terms of function. About half of the 

known genes were identified through isolation of conditional lethal 

mutants and the rest through mutants selected in other ways such as 

altered plaque morphology, resistance or sensitivity to various chemical 

agents, sensitivity to ultraviolet light, inability to induce particular 

phage enzymes, or suppression of mutations in known genes. A few gene 
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products not yet assigned to genes have been identified through discovery 

of their enzymatic activities. 

The development of conditional lethal mutants, first systemat

ically pursued in T4 (cf. Edgar, Denhardt and Epstein 1964) has allowed 

physiological analysis of gene-controlled functions essential to viral 

replication. Two types of conditional lethal mutants have been widely 

used. Temperature-sensitive (ts) mutants, which grow at 30°C but not at 

42°C, result from point mutations (presumably involving a single amino 

acid change in the gene product) which make the protein more heat labile 

(Wiberg and Buchanan 1964). The other type, amber (am) mutants, contain 

a nonsense codon (one that does not code for an amino acid) within the 

gene. Since protein synthesis terminates at a nonsense codon, these 

mutations result in production of an incomplete polypeptide. Stocks of 

am mutants are maintained by growth on bacterial strains containing sup

pressor mutations. These strains have an altered transfer RNA which can 

insert an amino acid at the site of the nonsense codon. Both types of 

conditional lethal mutants have been utilized in the work to be presented 

here. 

5-hydroxyme thylcyto s ine 

T4 DNA contains the modified base HMC instead of cytosine (Wyatt 

and Cohen 1952). This base is unique to phage of the T-even series. The 

events responsible for its substitution into T4 DNA occur at the nucleo

tide level under the direction of phage enzymes as shown in Figure 1. 

The modified nucleotide HM-dCMP is produced by deoxycytidylate hydroxy-

methylase (dCMP HMase), coded for by gene 42 (Wiberg and Buchanan 1964). 



k 
dR-5' ® 

ch2oh 

I 

dR-5' ® 

dCDP 
or v. 

dCTP ^ 

56 
dCMP 

Pi or PPj 

dCTPase-dUTPase 

42 

ch2=fh4 fh4 
dCMP HMase 

HM-dCMP HM-dCDP-
host 

ATP ADP 

deoxynucleoside 
monophosphate 
kinase 

ADP 

• HM-dCTP 

ATP 

nucleoside 
diphosphate 
kinase 

43,32, 
etc. 

DNA 

Figure 1. The Biosynthetic Pathway Responsible for Replacement of HMC Residues for Cytosine in T4 DNA. 

Numbers indicate controlling phage genes. 

<j\ 
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Deoxynucleoside monophosphate kinase, coded for by gene 1 (Duckworth and 

Bessman 1967), is essential for production of HM-dCDP since no .E. coli 

kinase can phosphorylate HM-dCMP (Romberg et al. 1959, Somerville, 

Ebisuzaki and Greenberg 1959). The final step in synthesis of HM-dCTP 

is performed by the E. coli nucleoside diphosphate kinase (Bello and 

Bessman 1963). Yet another phage enzyme, deoxynucleoside di- and tri

phosphatase (dCTPase-dUTPase), coded for by gene 56 (Munro and Wiberg 

1968, Price and Warner 1968), is important to this pathway in that it 

supplies the initial precursor dCMP (Price and Warner 1969). This is 

important because dCMP is not a normal intermediate in the uninfected 

cell, as deoxynucleotides are produced by ribonucleotide reductase at the 

diphosphate level (Reichard 1968). Thus, dCMP must come from breakdown 

of dCDP or dCTP. dCTPase-dUTPase is also important in the exclusion of 

cytosine from phage DNA. 

HM-dCMP residues in T4 DNA are further modified by glucosylation 

of the hydroxymethyl group. This modification is performed by phage 

coded glucosyl transferases which act after polymerization of these 

nucleotides into DNA (Josse and Kornberg 1962). This glucosylation 

protects T4 DNA from J2. coll nucleases that degrade HMC-containing DNA. 

Substitution of HMC for cytosine is essential for phage survival 

because T4 produces nucleases that specifically degrade cytosine-containing 

DNA. These enzymes degrade host DNA, providing an important source of 

DNA precursor molecules. HMC substitution plays an additional role, 

essential, though not yet explained, in viral gene expression. Kutter 

et al. (1975) have shown that cytosine-containing T4 DNA is incapable of 



directing late gene expression even under conditions where it is not 

attacked by cytosine-specific nucleases. 

T4 DNA Synthesis 

In the first few minutes following T4 infection most of the phage 

proteins produced are those required for DNA synthesis. Within 5 to 7 

minutes (at 37°C) all the required enzymes are present and replication 

is initiated. Figure 2 shows the normal pattern of T4 DNA synthesis. 

The rate of synthesis increases exponentially until about 12 minutes 

(Murray and Mathews 1969) as the number of replication forks increases 

(Werner 1968). The rate then becomes linear, presumably reflecting a 

saturation in the number of replication sites. Replication continues 

at this constant rate until lysis. 

For the initial round of replication DNA synthesis is initiated 

at multiple specific origins and proceeds bidirectionally (Delius, Howe 

and Kozinski 1971; Howe et al. 1973). Circularization of the T4 chromo

some is not essential for the first few rounds of replication (Kozinski 

and Doermann 1975). During these early rounds DNA molecules of phage 

chromosome length are produced (Miller, Kozinski and Litwin 1970). How

ever in later rounds long concatemeric structures are produced (Frankel 

1968a). (Concatemers are covalently linked end-to-end aggregates of 

phage DNA molecules). Two models have been proposed to explain concatemer 

formation. One proposes that they form by end-to-end recombination of 

phage length molecules (Broker 1973, Doermann 1974), the other that they 

arise by a rolling circle mechanism (Gilbert and Dressier 1968, Frankel 

1968b). These models have much in common since recombination of terminal 
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1200 -
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Minutes After Infection 
Figure 2. DNA Synthesis Following Infection of E_. coli by Wild Type T4 

at 37°C. 

14 
DNA synthesis was measured by incorporation of a C-labeled precursor 
as described in Chapter 2. 
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regions is involved in both. The only difference arises from whether 

this event is inter- or intramolecular. Since T4 DNA has a 1 to 3 per

cent terminal redundancy (MacHattie et al. 1967), the generation of 

single-stranded ends would allow either type of recombination. These 

ends can be generated by an inability of DNA polymerase to replicate 51 

ends of linear duplexes, due to a requirement for 3'-hydroxyl primers 

(Broker 1973). It has not been determined whether concatemers arise by 

either or both of these models. However, structures which resemble 

3 
rolling circles have been observed by autoradiography of H-labeled 

replicating DNA (Bernstein and Bernstein 1973). The two models are 

described in Figure 3. 

The existence of these concatemers can explain terminal redun

dancy and another unusual property of T4 DNA. The T4 chromosome is cir

cularly permuted, that is although the nucleotide sequences within a 

population are identical, the molecules have different end points (Thomas 

and Rubenstein 1964). This results in a circular genetic map even though 

the DNA molecule is physicaly linear. Mature phage DNA is believed to be 

randomly cut from concatemers by a "head-full" cleavage mechanism 

(Streisinger, Emrich and Stahl 1967). In support of this, Frankel 

(1968a) has performed pulse-chase labeling experiments which demonstrate 

that concatemers are precursors to packaged phage-length molecules. It 

has also been shown that DNA molecules are packaged into a pre-formed 

head precursor (Luftig, Wood and Okinaka 1971; Laemmli and Favre 1973). 

According to this model the random cutting produces the circular permuta

tion, and the terminal redundancy is due to packaging of a molecule 

slightly longer than the genome length. 



Figure 3. Models Proposed to Explain Concatemer Formation. 

(A) A rolling circle model and (B) the end-to-end recombination model. 
In both models replication (1) creates molecules which have single-
stranded sections at terminally redundant ends. These ends can recomr-
bine either intramolecularly (model A) or intermolecularly (model B), 
as shown in step (2). In model B two recombinant molecules are joined 
to produce a concatemer (3). In model A one of the strands is sealed 
(3) and the nick in the other strand is elongated by DNA polymerase, 
displacing the other end of this strand from the circle (4). As the 
strand is displaced, it too serves as a template (5). As synthesis 
proceeds, displacement of this strand continues, generating a 
concatemer (6). 
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Figure 3. Models Proposed to Explain Concatemer Formation. 
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Enzymes of DNA Replication 

Table 2 lists the T4 genes and their products where known that 

are involved in DNA replication. Roughly half of these are involved in 

the synthesis of DNA precursors and the rest participate in DNA synthesis 

at the macromolecular level. 

Enzymes of DNA Precursor Metabolism 

The two most striking features of DNA precursor metabolism in 

T4-infected cells are the production of a phage specific precursor HM-

dCTP (discussed above) and the increased rate of precursor synthesis 

which must accompany the several-fold rate increase in DNA synthesis 

relative to the uninfected cell. The metabolic routes of DNA precursor 

synthesis in phage-infected cells are shown in Figure 4, and the phage-

coded enzymes involved are listed in Table 2, Part A. Although bac

terial pathways are maintained, they are supplemented by several phage 

enzymes of identical specificity, including thymidylate synthetase, 

dihydrofolate reductase, ribonucleotide reductase and thymidine kinase. 

Mutations in the genes coding for these enzymes are not lethal, so they 

are called "non-essential" enzymes (in their absence the host enzyme 

compensates). Dihydrofolate reductase and thymidylate synthetase mutants 

have decreased rates of DNA synthesis (Mathews 1967) , attesting to the 

fact that, although not absolutely required, these enzymes play a 

significant role in precursor provision. 

Two phage enzymes important in production of dUMP, the substrate 

for thymidylate synthetase, are .dCTPase-dUTPase and deoxycytidylate 

deaminase. As discussed above, dCTPase-dUTPase is similarly involved in 



Table 2. T4 Genes Involved in DNA Replication. 

Gene Specific Function Mutant Phenotypea 

A. Genes coding for enzymes of DNA precursor metabolism 

1 deoxynucleoside monophosphate kinase DO 

42 dCMP HMase DO 

56 dCTPase-dUTPase DS 

nrdA subunit of ribonucleotide reductase NEb 

nrdB subunit of ribonucleotide reductase NE 

nrdC thioredoxin NE 

tk thymidine kinase NE 

cd deoxycytidylate deaminase NE 

td thymidylate synthetase NE 

frd dihydrofolate reductase NE 

dexA exonuclease A NE, HBC 

denA endonuclease II NE, HB 

denB endonuclease IV NE, HB 

46 unknown DA, HB 

47 unknown DA, HB 

B. Genes involved in macromolecular DNA synthesis 

30 DNA ligase DS 

32 DNA unwinding protein DS 

39 unknown DD 

41 unknown DS 

43 DNA polymerase DO 
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Table 2. (continued) 

Gene Specific Function 
Q 

Mutant Phenotype 

44 unknown DO 

45 unknown DO 

46 unknown DA, HB 

47 unknown DA, HB 

52 unknown DD 

58-61 unknown DD 

59 unknown DA 

60 unknown DD 

62 unknown DS 

a. The designations DO, DS, DD and DA are described in the text. 

b. Not essential for phage viability 

c. Defective in degradation of host DNA. 
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provision of dCMP for dCMP HMase. Deoxycytidylate deaminase provides a 

new pathway for dUMP synthesis, since a corresponding enzyme is not 

present in uninfected 12. coll. 

Several phage-coded nucleases are involved in degradation of E. 

coll DNA to deoxynucleoslde monophosphates, providing an additional source 

of precursors. Complete degradation yields about 20 phage equivalents of 

precursor molecules per cell. 

The final step in precursor bioxynthesis, formation of deoxy

nucleoslde triphosphates, is performed by IS. coll nucleoside diphosphate 

kinase (Bello and Bessman 1963). Deoxynucleoslde triphosphates have been 

shown to be the immediate precursor for T4 DNA synthesis (Mathews 1976b). 

DNA Replication Proteins 

The T4 genes known to be involved in macromolecular DNA synthesis 

are listed in Part B of Table 2. These genes have been identified 

through isolation of conditional lethal mutants which display defects in 

DNA synthesis. Based on the nature of the defect they have been clas

sified as DO (no DNA synthesis), DS (some DNA synthesis, but only 3 to 

8 percent the wild type level), DD (DNA delay), and DA (DNA arrest) 

(Warner and Hobbs 1967). Of the 14 genes listed in Part B, Table 2, the 

specific functions of only 3 have been identified. These are DNA poly

merase coded for by gene 43 (deWaard, Paul and Lehman 1965), DNA ligase 

coded for by gene 30 (Fareed and Richardson 1967) and the gene 32 DNA 

unwinding protein (Alberts and Frey 1970). 

T4 DNA polymerase, like all known DNA polymerases, synthesizes 

DNA only in a 51 -*•3' direction in a reaction which is dependent upon the 
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presence of a free 3'-hydroxy1 group to serve as a primer. The DO pheno-

type of gene 43 mutants, and the mutagenic (Speyer 1965) or antimutagenic 

(Drake et al. 1969) effects displayed by some altered polymerases are sup

portive of a major role for this enzyme in replication. Presumably an 

altered enzyme allows incorporation of an incorrect base with a greater 

or lesser frequency than the wild type enzyme. This effect is dependent 

upon an additional 3'-exonuclease activity of this enzyme (Goulian, Lucas 

and Kornberg 1968). This activity serves in removing nucleotides which 

have been incorrectly inserted (Muzyczka, Poland and Bessman 1972) , pro

viding an "editing 11 function to reduce errors in replication (Goodman 

et al. 1974). Goodman et al. have shown that the frequency of mutation 

by altered polymerases is dependent upon the activity of this exonuclease. 

T4 DNA ligase catalyzes an ATP-dependent joining of single strand 

breaks (nicks) in DNA duplexes which have 5'-phosphate and 3'-hydroxyl 

termini. The requirement for this enzyme in T4 replication led to the 

proposal that DNA synthesis occurs in short pieces which are subsequently 

joined by ligation (Okazaki et al. 1968). Such a mechanism provided a 

way in which both strands of DNA could be replicated by a DNA polymerase 

capable of synthesis only in a 5' + 31 direction. 

Experimental support for a discontinuous mode of replication came 

from the discovery that when T4 DNA is labeled with an isotopic precursor 

for a very short time most of the label goes into DNA fragments about 

1100 nucleotides in length, called Okazaki fragments. With longer label

ing times the label appears in high molecular weight DNA (Okazaki et al. 

1968). These fragments also accumulate in infections with gene 30 mutants, 

supporting the role of DNA ligase in joining them. Okazaki and coworkers 



have further shown that discontinuous replication occurs on both strands 

and that all of these fragments are synthesized in the 5' 31 direction 

(Sugimoto et al. 1969, Sugino and Okazaki 1972). A discontinuous mode of 

replication has also been demonstrated in several other organisms (re

viewed in Gefter 1975). 

The inability of DNA polymerases to initiate chain synthesis 

(i.e., the requirement for a 3'-hydroxyl primer) has been apparently 

solved by the finding that nascent DNA fragments are initiated with RNA 

primers. This arose from the observation that rlfampicin, a known in

hibitor of RNA polymerase, can block DNA replication of bacteriophage 

M13 (Brutlag, Shekman and Kornberg 1971). RNA polymerase can initiate 

chain synthesis de novo. The covalent attachment of ribonucleotides to 

the 5' end of Okazaki fragments has been demonstrated in IS. coli (Sugino, 

Hirose and Okazaki 1972) and with polyoma virus using an in vitro DNA 

synthesis system (Magnusson et al. 1973). In order to join Okazaki 

fragments into high molecular weight DNA by ligation, these primers must 

be removed and the resulting gaps filled by a DNA polymerase. 

RNA primers have not been rigorously demonstrated with T4. How

ever DNA synthesis in vitro with the pruified products of genes 32, 41, 

43, 44, 45, and 62 (see below) does require ribonucleotides (Morris, 

Sinha and Alberts 1975), presumably for primer synthesis. Alberts et al. 

(1975) feel that the failure to detect primers in this system is due to 

their rapid synthesis and removal. If this is true, the proteins respon

sible for these events are to be found among the components mentioned 

above. E. coli RNA polymerase cannot be required for T4 primer synthesis 
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since it is not present in this in vitro system and since T4 replication 

is insensitive to rifampicin in vivo (Rosenthal and Reid 1973). 

In order to replicate duplex DNA both strands must be unwound to 

create a replication fork. All available evidence suggests that the gene 

32 DNA unwinding protein performs this function. The gene 32 protein 

(P32) was the first DNA unwinding protein discovered (Alberts and Frey 

1970) and is the prototype of a class of these proteins found in all 

organisms investigated to date (reviewed in Gefter 1975). P32 binds 

preferentially and cooperatively to single-stranded DNA and promotes 

both denaturation and reannealing. In agreement with its proposed role 

at the replication fork it is required in stoichiometric quantities 

(Sinha and Snustad 1971). P32 forms a specific complex with T4 DNA 

polymerase (Huberman, Romberg and Alberts 1971). While T4 DNA poly

merase alone fails to utilize duplex DNA as a template, the presence of 

P32 allows it to do so (Nossal 1974). DNA unwinding proteins from other 

organisms have also been shown to stimulate their corresponding poly

merase. In each case there is a species specificity and no unwinding 

protein has been found capable of stimulating DNA polymerase from another 

organism. 

The roles of these proteins in DNA replication are diagrammed in 

Figure 5. These events occurring at the replication fork are those 

necessary for DNA chain elongation. This model does not include steps 

involved in the initiation of replication, a process which is different 

than initiation of Okazaki fragments. Since T4 replication is initiated 

at specific sites (Howe et al. 1973), this event must recognize specific 

sequences in T4 DNA. 



Figure 5. Events Occurring at the Replication Fork. 

The discontinuous mode of DNA synthesis as described in the text. (A) 
DNA strands are unwound and a replication fork stabilized by DNA un
winding protein. (B) DNA synthesis in short fragments on both stands 
by 5' 3' action of DNA polymerase. (C) Initiation of each nascent 
DNA chain with an RNA primer. (D) Excision of the RNA primer followed 
by a filling of the resulting gap. (E) Joining of nascent chains with 
DNA ligase. Solid lines represent DNA and ) represents RNA primers. 



20 

3' 

Figure 5. Events Occurring at the Replication Fork. 
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DNA synthesis in vitro at rates comparable to those observed in 

vivo have been obtained in a reconstituted system developed by Alberts 

and coworkers (Alberts et al. 1975; Morris et al. 1975). This system 

consists of P32, P43, and the products of four additional DO and DS 

genes 41, 44, 45 and 62, which have been purified (Barry and Alberts 

1972, Alberts et al. 1975). P30 is also present as a contaminant of P41 

(Alberts et al. 1975). The specific functions of these four additional 

gene products are not known, although P44 and P62 form a tight complex 

which has a DNA-dependent ATPase activity (Alberts et al. 1975). No 

reactions catalyzed by P41 or P45 have been found, although P45 has been 

shown to interact with j£. coli RNA polymerase (Ratner 1974, Snyder and 

Montgomery 1974). Since ribonucleotides are required for synthesis in 

this system, one or more of these proteins (perhaps P45) are likely 

candidates for the enzymes that synthesize and excise RNA primers. 

The DNA synthesis observed in this system represents chain elongar-

tion and does not include cte novo initiation of chromosomal replication 

(Alberts et al. 1975). Since rates obtained with these proteins are near 

those observed in vivo, it is likely that these include all the components 

necessary for this phase of replication. However, as discussed earlier, 

there are other events involved in T4 replication such as site-specific 

initiation, and recombination. The other T4 DNA gene products most 

likely function in these or other steps and not in chain elongation 

since they are not required for synthesis in this particular in vitro 

system. 

The omission of any of the purified proteins from the above in 

vitro system results in a drastic reduction in the rate and extent of DNA 



synthesis (Alberts et al. 1975). This suggests that these proteins 

interact synergistically, possibly in a multi-enzyme complex. 

Several lines of evidence suggest that the DD genes (Table 2, 

Part B) are involved in initiation of replication. Mutants in these 

genes have a delayed onset of replication at 37°C but display a DO or 

DS phenotype at 25°C (Mufti and Bernstein 1974). These authors have 

presented evidence that the synthesis observed at 37°C is due to partial 

replacement of defective phage components by host elements which are not 

capable of this compensation at 25°C. The products of two of these 

genes, 39 and 52, have been found in membranes of infected cells (Huang 

1975). Following infections with wild type phage, DNA rapidly associates 

with the membrane (Earhart 1970, Miller et al. 1970). However, infec

tions with a gene 52 mutant result in defective attachment and premature 

release of DNA from the membrane (Naot and Shalitin 1973). P39 and P52 

also bind to DNA (Huang and Buchanan 1974) and gene 52 appears to control 

the activity of an endonuclease (Naot and Shalitin 1973). Gene 52 mutants 

have also been found to produce a reduced number of replication forks 

(Bernstein 1976). From these data it has been proposed that P52 and 

perhaps other DD gene products control attachment of phage DNA to a 

membrane-bound replication complex and a site-specific nicking to ini

tiate replication. 

The products of the DA genes also appear to be involved in main

taining the integrity of DNA in a membrane-bound replication complex. 

Although replication by mutants in these genes begins normally, it is 

prematurely arrested and the DNA released from the membrane (Shah and 

Berger 1971; Wu and Yeh 1974). Genes 46 and 47 are essential for 
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recombination (Bernstein 1968; Berger, Warren and Fry 1969) and Broker 

(1973) has proposed that these genes participate in a recombinational 

event which is essential for replication. Genes 46 and 47 are also 

essential for degradation of host DNA to acid-soluble products (Kutter 

and Wiberg 1968). Presumably these two genes control a nuclease involved 

both in host DNA degradation and phage recombination. 

Replication Complexes 

The concept that DNA replication takes place in a membrane-bound 

complex has gained much support from studies of T4 replication. When in

fected cells are gently lysed, replicating DNA is found in a large com

plex which co-sediments with membrane material through sucrose and cesium 

chloride gradients (Earhart 1970, Miller 1972). This complex is sensitive 

to detergents and contains membrane lipids (Miller 1972). In addition 

its formation requires metabolic energy (Earhart et al. 1973). These 

rapidly sedimenting complexes have also been seen with several other 

phages and bacteria (reviewed in Siegel and Schaechter 1973). 

Some T4 genes involved in replication have also been identified 

as membrane proteins. As mentioned above, the products of genes 39 and 

52 are found in membrane fractions. The rllB and rllA proteins have also 

been identified as membrane proteins (Weintraub and Frankel 1972; Ennis 

and Kievitt 1973). Mutants in these genes can suppress DNA ligase muta

tions (Karam 1969; Berger and Kozinski 1969) and thus at least indirectly 

influence replication. Simon, Snover and Doermann (1974) have also iso

lated IS. coli mutants which cause defective T4 DNA synthesis and whose 

mutational alteration appears to be in the membrane. 
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Physical interactions observed between some of the T4 DNA gene 

products also support the existence of a replication complex. Specific 

interactions between P32 and P43, and between P44 and P62 have been dis

cussed above. The 44-62 complex will not form in vitro by addition of 

the individual components (Barry and Alberts 1972), implicating the in

volvement of other components in its formation. The synergistic action 

of the products of T4 genes 32, 41, 43, 44, 45 and 62 (discussed above) 

also strongly supports the existence of a replication complex. Genetic 

evidence has been provided for additional interactions between P32 and 

P30 (Mosig and Breschkin 1975) and of P39 with P52 and P60 (Mufti and 

Bernstein 1974). 

Host Proteins in T4 Replication 

The involvement of host proteins in phage DNA replication has 

been mentioned above. However there is no evidence that any of these 

host components are normal constituents of the phage replication appara

tus. Host compensation for DD mutants is only partial, so it is unlikely 

that these host components are normally involved. Also, bacterial mutants 

which inhibit phage replication due to membrane alterations, probably do 

so by prohibiting the phage replication proteins from interacting pro

ductively with the membrane rather than by alteration of a required DNA 

replicaton protein. Mosig, Bowden and Bock (1972) have suggested that 

JE. coli DNA polymerase I is involved in T4 replication. However, since 

the requirement they see is only visible in infections by a single phage 

per bacterium, this probably reflects a requirement for this enzyme in 
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repair of phage DNA (Carlson, Lorkiewicz and Kozinski 1973). No require

ment for JE. coli DNA genes in T4 replication have been demonstrated. 

Multifunctional Enzymes 

T4 Genes 42 and 1 

As mentioned above, dCMP HMase and deoxynucleoside monophosphate 

kinase are required for synthesis of a T4 DNA precursor. T4 strains 

bearing a mutation in the gene for either of these enzymes display a DO 

phenotype which is most readily explained by the resultant deficiency of 

a required phage DNA precursos. However, a particular gene 42 mutant, 

ts L13, was found to retain a DO phenotype even though it could apparently 

synthesize active dCMP HMase at the restrictive temperature (Mathews and 

Kessin 1967; Chiu and Greenberg 1968). Mathews and Kessin suggested that 

the enzyme, although detectable in extracts, was not active in vivo at 

the restrictive temperature. Chiu and Greenberg, however, presented 

evidence suggesting that P42 plays a second, more direct role in DNA 

replication. They found that if shifts from permissive to restrictive 

temperature were performed with £s L13 before replication was initiated, 

the phage failed to direct replication; however, once replication had 

started this shift-up could not halt the process. From this they pro

posed that P42 is a structural component of a replication complex in a 

form where the tŝ  L13 protein is insensitive to heat inactivation. When 

it was later found that neither HM-dCTP (Mathews 1972) nor HM-dCMP 

(Tomich and Greenberg 1973) accumulate during restrictive infection by 

ts L13, this conclusion appeared less compelling since the defect in DNA 

synthesis could be explained by the precursor deficiency. 
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Supportive evidence for a second function, however, emerged from 

studies with in vitro DNA synthesis systems from gene 42 mutant phage-

infected toluenized (Dicou and Cozzarelli 1973) and plasmolyzed (Wovcha 

et al. 1973; Collinsworth and Mathews 1974) cells. Such cells are unable 

to synthesize DNA even in the presence of added HM-dCTP. HM-dCTP is 

similarly unable to allow synthesis by some gene 1 mutants in these 

systems (Dicou and Cozzarelli 1973; Wovcha et al. 1973; Collinsworth and 

Mathews 1974). The inability of HM-dCTP to bypass either block suggests 

additional defects in DNA synthesis unrelated to precursor formation. In 

the case of P42, this defect could be in the proposed second function. 

Similar arguments could be advanced for PI. However, an alternative 

explanation has been advanced by Dicou and Cozzarelli (1973) based on 

the requirement of in vitro DNA synthesizing systems for pre-existing DNA 

growing forks. Infections by these mutants may not produce a sufficient 

number of growing forks in vivo to allow an appreciable amount of synthesis 

in vitro. To evaluate this possibility one must either perform these 

experiments under conditions where replication forks are known to be 

present or, alternatively, must determine the effect of adding the gene 

product to a template of invariant composition (i.e.,which has a constant 

number of growing forks). This latter approach necessitates the use of 

a cell-free DNA synthesis system so that the gene product can be directly 

added. The in vitro DNA synthesis systems available and their potential 

for answering these questions will be discussed below. 

Multifunctional enzymes could provide several possible advantages 

to an organism. First of all they provide a means for maximal economy of 

genetic information. This might be particularly advantageous for a virus 



whose genome is of limited size. However, it is unlikely to be of much 

importance to a phage whose genome is as large as that of T4. A more 

important role might be in controlling or coordinating two related proc

esses. The simplest case of this is an enzyme which catalyzes two dif

ferent reactions that utilize a common substrate. A more complex case is 

an enzyme which catalyzes (or controls) two different reactions in 

separate pathways. If the two pathways were related this would provide 

an excellent point of control for coordinating their activities. 

If P42 and/or PI are involved in macromolecular DNA synthesis in 

addition to their role in precursor provision, this could provide a means 

of coordinating these two processes. Since neither of these enzymes are 

required to obtain maximal rates of DNA synthesis in the reconstituted 

system developed by Alberts and coworkers (discussed above), it is un

likely that they are components of a DNA chain elongation complex. A 

more likely possibility is that they exist in a complex of DNA precursor 

enzymes which functions in association with the chain elongation complex. 

This could provide a rapid shuttling of deoxynucleotides to the active 

site of replication. Alternatively P42 and/or PI could be involved in 

some other aspect of replication such as initiation. It is unlikely that 

they function in recognition of HMC nucleotides for replication, since 

gene 56 mutants synthesize DNA which contains mostly cytosine even in the 

presence of active P42 and PI (Price and Warner 1969). 

Other Multifunctional Enzymes 

The idea of multiple functions within a single protein molecule 

has considerable precedent. The most completely characterized 



multifunctional enzymes are DNA polymerases. In addition to their role 

in polymerization, all prokaryotic polymerases, including the T4 enzyme 

(Goulian et al. 1968), also have a 3' -»• 5' exonuclease activity. As 

discussed above, this function is involved in removing mispaired nucleo

tides to reduce errors in replication. In addition, DNA polymerase I 

of E. coli has as a third function a 5' -»• 3' exonuclease activity (Klett, 

Cerami and Reich 1968). This activity is responsible for removing 

thymine dimers during DNA repair (reviewed in Grossman et al. 1975) and 

may also be responsible for excision of RNA primers during replication 

(Westergaard, Brutlag and Romberg 1973). 

Glutamine synthetase of Salmonella typhimurium has also been 

shown to be multifunctional. In addition to its enzymatic function it 

serves as a regulator of gene expression at the transcriptional level. 

When the enzyme is not adenylylated (under conditions of low glutamine) 

it serves as an activator of transcription of the histidine-utilization 

operon (Tyler, Deleo and Magasanik 1974). Activation of this operon 

leads to the production of ammonia for use in the glutamine synthetase 

reaction. However, when glutamine synthetase is adenylylated (high 

glutamine), it inhibits transcription of its own gene (Foor, Janssen and 

Magasanik 1975). 

Several other enzymes are known to regulate their own synthesis. 

Mutations in the T4 DNA polymerase gene result in an overproduction of 

the non-functional protein (Russel 1973). Thus an active protein is re

quired to regulate its level of expression. The T4 gene 32 protein shows 

similar autoregulation (Krisch, Bolle and Epstein 1974). And finally, 

dihydrofolate reductase of Diplococcus pneumoniae has been shown to serve 
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as a regulatory element of the tr?• "cription of its own gene (Sirotnak 

and McCuen 1973). 

Some enzymes have also been found to perform second functions not 

obviously related to their first functions. The T4-induced dihydrofolate 

reductase has been shown by several criteria to be a structural component 

of the virion (Kozloff et al. 1970; Mathews, Crosby and Kozloff 1973). 

There is evidence that T4-induced thymidylate synthetase is similarly a 

virion component (Capco and Mathews 1973; Kozloff, Crosby and Lute 1975). 

The RNA replicase of bacteriophage Q(3 consists of four subunits, one 

coded by the phage and three which are normal components of 12. coli 

protein synthesis machinery. These three proteins are the SI protein 

of the 30S ribosomal subunit (Groener et al. 1972) and two protein 

synthesis elongation factors, EF Tu and EF Ts (Blumenthal, Landers and 

Weber 1972). And a final example is IJ. coli thioredoxin, a protein 

normally involved in reduction of ribonucleotide reductase, which also 

serves as a subunit of the bacteriophage T7 DNA polymerase (Mark and 

Richardson 1976). 

In Vitro DNA Synthesis Systems 

As mentioned above, the evidence supportive of a direct involve

ment of P42 and PI in DNA replication is not yet conclusive. The strong

est support has come from studies utilizing dja vitro DNA synthesis sys

tems (Dicou and Cozzarelli 1973; Wovcha et al. 1973; Collinsworth and 

Mathews 1974). The advantage of such systems is that the DNA precursors 

are directly supplied, thus alleviating a requirement for enzymes 
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involved in precursor synthesis. Using these systems one can evaluate 

additional requirements for these gene products. 

Several types of in vitro DNA synthesis systems have been employed 

for studies of T4. In all of these the four deoxynucleoside triphos

phates, one of which is radioactively labeled, are added, and the in

corporation of radioactivity into DNA is measured. I shall discuss each 

of these systems individually, with an emphasis upon their potential use 

for investigating additional roles of P42 and PI. 

Cell-Free Lysates 

An in vitro DNA synthesis system utilizing concentrated, gently 

lysed T4-infected cells has been developed by Barry and Alberts (1972). 

DNA synthesis in this system requires the products of T4 genes 32, 41, 

43, 44, 45, and 62. In addition, the provision of an active gene product 

to a lysate deficient in that gene product results in a stimulation of 

DNA synthesis. Thus this system has been useful as the basis of a com

plementation assay for these proteins. This has allowed purification of 

P41, P44, P45-and P62 (Barry and Alberts 1972, Morris et al. 1975). 

DNA synthesis in these lysates is of very short duration, lasting 

only about two minutes at 37°C (Barry and Alberts 1972). However, the 

3 
initial rate, about 4 x 10 nucleotides per cell per second, is comparable 

to rates observed in other in vitro systems. The detergent treatment 

used to lyse the cells represents the most serious drawback of the 

system. Detergent treatment is known to alter some membrane-protein and 

protein-protein interactions and therefore could dissociate components of 

the replication apparatus. Perhaps the brief duration of synthesis 
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results from destabilization of the replication complex from this deter

gent treatment. Despite this drawback, if P42 is required for DNA 

synthesis in this system, the complementation test will provide an assay 

for its second function. A similar approach can be used for gene 1. 

Permeabilized Cell Systems 

Both plasmolyzed (Wovcha et al. 1973; Collinsworth and Mathews 

1974) and toluenized (Dicou and Cozzarelli 1973; Miller et al. 1973) 

cells have been utilized in studies of T4 DNA synthesis. DNA synthesis 

in both of these permeabilized cell systems requires the products of T4 

genes 32, 41, 43, 44, 45 and 62. In addition, amber mutants in genes 42 

and 1 fail to direct DNA synthesis in these permeabilized cells. 

The major advantage of the permeabilized cell systems is that 

they are closer to in vivo conditions than the lysed cell system. Al

though this permeabilization makes holes through which small molecules 

(such as the DNA precursors) can pass, much of the cellular integrity is 

maintained. Under these conditions the replication apparatus probably 

maintains its association, both physically and spatially, with the mem

brane. For this reason the term in situ may be more appropriate than in 

vitro (Wovcha et al. 1973; Collinsworth and Mathews 1974). With these 

systems linear rates of synthesis are obtained for more than 30 minutes 

at 37°C, attesting to a greater stabilization of the replication appara-

3 tus relative to the lysed cell system. Rates up to 5 x 10 nucleotides 

per cell per second have been observed in these systems. The maintenance 

of cellular integrity and stabilization of the replication machinery may 
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result In a retention of other components and controls that are lost by 

the detergent treatment in the lysed cell system. 

Although permeable to small molecules, plasmolyzed and toluenized 

cells are not capable of taking up proteins. This prevents their use in 

complementation assays which would allow a direct evaluation of the roles 

of P42 and PI. Nevertheless, a further evaluation of their roles in this 

system may be possible through the use of ts_ mutants. As discussed 

above, the failure of gene 42 and 1 mutants to synthesize DNA in situ 

may reflect an absence of growing forks rather than a requirement for the 

gene products. A possible way to evaluate this is to perform infections 

with t£ mutants at the permissive temperature to ensure the presence of 

active replication forks. These cells can then be permeabilized and re

quirements for P42 and PI determined by measuring in situ DNA synthesis 

at the restrictive temperature. 

Reconstituted Systems 

The reconstituted system developed by Alberts and coworkers using 

the purified products of T4 genes 32, 41, 43, 44, 45 and 62, and the lack 

of requirement for P42 and PI in this system have been discussed above. 

Interactions of P42 with Other Proteins 

In addition to evidence supportive of a second function for P42, 

Tomich et al. (1974) have provided evidence that P42 interacts with other 

T4 proteins. This evidence is based upon results obtained from an in 

3 
vivo assay which measures the release of tritium from 5- H-deoxyuridine 

provided to infected cells as a pyrimidine precursor. This tritium is 

released by the action of either dCMP HMase or thymidylate synthetase. 



Tomich et al. have found that although these two enzymes can be detected 

In extracts prepared within the first minute or two after infection, they 

do not become functional in vivo until several minutes later when DNA 

synthesis begins. Their interpretation is that these enzymes must form 

a complex with other phage replication proteins in order to be activated. 

In addition they found that T4 mutants defective in DNA polymerase had 

reduced levels of in vivo dCMP HMase and thymidylate synthetase activi

ties; and a gene 42 mutant had a reduced level of in vivo thymidylate 

synthetase activity. From this they suggested that these three enzymes 

interact as components of a replication complex. They also postulated 

that this complex consisted of two parts, one for synthesizing precur

sors and one for macromolecular synthesis and that P42 is a component of 

both parts. 

Although these data suggest interactions of those proteins, the 

evidence is indirect. There are several possible ways that complex 

formation might be directly demonstrated. The most straightforward 

procedure is to isolate the proteins in such a complex. Although dCMP 

HMase (Chiu and Greenberg 1968) and DNA polymerase (Huang and Buchanan 

1974) have each been demonstrated to exist in forms that sediment more 

rapidly through sucrose gradients than the pure enzyme, a complex con

taining these two enzymes has not been purified. Both of these enzymes 

as well as thymidylate synthetase and the gene 1 kinase have been highly 

purified, and none of them co-purify. Thus, if any of these components 

do interact, the forces involved are sufficiently weak that standard pro

tein purification procedures disrupt them. Attempts to isolate such a 

complex would necessitate the use of milder techniques. 
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A second possible approach would be to isolate the individual 

components and then reconstruct them into a functional unit. While this 

is the ultimate goal in understanding the structure and function of any 

multi-enzyme complex, the purification of each component requires much 

effort, and it is therefore desirable to have a knowledge of its composi

tion before attempting this approach. 

Genetic approaches have been used to demonstrate the interaction 

of two gene products. It has been shown that when two proteins interact, 

a defect in one can be corrected by an appropriate mutation in the gene 

for the other protein (Jarvik and Botstein 1975, Wechsler and Zdzienicka 

1975). Although each defect alone is lethal, when coupled the two defec

tive proteins interact in a way that restores their activity. Because 

these interactions are quite specific, only certain pairs of mutants 

will interact correctly to give this effect. The desired double mutant 

can be obtained by starting with a single mutant and isolating pseudo-

revertants of this phage which contain a second mutation that maps in a 

different gene. Unfortunately, in T4 there are several regulatory genes 

which can, by mutation, cause an overproduction of early enzymes (Wiberg 

et al. 1973; Karam and Bowles 1974; Chace and Hall 1975). Mutations in 

these regulatory genes can often rescue amber mutations (particularly in 

catalytic functions) due to background levels of suppression. These 

regulatory mutants are also picked up more easily than the desired pseudo-

revertant, since a mutation in any part of one or more genes will produce 

the former, while only certain specific mutations will lead to the latter. 

Although this approach might prove useful, it would involve screening 
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vast numbers of pseudo-revertants and tedious analysis of each to ensure 

that regulatory mutants are not selected. 

Another approach using reasoning similar to the above is to 

demonstrate a pleiotropic effect of a single mutation in one of these 

genes. If two proteins interact, a defect in one may inactivate the 

other. Both functions would also reappear upon reversion of the single 

mutation. Again, only certain mutants would display this property. 

Since many gene 42 mutants have been isolated, and mapped over a wide 

spectrum within the gene, this approach may be useful. The results of 

Tomich et al. (1974) suggest that thymidylate synthetase and DNA poly

merase interact with P42, so the activities of these two enzymes in the 

gene 42 mutants should be investigated. 

A final possible approach, and perhaps the most powerful, is the 

use of affinity chromatography. This approach has been used by Ratner 

(1974) to study the interaction of T4 and IS. coli proteins with IJ. coli 

RNA polymerase immobilized on Sepharose beads. He found that several 

proteins which are already known to interact with RNA polymerase (such 

as the products of T4 genes 33 and 55) will bind to immobilized RNA 

polymerase. In addition P45 will bind to the T4-modified but not the 

unmodified polymerase. Further support for an interaction of P45 with 

RNA polymerase has since been obtained by genetic techniques (Snyder and 

Montgomery 1974). Affinity chromatography has therefore been successfully 

applied to study protein-protein interactions. 

Any protein can be immobilized on Sepharose beads and used for 

affinity chromatography as described by Cuatrecasas (1970). For studies 

14 of T4, extracts containing C-labeled proteins can be passed through a 

\ 



column containing a particular immobilized protein, and those proteins 

which bind can be subsequently eluted and analyzed by SDS polyacrlyamide 

gel electrophoresis and autoradiography as described by Ratner (1974). 

Each protein migrates according to molecular weight in the gel analysis. 

The protein can be assigned to a particular gene if an amber mutant is 

found which fails to produce that protein. This identification is facil

itated by the fact that many T4 early proteins have been identified by 

14 
gel analysis of C-amino acid labeled phage extracts (O'Farrell, Gold 

and Huang 1973). This approach will be applied to dCMP HMase. 

Present Work 

In this work I have investigated the direct involvement of P42 

in DNA synthesis through utilization of in vitro DNA synthesis systems. 

In addition I hwe purified dCMP HMase to homogenity and attached it to 

Sepharose beads. I have made an affinity column with this material to 

study interactions of other proteins with P42. In addition I have in

vestigated some gene 42 mutants with additional defects in thymidylate 

synthetase or DNA polymerase to determine if these were the result of 

pleiotropic effects of single mutations. A preliminary report of some 

of this work has been published (North, Stafford and Mathews 1976). 



CHAPTER 2 

MATERIALS AND METHODS 

Bacteria 

All bacteria used in these experiments were 12. coll strains. IS. 

coll B is the wild type strain and is non-permissive for amber phage 

mutants. IS. coll CR63 is permissive for amber phage mutants and was used 

for maintenance of these stocks. Both strains were from the collection 

of Dr. Christopher K. Mathews. IS. coli DUO (pol A , endo I , thy ) 

which is thymine requiring and deficient in DNA polymerase I and endo-

nuclease I, was also from the collection of Dr. Christopher K. Mathews 

R 
who originally obtained it from Dr. C. C. Richardson. IS. coli DllO-str 

is a streptomycin-resistant derivitive of IS. coli DUO which was isolated 

as a spontaneous mutant able to grow in the presence of 200 yg/ml of 

streptomycin sulfate (see below). 

Bacterial stocks were maintained on nutrient agar slants stored 

at 4°C. For thymine-requiring strains slants were supplemented with 20 

yg/ml of thymine. 

Bacteriophage 

Phage strains used were T4D (wild type) and the amber and 

temperature-sensitive mutants listed in Table 3. The sources of these 

strains are also listed in Table 3. 

T4 8u2-NG485 is a derivative of NG485 isolated by Dr. Harris 

Bernstein which contains a mutation in the regA gene (su2). This phage 

37 
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Table 3. Bacteriophage Mutant Strains Used. 

Gene Strain Source 

A. Amber mutants 

1 B24 x 3 , E957 C. K. Mathews 

30 H39 C. K. Mathews 

32 E315 H. Bernstein 

41 N05 x 3b H. Bernstein 

42 N122/m x 3 C. K. Mathews 

N122 x 3, 269 x 3 , C87, 21 x 3, N55 x 5 J. S. Wiberg 

E385, E498, NG93, NG352 , NG205 H. Bernstein 

43 B22 x 3, 4304 C. K. Mathews 

44 N82 x 3b C. K. Mathews 

45 E10 x 3b C. K. Mathews 

55 BL292 C. K. Mathews 

62 NG485 x 3b H. Bernstein 

B. Temperature-sensitive mutants 

42 LB-1, LB-3 C. K. Mathews 

45 L159 C. K. Mathews 

a. The designation "x" followed by a number means that the 
phage was backcrossed against T4D that many times. 

b. Backcrosses which I performed after obtaining the phage. 
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overproduces several T4 early enzymes (Wiberg et al. 1973; Karam and 

Bowles 1974) and for this reason was used for dCMP HMase purification. 

Media 

Nutrient broth contained 8.0g dehydrated nutrient broth and 5.0g 

NaCl per liter. 

M9 medium (Adams 1959) contained 6.0g Na2HP04, 3.0g KÎ PÔ , l.Og 

NH4C1, 0.2g MgS04 • 7H20, O.Olg CaCl2> 0.005g Fe(NH4)2(S04)2 • 6H20 and 

3.0g glucose per liter. SM9 medium is M9 supplemented with 0.2% casamino 

acids. 

GCA medium (Mathews and Hewlett 1971) contained 10.5g Na2HP04, 

4.5g KH2P04> l.Og NH4C1, 0.2g MgS04 • 7H20, O.Olg CaCl2, 5.0g casamino 

acids and 23.8 ml glycerol per liter. 

Nutrient agar plates contained 23.Og dehydrated nutrient agar, 

4.0g dehydrated nutrient broth and 5.0g NaCl per liter. Hershey soft 

agar contained 8.0g dehydrated nutrient broth, 7.0g Bacto agar and 5.0g 

NaCl per liter. Nutrient agar slants contained 20.Og Bacto agar, 15.Og 

dehydrated nutrient broth and 5.0g NaCl per liter. 

All media were sterilized by autoclaving prior to use. MgS04 • 

7H20, CaCl2» Fe(NH4)2(S04)2 • 6H20 and glucose used in M9, SM9 and GCA 

were sterilized separately and added just prior to use. M9 salts and SM9 

salts refer to the sterile solutions prior to addition of these 

components. 

Preparation of Bacteriophage Stocks 

Phage stocks were prepared by the following procedure. Appro

priate host bacteria were grown in M9 or SM9 (unless stated otherwise 
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growth was at 37°C, or 30°C for tj3 mutants, with forced aeration) to 1.5 

Q 

x 10 cells per ml then infected with a multiplicity of 0.01 to 0.02 

phage per bacterium as described by Adams (1959). Infections were allowed 

to proceed until lysis or overnight. Cultures which did not spontaneously 

lyse were artificially lysed with chloroform. Cell debris was removed by 

centrifugation at 3,000 x £ for 10 minutes. Free nucleic acids were de

graded by treatment with DNase and RNase (1 yg/ml each in the presence of 

0.5 pi saturated MgSÔ  per ml of lysate) at 37°C for 30 minutes. Phage 

were then purified by differential centrifugation. This involved pel

leting phage by centrifugation at 140,000 x £ for 45 minutes, resuspending 

the pellet in one-tenth the initial volume of M9 salts, and clarifying 

the lysate by centrifugation at 3,000 x £ for 10 minutes to remove any 

residual debris. Stocks prepared in this manner yielded titers of 10"̂  

12 to 10 plaque forming units (PFU) per ml and were stored at 4°C. 

Titers of phage stocks were determined by the plaque assay (Adams 

1959) using 1.5% nutrient agar plates and 0.8% Hershey soft agar. The 

phenotype of mutant stocks was checked by relative plating efficiencies 

under restrictive and permissive conditions. A stock was not used unless 

this ratio was less than 10 

Genetic purification of mutant stocks by backcrossing against T4D 

was done as described by Adams (1959). 

Genetic Complementation Tests 

Qualitative complementation tests between pairs of phage amber 

mutants were performed by standard spot tests. Equal volumes of phage 

mutants at concentrations of 5 x 10̂  PFU/ml were mixed. Five yl of each 
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mixture was spotted onto a nutrient agar plate seeded with coli B. 

Five pi of each mutant alone was spotted as a control. A clearing of the 

bacterial lawn was regarded as positive complementation. 

Measurement of UV-Sensitivity 

Sensitivity of bacteria to ultraviolet light was determined as 

described by Willetts and Mount (1969). Bacteria were grown in nutrient 

g 
broth supplemented with thymine (20 pg/ml) to 3 x 10 per ml. After a 

200-fold dilution into M9 salts, cells were uv-irradiated with 330 ergs/ 

2 
mm then plated to determine survival. All steps subsequent to uv-

irradiation were performed in dim light. 

Isolation of am+ Revertants 

Each independent am+ revertant was isolated as follows. The 

amber phage mutant stock was plated on the permissive host IS. coli CR63. 

A single plaque was picked and a fresh lysate prepared by infecting IS. 

coli CR63 with it. The resulting phage were plated on IS. coli B and 

those able to grow were revertants. A single plaque was selected, resus-

pended in 5 ml of M9 salts, diluted one-hundred-fold in M9 salts, and 

plated on IS. coli B to obtain revertant plaques free of a background of 

amber mutant phage. A plaque from this plate was used to prepare a stock 

of the am+ revertant. 

Isolation of Streptomycin-
Resistant Bacteria 

A streptomycin-resistant derivative of IS. coli DUO was prepared 

as follows. An overnight culture of Ê . coli DUO grown in SM9 supplemented 

with 20 pg/ml of thymine was harvested by centrifugation (3,000 x for 
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10 minutes) and resuspended in one-tenth the original volume of SM9 salts 

containing 2 mg/ml thymine. A 0.1 ml aliquot of this was spotted onto a 

nutrient agar plate along with 0.1 ml of 10% streptomycin sulfate and 

allowed to adsorb. This plate was then incubated at 37°C overnight. A 

colony which grew was further tested and found able to grow in nutrient 

broth containing 200 yg/ml of streptomycin sulfate (see Chapter 3). 

Reagents 

Enzymes used were egg white lysozyme (9,000 u/mg, 92% protein) 

and micrococcal nuclease, which were obtained from Worthington Biochemical 

Corp.; pancreatic DNase I and bovine pancreatic RNase-A, obtained from 

Sigma Chemical Corp. Proteins used as standards for molecular weight 

determinations were also obtained from Sigma. 

Nutrient broth, nutrient agar, vitamin-free casamino acids and 

agar were purchased from Difco. 

Nucleotides used were dGTP, dATP and dCTP, obtained from P-L 

Biochemicals, and dTTP, dCMP and ATP obtained from Sigma. HM-dCMP was 

prepared enzymatically using dCMP HMase as described by Flaks and Cohen 

(1957). HM-dCTP was prepared from HM-dCMP by Dr. William Collinsworth 

in this laboratory using a preparation containing both T4 deoxynucleoside 

monophosphate kinase and JE. coli nucleoside diphosphate kinase. Condi

tions for this synthesis were as described by Lehman et al. (1958). 

Reagents for polyacrylamide gel electrophoresis were all purchased 

from Eastman Kodak Co. except for Coomassie Brilliant Blue which was ob

tained from Canalco. Other various reagents used were (Tris-hydroxymethyl) 

aminoethane (Tris), sodium dodecyl sulfate (SDS), sodium lauryl 
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sarkosinate (sarkosyl), Triton X-100, dimethyl sulfoxide (DMSO), 2,5-

diphenyloxazole (PPO), dithiothreitol (DTT), salmon sperm DNA and Blue 

Dextran (average molecular weight 2 x 10̂ ) , all obtained from Sigma. 

Brij-58 was from Atlas Chemical Industries Inc. 

Materials for column chromatography were DEAE-cellulose (Bio-

Rad Cellex-D); Dowex-50-H+ (Bio-Rad AG 50W-X8, 200-400 mesh); CM-Sephadex, 

Sephadex G-100 and Sepharose 4B from Pharmacia Fine Chemicals. Calcium 

phosphate was prepared as described by Mathews, Brown and Cohen (1964). 

Radioactive compounds were all purchased from New England Nuclear 

3 Corp. except that some H-dTTP was obtained from Schwarz/Mann Co. Omni-

fluor and Aquasol, used for scintillation cocktails, were also from New 

England Nuclear Corp. 

Liquid Scintillation Counting 

Scintillation cocktails used were Omnifluor (4g per liter of 

toluene), Aquasol (used as supplied) or a water soluble cocktail de

scribed by Fricke (1975). All counting was done in Beckman LS-230 or 

LS-250 liquid scintillation spectrometers. 

Centrifugation 

All centrifugations were done at 4°C. A Sorvall RC 2 centrifuge 

was used for centrifugations at speeds up to 20,000 x j». For greater 

speeds Beckman Preparative Ultracentrifuges were used. 

Measurement of DNA Synthesis In Vivo 

Phage DNA synthesis in infected cells was measured as described 

by Mathews (1968). Prior to infection bacteria were grown in M9 medium 
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supplemented with 20 pg/ml of uracil in order to suppress pyrimidine bio-

g 
synthesis. When cells reached a density of 3 x 10 /ml they were chilled 

on ice, harvested by centrifugation (3,000 x for 10 minutes), washed in 

an equal volume of cold M9 salts, then resuspended in one-half the initial 

volume of cold M9 containing 10 yg/ml uracil. Six phage particles per 

cell were then added to 5 ml cultures and a 10 minute adsorption period 

on ice was allowed. Cultures were transferred to a water bath (37°C un

less stated otherwise) to initiate the infection cycle. After three 

14 
minutes, 1 yCi of C-uracil (0.5 pCi/pg) was added. Two-tenth ml sam

ples taken at various times were added to an equal volume of 0.7M KOH to 

terminate the reaction. Base hydrolysis was allowed to proceed at 37°C 

for at least 4 hours to completely degrade RNA. One-tenth ml aliquots-

of these mixtures were spotted onto Whatman #3 2.4 cm filter paper discs 

and dried under a heat lamp. Filters were then washed three times in 

cold 5% trichloroacetic acid (TCA)-1% sodium pyrophosphate (NaPPi) for 

at least 15 minutes each wash, followed by three 5 minute washes in ace

tone. Filters were finally dried, placed in scintillation vials con

taining 5 ml of Omnifluor, and counted. 

Measurement of DNA Synthesis In Vitro 

The in vitro DNA synthesizing system described by Barry and Al

berts (1972) has been used with the following modifications. In early 

experiments IS. coli DUO was used as the host strain (Barry and Alberts 

1972) , but the majority of the experiments were performed with a 

streptomycin-resistant derivative of this strain (Ê . coli DllO-str ) 
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which I isolated. Also, HM-dCTP was supplied as a DNA precursor for the 

in vitro assay rather than dCTP, which was used by Barry and Alberts. 

Preparation of Infected Cells 

Fifty ml cultures of bacteria were grown in SM9 medium supple-

g 
mented with thymine (20 pg/ml) to 4 x 10 cells per ml. Cells were in

fected by addition of phage at multiplicity of 6. Infections were al

lowed to proceed at 37°C for 20 minutes then stopped by transferring 

cultures to an ice bath. Infected cells were harvested by centrifugation 

at 3,000 x £ for 10 minutes, washed twice in 50 ml of cold 20% sucrose 
V 

containing 0.05 M Tris-HCl, pH 7.4, and 1 mM EDTA (Na£), and stored as a 

frozen pellet. 

Preparation of Cell Lysates 

Frozen cells were thawed and resuspended by gentle vortexing in 

0.2 ml of 25% sucrose containing 0.05 M Tris-HCl, pH 7.4 at 4°C. After 

the addition of 0.05 ml of 10 mM EDTA (Na£) containing 2 mg/ml of lysozyme 

the mixture was incubated on ice for 45 minutes. This was followed by 

addition of 0.25 ml of 0.05 M Tris-HCl, pH 7.4, 0.03 M MgS04, 1% Brij-58, 

and a further incubation on ice for 30 minutes. The resulting lysates 

were used for measurement of in vitro DNA synthesis, or as receptor 

lysates for in vitro complementation assays (see below). 

DNA Synthesis Assay 

To 25 "pi of lysate was added 25 yl of a solution containing 0.05 

M Tris-HCl, pH 7.4, 0.2 mM deoxyadenosine, 2 mM ATP, and 0.04 mM each 

dTTP, dGTP, HM-dCTP and "̂ H-dATP (250 Ci/mole) . Mixtures were incubated 
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at 37°C for 20 minutes and reactions terminated by addition of 50 yl of 

cold 0.2 M EDTA (Na£). Each mixture was then spotted onto a 2.4 cm fil

ter paper disc, dried, washed 3 times in cold 5% TCA-1% NaPPi, washed 

twice in acetone, dried, and placed in 5 ml of Omnifluor for counting. 

3 Since labeling conditions were the same throughout, H-counts per 

3 minute ( H-CPM) are used as a measure of the relative amount of DNA syn

thesis occurring in vitro. A blank of 100 CPM has been subtracted in all 

values reported. This blank was determined by first adding lysates and 

then nucleotide solutions directly to the termination mixture on ice 

(with no prior 37°C incubation). This value was 100 + 10 CPM regardless 

of the lysate (or donor-receptor mixture, see below) assayed. All values 

reported were obtained at least twice. 

In Vitro Complementation Assays 

Donor extracts for complementation assayr were prepared from 

receptor lysates by centrifugation at 35,000 x for 15 minutes to remove 

membrane material and associated DNA, followed by centrifugation at 

140,000 x for 45 minutes to pellet ribosomes. The resulting super

natant fluids were then used as donor extracts. Complementation assays 

were performed by mixing equal volumes of donor extract and receptor 

lysate and then assaying 25 yl of this mixture for DNA synthesis as 

described above. 

Measurement of DNA Synthesis In Situ 

DNA synthesis in plasmolyzed cells was measured according to 

procedures optimized by Dr. Mary E. Stafford in this laboratory. Ê . coli 

8 
B was grown in GCA medium (at the indicated temperatures) to 5 x 10 
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cells per ml then infected with phage at a multiplicity of 6. Infections 

were stopped at 15 minutes by placing the cultures on ice. Infected 

cells were harvested by centrifugation at 3,000 x £ for 10 minutes, then 

plasmolyzed by resuspension in 2 M sucrose, 0.04 M Tris-HCl, pH 8.0, and 

0.1 M EGTA to a final concentration of 10"̂  cells per ml. Plasmolyzed 

cells (35 yl) were then added to a reaction mixture (190 yl) containing 

64 mM KC1, 42 mM Tris-HCl, pH 8.4, 16 mM MgCl2, 1 mM ATP, 0.1 mM each 

dATP, dGTP and ̂ H-dTTP (80 Ci/mole) and 0.033 mM HM-dCTP. Mixtures were 

then incubated at the temperatures indicated and samples taken at various 

times were mixed with equal volumes of 0.2 M EDTA (Na2) to terminate the 

reaction. One-tenth ml of each mixture was spotted onto a filter paper 

disc, TCA washed, and counted as described above. 

Enzyme Assays 

For assays of phage-induced enzymes cells (100-200 ml cultures) 

g 
were grown to 4 x 10 per ml and infected with a multiplicity of 6. In

fected cells were harvested by centrifugation (3,000 x £ for 10 minutes) 

and resuspended in 2 to 3 ml of 50 mM Tris-HCl, pH 7.4, 10 mM mercapto-

ethanol, and then disrupted by sonic oscillation with three 30 second 

pulses at a setting of 3 with a Branson Sonifier (Heat Systems, Inc.). 

The extracts were then centrifuged at 20,000 x £ for 20 minutes to remove 

cell debris. The resulting supernatant fluid was assayed for phage 

enzymes as follows. 

Deoxycytidylate Hydroxymethylase 

dCMP HMase was assayed as described by Pizer and Cohen (1962). 

The reaction is: 



dCMP +5,10 CH =FH, -+• HM-dCMP + FH, 
2 4 4 

Reaction mixtures contained 0.02 ml of 1 M potassium phosphate buffer 

(KP04 buffer), pH 7.0, 0.03 ml of 0.083 M 14C-HCH0 (0.1 yCi/pmole), 

0.10 ml of 0.025 M dCMP, 0.25 ml of 0.002 M dl,L-tetrahydrofolate in 

0.1 M Tris-HCl, pH 7.4, 0.2 M mercaptoethanol, and enzyme in 0.1 ml. 

Mixtures were incubated at 37°C for 20 minutes and reactions were termi

nated by adding 0.5 ml of 10% TCA. This mixture was centrifuged in a 

clinical centrifuge to precipitate TCA-insoluble material and the super

natant fluid was removed. The pellet was then washed with 1 ml of 5% 

TCA, and centrifuged again. The supernatant fluids were combined and 

applied to a Dowex-50 (H+) column which had been washed with 50 ml of 

0.01 M HCOOH. The column was eluted with 0.01 M HCOOH in 50 ml aliquots. 

The second 50 ml of the eluate, which contained HM-dCMP, was collected 

14 
and its C activity measured by liquid scintillation spectrometry. 

DNA Polymerase 

T4 DNA polymerase was assayed by a modification of the procedure 

described by Goulian et al. (1968). This assay measures the incorpora

tion of a radioactive deoxynucleoside triphosphate into TCA-insoluble 

material. Reaction mixtures contained 10 yl of denatured salmon sperm 

DNA; 80 yl of a solution containing: 80 mM Tris-HCl, pH 8.8, 8.4 mM 

MgĈ , 11 mM 2-mercaptoethanol, 21 mM (NĤ ŜÔ , 8.4 yM EDTA, 0.41 mM 

each dGTP, dTTP, dCTP and ̂ H-dATP 10 yCi/ml); and 10 yl of enzyme. Mix

tures were incubated at 37°C for 30 minutes and reactions terminated by 

addition of 67 yl of a cold solution containing 0.1 M NaPPi, 0.1 M EDTA 

(Nâ , and 100 ug/ml salmon sperm DNA. A 0.1 ml aliquot of this mixture 



was spotted onto a filter paper disc, TCA washed, and counted as de

scribed above. 

Thymidylate Synthetase 

Thymidylate synthetase was assayed spectrophotometrically as 

described by Mathews and Cohen (1963). The reaction is: 

dUMP + CH =FH. -+ dTMP + FH„ 
2 4 2 

Reaction mixtures contained: 0.5 ml of a solution containing 0.08 M 

Tris-HCl, pH 7.4, 0.20 M 2-mercaptoethanol, 0.002 M EDTA (Nâ , 0.05 M 

MgCl2 and 0.03 M HCHO; 0.1 ml of 0.002 M dl,L-tetrahydrofolate in 0.1 M 

Tris-HCl, pH 7.4 and 0.2 M 2-mercaptoethanol; 0.1 ml of 0.001 M dUMP; 

0.1 ml of enzyme; and ̂ 0 to 1 ml. The reaction was run in 1 ml cuvettes 

and was started by the addition of dUMP. Activity was determined from 

the change in absorbance at 338 nm, which measures the conversion of FĤ  

to FĤ . 

dCMP HMase Purification 

T4 dCMP HMase was purified to near homogenity by the procedure 

which Mathews et al. (1964) had used to purify the T6 enzyme. A gel 

filtration step using Sephadex G-100 was added to obtain pure enzyme. 

These procedures are described below. 

Growth and Infection of Cells 

Ten liter cultures of 12. coli B were grown with forced aeration 

in SM9 medium at 37°C in a New Brunswick Fermentor. When cells reached 

9 
a density of 1 x 10 per ml they were infected at a multiplicity of 5 

with T4 su2-NG485. Infections were allowed to proceed for 60 minutes 
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then terminated by addition of enough ice to chill the culture to 4°C. 

Infected cells were harvested in a refrigerated Sharpies continuous-flow 

centrifuge operating at 45,000 rpm with a flow rate of 165 ml per minute. 

This procedure yielded 25 to 30 g of infected cells (wet weight) per 10 

liter culture. Harvested cells were frozen until further use. 

Preparation of Extract 

All subsequent steps were performed at 4°C. One hundred g of 

cell paste was thawed and resuspended by stirring in 300 ml of 0.05 M 

KPÔ  buffer, pH 6.5. Cells were disrupted by sonic oscillation for 30 

minutes with a Branson Sonifier at a setting of 8. The mixture was kept 

in an ice bath with constant stirring during this procedure. Debris was 

removed from the homogenate by centrifugation at 8,000 x j> for 30 minutes. 

The pellet was redissolved in 200 ml of the same buffer and subjected to 

an additional 15 minutes of sonic oscillation. Both this sonicate and 

the above supernatant fluids were combined and centrifuged at 8,000 x £ 

for 60 minutes to pellet debris. 

Enzyme Purification Scheme 

To the supernatant was added 0.3 volume of 5% streptomycin sul

fate with rapid stirring. After 10 minutes the mixture was centrifuged 

at 3,000 x £ for 10 minutes and the pellet discarded. To each 100 ml of 

supernatant fluid was added 27.7 g of solid (NĤ ŜÔ . This mixture was 

stirred for 20 minutes and centrifuged at 6,000 x for 30 minutes. The 

precipitate was discarded and 21.0 g of (NĤ ŜÔ  was added to each 

100 ml of the supernatant fluid. Stirring and centrifugation were re

peated, and the resulting pellet, containing the 45-75% (NĤ ŜÔ  
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fraction, was kept for further use. This pellet was dissolved in 35 ml 

of 0.02 M KPÔ  buffer, pH 6.7, and dialyzed twice against 6 liter por

tions of this buffer for 9 and 6 hours, respectively. 

After dialysis the potassium phosphate concentration was adjusted 

to 0.2 M by addition of 1 M KPÔ  buffer, pH 6.5. After centrifugation at 

3,000 x for 10 minutes this fraction was applied to a 2.5 x 40 cm DEAE-

cellulose column which had been equilibrated with 0.2 M KPÔ  buffer, pH 

6.5. The column was washed with an additional 800 ml of this buffer and 

then eluted with a linear gradient containing 400 ml of 0.3 M KPÔ  buf

fer, pH 6.5, in the mixing chamber and an equivalent amount of 1 M KPÔ  

buffer, pH 6.0, in the reservoir. Thirteen ml fractions were collected. 

Enzymatically active fractions were pooled and concentrated to 70 ml by 

ultrafiltration with an Amicon Diaflow Apparatus and a PM-10 membrane 

(Amicon Corp.). This concentrated fraction was dialyzed overnight against 

6 liters of 0.05 M KPÔ  buffer, pH 6.5. 

The dialyzed material was clarified by centrifugation at 3,000 x 

£ for 10 minutes to remove a flocculent white precipitate. The super

natant fluid was applied to a 2 x 25 cm calcium phosphate column which 

had been equilibrated with 0.05 M KPÔ  buffer, pH 6.5. Twenty ml of this 

buffer was added to the top and the column was eluted with a linear 

gradient containing 150 ml of 0.05 M KPÔ  buffer, pH 6.5, in the mixing 

chamber and an equal volume of 0.50 M KPÔ  buffer, pH 6.5, in the reser

voir. Six ml fractions were collected. Fractions containing enzyme 

activity were pooled, concentrated to 65 ml by ultrafiltration, and 

dialyzed for 7 hours against 6 liters of 0.05 M KPÔ  buffer, pH 6.0. 



52 

The dialyzed fraction was applied to a 2 x 20 cm CM-Sephadex 

column which had been equilibrated with 0.05 M KPÔ  buffer, pH 6.0. 

Twenty-five ml of this buffer was added to the top, then the column was 

eluted with a linear gradient containing 120 ml of the above equilibra

tion buffer in the mixing chamber and an equivalent amount of 0.50 M 

KPÔ  buffer, pH 6.0, in the reservoir. Three and one-half ml fractions 

were collected and the enzymatically active fractions pooled. All the 

purification steps to this point are based upon the procedure described 

by Mathews et al. (1964). 

The pooled CM-Sephadex fractions were dialyzed against 6 liters 

of 0.1 M KPÔ  buffer, pH 6.5, then concentrated to 5 ml by ultrafiltra

tion. Two and one-half ml portions were applied to a Sephadex G-100 

column (2.5 x 50 cm) which had been equilibrated with 0.1 M KPÔ  buffer, 

pH 6.5, and whose flow rate was maintained at 0.45 ml per minute with a 

peristaltic pump. Two and one-half ml fractions were collected. Enzy

matically active fractions containing purified dCMP HMase were pooled and 

concentrated to 10 ml by ultrafiltration. 

Molecular Weight Determinations 

Two procedures were used to determine the molecular weight of 

dCMP HMase. A determination by gel filtration was made with the Sephadex 

G-100 column described above. Standards used to calibrate the column 

were bovine serum albumin (BSA, molecular weight 68,000), ovalbumin 

(43,000), carbonic anhydrase (29,000) and myoglobin (17,500). Samples 

applied to the column contained 10 mg of protein in 2.5 ml of 0.1 M KPÔ  

buffer, pH 6.5. 
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Another molecular weight determination was obtained by sedimenta

tion equilibrium using a Spinco Model E analytical ultracentrifuge equip

ped with electronic speed control and a photoelectric scanner with multi

plexer accessory. Three samples containing 0.2, 0.4 and 0.6 mg of protein 

per ml respectively, in 0.1 M KPÔ  buffer, pH 6.5, were run simultaneously 

in double sector cells with sapphire windows in the An-F rotor. Centrif-

ugation was at 14,000 rpm for 92 hours at 20°C. Traces of the absorbance 

at 280 nm were taken for each cell. The molecular weight was calculated 

by using the slope of the line obtained by plotting the logarithm of ab-

2 sorbance vs. the square of the distance from the center of rotation (X ). 

The slope of this line was determined using a Wang Model 600 Programming 

Calculator with a program written by Mr. Tom Allgyer, which calculates 

the slope by a least squares analysis and computes molecular weight from 

the equation: 

x 2.303 " l0S.A280 

(l-vp)u> dX 

where R is the ideal gas constant, T absolute temperature, v partial 

specific volume of the protein (assumed to be 0.75), p the solution den

sity and u) the angular velocity (Tanford 1961) . 

I wish to thank Dr. Pak Poon for operation of the ultracentrifuge 

and Mr. Tom Allgyer for use of his program in performing the calculations. 

The subunit molecular weight was determined by SDS polyacrylamide 

gel electrophoresis. Proteins used as standards were BSA, ovalbumin and 

carbonic anhydrase. Samples containing 10 pg of protein were resolved on 

slab gels and protein bands were observed by staining with Coomassie Bril

liant Blue. These procedures are described below. 
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Electrophoretic Analysis of Proteins 

Ten percent polyacrylamide gels containing 0.1% SDS, with a 3% 

stacking gel were prepared as described by Laemmli (1970). Electro

phoresis was carried out either in tubes 6 mm in diameter or in the slab-

gel apparatus described by Studier (1973). In both of these the main gel 

was 10 cm long and the stacking gel 1 cm. 

All samples were heated to 100°C for 2.5 minutes before applica

tion to gels. For gels run in tubes 100 yl samples in 0.05 M Tris-HCl, 

pH 7.0, 2% SDS, 5% 2-mercaptoethanol and 15% glycerol were used. Electro

phoresis was carried out at a constant current of 3 m amps per gel with 

an electrode buffer containing 3.0 g Tris, 14.4 g glycin and 1.0 g SDS per 

liter. For slab-gels, 25 yl samples in 0.05 M Tris-HCl, pH 6.8, 1% SDS, 

1% 2-mercaptoethanol and 15% glycerol were used. Electrophoresis was at 

a constant voltage of 150 volts. The electrode buffer contained 6.0 g 

Tris, 28.8 g glycine and 1.0 g SDS per liter. 

Gels to be stained for observation of protein bands were first 

fixed overnight in 50% TCA at room temperature. They were stained for 

4 hours at 37°C with a 0.25% solution of Coomassie Brilliant Blue in 

methanol-water-glacial acetic acid (5:5:1), and then diffusion destained 

for 2 to 3 days in 7% acetic acid. 

Autoradiography and Fluorography 

14 
Slab-gels to be analyzed for C-labeled proteins were first 

dried as described by Maizel (1971). Dried gels were then exposed to 

Kodak NS2T X-ray film. 
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In order to obtain more rapid exposures, fluorography was used in 

some experiments. After electrophoresis, gels were washed in DMSO and 

then impregnated with PPO as described by Bonner and Laskey (1974). Gels 

were then dried and exposed to Kodak RP*Royal X-omat film at -80°C. 

14 
Preparation of C-Amino Acid 

Labeled Cell Extracts 

To analyze early proteins in phage-infected cells.the following 

g 
procedure was used. 12. coli B was grown in M9 medium to 5 x 10 cells/ml. 

2 
Cells were chilled on ice then uv-irradiated (2,600 ergs/mm ). This ir

radiation prevents synthesis of IS. coli proteins which normally mask T4 

proteins synthesized at early times after infection (O'Farrell et al. 

1973). Subsequent to irradiation cells were kept in dim light until 

after infection. Cultures (1 ml) were infected with phage at a multi

plicity of 10 and phage were allowed to adsorb for 10 minutes at 4°C. A 

14 
C-amino acid mixture (2 pCi/ml) was then added and the cultures shifted 

to 37°C. Eight minutes later a 500-fold excess of casein hydrolysate 

(sterile 10% solution) was added. Two minutes later infections were 

terminated by placing cultures in an ice bath. Infected cells were 

pelleted then resuspended in 0.1 ml of 0.05 M Tris-HCl, pH 6.8, 1% SDS, 

1% 2-mercaptoethanol and 15% glycerol, heated to 100°C for 2.5 minutes, 

then analyzed by slab-gel electrophoresis and autoradiography. 

Preparation of HMase-Agarose 
Affinity Resin 

The coupling of dCMP HMase to Sepharose 4B was performed according 

to the procedure used by Ratner (1974) to immobilize RNA polymerase. 

Sepharose 4B was washed free of azide, then 2.5 ml of settled resin was 



mixed with an equal volume of water. This suspension was placed in a 

20°C water bath (under a ventilation hood) and 0.025 g of CNBr was added. 

This mixture was stirred for 10 minutes with dropwise addition of 1.0 M 

NaOH as needed to maintain the pH at 11 + 0.2. The CNBr-activated resin 

was rapidly filtered then washed (at 4°C) with 500 ml of 0.1 M NaHCÔ  

then with 500 ml of P-buffer (0.05 M Nâ HPÔ , 10% glycerol, 0.36 M NaCl, 

pH adjusted to 7.6). All subsequent steps were at 4°C. To the activated 

resin was added 3.0 ml of dCMP HMase (1 mg/ml) in P-buffer containing 

-4 
10 M DTT and the reaction was allowed to proceed overnight with gentle 

shaking. The next day the resin was placed in a column and washed with 

500 ml of P-buffer containing 0.1 M 2-mercaptoethanol then with another 

-4 
500 ml of P-buffer containing 10 M DTT and 80 mg/ml of L-alanine to 

quench any remaining activated groups. Finally the resin was washed with 

500 ml of starting buffer (0.01 M Tris-HCl, pH 8.0, 20% glycerol, 10 4 M 

DTT, 10*4 M EDTA, 0.15 M NaCl). 

BSA-agarose and carbonic anhydrase (CA)-agarose were prepared in 

an identical manner except that the coupling was done with solutions con

taining 2 mg of protein per ml. An agarose resin containing no protein 

was prepared by mixing CNBr-activated Sepharose 4B with P-buffer con-

-4 taining 10 M DTT and then treating the resin as described above. 

The amount of protein bound to the resin was determined by the 

difference between the initial protein concentration (measured by absor-

bence at 280 nm) and the free protein recovered in the first 8 ml of the 

initial wash. This value agrees well with determination made by acid 

hydrolysis and amino acid analysis (Ratner 1974) and consumes no resin. 



Affinity Chromatography 

Preparation of Extracts 

Five ml cultures were grown, uv-irradiated and infected as de

scribed above, except that 4 pCi/ml of ̂ C—amino acids were used and a 

15 minute labeling period was allowed. Cultures of uninfected cells were 

not uv-irradiated. After termination, cells were harvested by centri-

fugation (3,000 x £ for 10 minutes), washed once with cold M9 salts, then 

washed with cold lysis buffer (0.15 M NaCl, 0.05 M Tris-HCl, pH 8.0, 

-4 -3 
10 M EDTA, 10 M DTT). Cells were then stored as frozen pellets. 

Cells to be used for affinity chromatography were lysed as de

scribed by Ratner (1974). Pellets were thawed and resuspended in 0.1 ml 

of lysis buffer containing 333 pg of egg white lysozyme per ml. Cells 

were then lysed by five cycles of freeze-thawing in dry ice-ethanol and 

25°C water baths. Twenty-five pi of a solution containing DNase I and 

micrococcal nuclease (40 pg/ml each in 0.04 M MgĈ j 0.04 M CaĈ , 45% 

glycerol) was added to each lysate followed by incubation at 37°C for 

2 minutes. Lysates were then centrifuged at 10,000 x £ for 15 minutes 

and the supernatant fluids were used for affinity chromatography. 

Operation of Affinity Columns 

An affinity column consisted of 0.1 ml of settled resin in the 

tip of a Pasteur pipette. Prior to use it was washed with 2.5 ml of 

starting buffer. Extracts (50 pi) were applied and washed through with 

an additional 2.5 ml of starting buffer. The first elution was then 

performed with starting buffer containing 1 M NaCl. The initial 0.5 ml 

of this buffer to come through the column was collected. After an 



additional wash with 2.5 ml of this elution buffer, the resin was trans

ferred to a tube containing 0.3 ml of 0.2% SDS -3% 2-mercaptoethanol in 

starting buffer and heated to 100°C for 10 minutes to extract tightly 

bound proteins. The solution was withdrawn with a Pasteur pipette (this 

is the SDS fraction) and the resin discarded. 

14 Fractions eluted from the column were analyzed for C-labeled 

proteins by slab-gel electrophoresis and fluorography. 

Preparation of Membrane Fractions 

Two procedures were used to obtain membrane fractions. The first 

was the M-band technique (Earhart et al. 1968) which separates a membrane 

fraction on the basis of its binding to Mg-sarkosyl crystals. The other 

procedure was to gently lyse cells and pellet a membrane fraction as de

scribed by Huang (1975). 

Cells were infected and labeled by the procedure used to label 

14 
extracts with C-amino acids (see above) except that cells were not uv-

irradiated prior to infection and a 10 minute labeling period was allowed. 

Infected cells were harvested by centrifugation (3,000 x j» for 10 minutes) 

then resuspended in 0.8 ml of 25% sucrose containing 10 mM Tris-HCl, pH 

7.5. A 0.2 ml aliquot of 10 mM EDTA (Na£) containing lysozyme (2 mg/ml) 

was added and the mixture incubated on ice for 10 minutes. Next, 0.04 ml 

of 0.25 M MgĈ  was added and the suspension divided into two parts. One 

portion (0.5 ml) was layered on top of a 20 ml 15 to 47% sucrose gradient 

above a 5 ml 47% sucrose pad in a nitrocellulose tube. Cells were then 

lysed above the gradient by the addition of 0.04 ml of 5% sarkosyl as 

described by Earhart et al. (1968). Centrifugation was carried out at 



15,000 rpm for 20 minutes in an SW25.1 rotor at 4°C. The M-band (white 

crystals of Mg-sarkosyl) was removed by puncturing the side of the tube 

and withdrawing it with a syringe and needle. 

The other 0.5 ml portion was lysed as described by Huang and 

Buchanan (1974). This involved addition of 15 pi of DNase I (1 mg/ml) 

and incubation at 25°C for 15 minutes, followed by 0.5 ml of 1.4% Brij-

58 in 10 mM Tris-HCl, pH 7.4, and an incubation on ice for 1 hour to 

complete lysis. A cell pellet fraction was obtained by centriiJugation 

of the lysate at 5,000 x £ for 15 minutes as described by Huang (1975). 

This pellet was finally washed with 10 ml of 10 mM Tris-HCl, pH 7.5. 

Membrane fractions obtained from both procedures were analyzed 

by gel electrophoresis and fluorography. 



CHAPTER 3 

RESULTS 

These experiments were begun to investigate the hypothesis that 

the T4 gene 42 product has a second, more direct role in DNA synthesis in 

addition to its role in provision of a DNA precursor (Chiu and Greenberg 

1968). It had been shown that gene 42 amber mutants fail to synthesize 

DNA in plasmolyzed (Wovcha et al. 1973; Collinsworth and Mathews 1974) 

and toluenized (Dicou and Cozzarelli 1973) cell systems. However, it had 

not been established that this resulted from a deficiency of P42 rather 

than an absence of replication forks (see Chapter 1). The cell-free 

system described by Barry and Alberts (1972) was chosen to investigate 

this, since it would allow the direct addition of P42 to a lysate pre

pared from gene 42 mutant (42 )-infected cells. It was hoped that this 

system would not only allow direct evaluation of P42 involvement in 

replication, but would also provide an assay for the second function. 

The first part of this Chapter deals with work using this system. 

Cell-Free DNA Synthesis 

T4-Infected IS. coli D110 

In initial experiments the procedures of Barry and Alberts (1972) 

were used with the important exception that HM-dCTP was provided rather 

than dCTP to bypass a requirement for dCMP HMase in precursor provision. 

The same bacterial strain used by these authors, namely 12. coli DUO, 

60 
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served as the host for these studies. DNA synthesis in lysates prepared 

from T4D-infected or gene 42 mutant-infected cells is shown in Table 4. 

The amount of synthesis directed by T4D is comparable to that observed by 

Barry and Alberts. However, the gene 42 mutant directs 90% as much DNA 

synthesis as does T4D (Table 4). From these data it appeared that the 

cell-free system does not require a functional P42. 

To ensure that these results were not due to production of some 

active P42 by suppression, in vivo DNA synthesis was measured. Since 

gene 42 mutants are DO, they should synthesize no DNA if the host is 

fully restrictive. However, Figure 6, Part A shows that in infections 

of 12. coli DUO the gene 42 mutant makes 15% as much DNA as T4D. This 

is in contrast to the DO phenotype of this mutant in infections of IS. 

coli B (Figure 6, Part B) a strain known to restrict amber mutants. The 

leakiness of this mutant on IS. coli DUO makes the in vitro data uninter-

pretable because it is possible that a second function could require only 

very low levels of active P42. A host strain completely restrictive for 

amber mutants is therefore required. 

T4-Infected IS. coli B 

Although IS. coli B is completely restrictive for the gene 42 

amber mutant (Figure 6, Part B) it contains an active DNA polymerase I. 

This strain was not initially used because it was felt that DNA polymerase 

I might direct some non-physiological DNA synthesis. Table 5 shows that 

the gene 42 mutant directs DNA synthesis in this strain at half the wild 

type level. Also, a gene 44 mutant, which fails to synthesize any DNA in 

lysates from infections of Ê . coli DUO (Barry and Alberts 1972), 
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Table 4. Cell-Free DNA Synthesis in Phage-Infected JE. coli DllO. 

3 Phage H-CPM Percent wild type 

T4D 

N122(42~) 

7440 

6712 

100 

90 
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Table 5. Cell-Free DNA Synthesis in Phage-Infected IJ. coli B. 
_ 

Phage H-CPM Percent wild type 

T4D 4749 100 

N122(42~) 2495 53 

63 

N82(44~) 2921 
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synthesizes 63% of the wild type level in lysates from infection of 15. 

coli B. Thus, DNA polymerase I is contributing to DNA synthesis in these 

lysates. In order to evaluate P42 in these lysates a strain which is 

both completely restrictive to amber mutants and deficient in DNA poly

merase I (pol A ) is required. 

Isolation and Characterization of 
II. coli DllO-str 

IS. coli DUO does not have an amber suppressor mutation (i.e., 

an altered transfer RNA able to insert an amino acid at the position of 

an amber codon). Thus its permissiveness is most likely the result of 

translational ambiguity. Translational ambiguity is a high level of 

error frequency at the ribosome during protein synthesis. Strains with 

a high level of translational ambiguity can have this property removed by 

mutation to streptomycin resistance (cf. Karam and O'Donnell 1973). 

Streptomycin is a drug which binds to the ribosome and inhibits protein 

synthesis. The resistant mutants have an altered ribosomal protein so 

that the drug is no longer inhibitory. This ribosomal alteration also 

reduces translational ambiguity. 

£ 
15. coli DllO-str was isolated as described in Chapter 2. Growth 

curves in the presence and absence of streptomycin are shown in Figure 7 

for both E. coli DllO-str and its parental strain, . coli DUO. These 

growth curves confirm the streptomycin-resistant phenotype of 12. coli 

DllO-str , since it is able to grow in the presence of streptomycin 

sulfate while jS. coli DUO is not. 

In order to determine whether this strain has reduced transla

tional ambiguity, DNA synthesis in vivo was measured following phage 



Figure 7. Bacterial Growth Curves. 

Growth curves of 12. coll DUO (Q ) and IS. coll DllO-str (• ) in nutrient 
broth and of the same strains in nutrient broth supplemented with 200 ug/ 
ml of streptomycin sulfate, (0) and (•), respectively. Growth was fol
lowed by measuring optical density in a Klett colorimeter with a number 
54 filter. 
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Figure 7. Bacterial Growth Curves. 



infections of this strain. Figure 6, Part C shows that the gene 42 mutant 

makes no DNA in infections of this host. Thus the translational ambiguity 

R 
observed in the parental strain has been eliminated in IS. coli DllO-str . 

In order to ensure that this strain had maintained the pol A mutation, 

its sensitivity to uv light was determined. DNA polymerase I is involved 

in DNA repair (reviewed in Grossman et al. 1975) and pol A mutants are 

extremely uv-sensitive. To determine uv-sensitivity, IS. coli strains 

R + 
DllO, DllO-str and CR63 (pol A ) were subjected to uv-irradiation and 

R 
plated to determine survival. Table 6 shows that IS. coli DllO-str is 

still as uv-sensitive as the parental strain while the pol A+ strain, 

£ 
CR63, is much less sensitive. Therefore, IS. coli DllO-str must still 

contain the pol A mutation. 

£ 
JS. coli DllO-str is both restrictive for the gene 42 amber 

mutant and deficient in DNA polymerase I. This strain, then, has the 

requirements necessary to study the role of P42 in vitro. 

T4-Infected IS. coli DllO-str̂  

The ability of various T4 mutants to synthesize DNA in lysates 

prepared from infections of IS. coli DllO-str are shown in Table 7. T4D 

makes less DNA with this strain than in infections of IS. coli DllO. This 

may reflect the slower growth of IS. coli DllO-str (Figure 7). However, 

the levels of DNA synthesis by T4 mutants, relative to wild type, are 

comparable to those obtained by Barry and Alberts (1972) for mutants in 

genes 32, 41, 43, 44 and 45. The level observed with the gene 62 mutant 

is somewhat higher than theirs. However, I used a different gene 62 

mutant (NG485) than did they (E1140). In plasmolyzed cells NG485 also 
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Table 6. Sensitivities of IS. coli Strains to Ultraviolet Irradiation. 

Bacterial strain Percent survival 

J2. coli CR63 8.4 

E. coli DUO 2.1 x 10~3 

E. coli D110-strR 1.2 x 10~3 



Table 7. Cell-Free DNA Synthesis in Phage-Infected 12. coli D110-str̂ . 

3 
Phage H-CPM Percent wild type 

T4D 4423 100 

H39 (30~) 1831 41 

E315 (32~) 660 15 

N05 (41~) 1105 25 

B22 (43") 196 4 

N82 (44~) 193 4 

E10 (45") 420 9 

NG 485 (62~) 891 20 
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makes some DNA while E1140 maintains its DO phenotype (Collinsworth and 

Mathews 1974). The cell-free system, then, shows the same requirements 

R 
for these phage gene products with IJ. coli DllO-str as with ]£. coli DUO. 

Those mutants which are most severely blocked in cell-free DNA 

synthesis, namely mutants in genes 43, 44 and 45 are those which are most 

defective in DNA synthesis in vivo, all three being DO. Those mutants 

which are less severely blocked in vitro (genes 30, 32, 41 and 62) are 

all capable of synthesizing a small amount of DNA in vivo (Warner and 

Hobbs 1967). Thus these gene products are required in a manner which 

resembles their in vivo requirements. 

In vitro complementation assays were also performed to ascertain 

that this system could be used to test for the activities of these gene 

products. Table 8 shows that lysates deficient in a required gene prod

uct can be stimulated more than 2-fold by addition of a donor extract 

containing that gene product in active form. These donors alone direct 

no DNA synthesis (Table 9). These data are in agreement with Barry and 

Alberts (1972) and validate the use of this system for complementation 

assays of the required gene products. 

Cell-Free DNA Synthesis by 
Gene 42 Mutants 

N122/m 

Table 10 shows the ability of various gene 42 mutants to direct 

cell-free DNA synthesis following infections of IS. coli DllO-str . As in 

all in vitro experiments, HM-dCTP is present to bypass a requirement for 

P42 in precursor provision. In early experiments I used the mutant 
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Table 8. In Vitro Complementation Assays. 

Phage lysate Phage donor 3H-CPM Fold-s t imulat iona 

B22 (43~) B22 118 1.0 

II N82 283 2.4 

II E10 295 2.5 

N82 (44~) B22 286 2.2 

II N82 128 1.0 

II E10 304 2.4 

E10 (45~) B22 1066 3.2 

II N82 715 2.1 

II E10 333 1.0 

3 a. Stimulation is relative to the level of H-incorporation 
observed when the donor extract is prepared from the homologous phage-
infected receptor lysate. 
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Table 9. DNA Synthesis in Donor Extracts3. 

3tt Percent of wild 
Phage H-CPM 

type receptor 

B22 (43 ) 25 0.6 

N82 (44 ) 16 0.4 

E10 (45 ) 35 0.8 

a. DNA synthesis was measured by the same procedure used to 
assay synthesis in lysates. 



Table 10. Cell-Free DNA Synthesis by Gene 42 Mutant-Infected IS. coli 
D110-strR. 

Phage 3H-CPM Percent wild 
type 

Fold-stimulation by a 
42+ donor3 

N122/m 130 3 2.0-3.4b 

N122 3,102 71 0.8-1.0 

269 1,123 26 1.3 

N55 2,607 59 1.1 

NG205 2,016 46 1.0 

E385 2,306 52 1.2 

NG352 1,821 41 1.1 

a. Stimulation is as defined in Table 8. Donor extracts were 
prepared from am ElO-infected E. coli DllO-str . 

b. See Table 11. 



listed in Table 10 as N122/m, which is the same phage called N122 in all 

the above experiments. Lysates prepared from infections with this phage 

synthesize little or no DNA (Table 10). In addition, these lysates can 

be stimulated to synthesize DNA by the addition of donor extracts con

taining an active P42, unless the donor is defective in gene 43 (Table 

11). The level of stimulation by various 42+ donors (except the 43 

donors) is comparable to the stimulation observed in the complementation 

assays described in Table 8. These data seem to confirm a requirement 

for P42 in this system. 

One possible reason for the failure of N122/m (which was thought 

to be N122, see below) to be complemented by 43 donor extracts is that 

the active form of P42 is in a complex with P43 which cannot form in 

vitro. Neither a 42 nor a 43 extract would contain this complex. A 

precedent for this exists since the products of T4 genes 44 and 62 form 

such a complex. Mutants in these genes also show this type of in vitro 

complementation as P44 or P62 deficient lysates are stimulated to make 

+ + 
DNA only by 44 , 62 donors (Barry and Alberts 1972). These authors have 

also co-purified P44 and P62 in a tightly bound complex. An alternative 

explanation for the data obtained with N122/m exists, namely that this 

phage is a 42 43 double mutant. Since P43 is required for replication 

in this system, this phage (N122/m) cannot be used to demonstrate a re

quirement for P42 in this cell-free system unless it can be shown to 

have an active P43. 

Genetic complementation tests were performed to determine whether 

N122/m had a defective gene 43. Results are shown in Table 12. In mixed 

infections of this phage with each of two gene 43 mutants, phage are 
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Table 11. Stimulation of N122/m Receptor 
Extracts. 

Lysates by Various Donor 

Phage donor 3H-CPM Fold stimulation3 

E957 (1~) 326 3.1 

B24 (1~) 345 3.3 

E315 (32~) 211 2.0 

N05 (41~) 263 2.5 

N122/m 105 1.0 

N122 (42~)b 347 3.3 

B22 (43~) 125 1.2 

4304 (43") 137 1.3 

N82 (44") 294 2.8 

E10 (45") 354 3.4 

NG485 (62~) 231 2.2 

a. Stimulation is as defined in Table 8. 

b. Obtained from Dr. J. S. Wiberg (1974). 
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Table 12. Genetic Complementation Tests. 

Cross N122/m B22 4304 N55 

N122/m - + + -

B22 (43") + - - + 

4304 (43") + - - NDa 

N55 (42") - + NDa -

a. Not done. 
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produced, suggesting that N122/m is not a 42 43 double mutant. Another 

gene 42 mutant, N55, displayed identical genetic complementation with 

a gene 43 mutants (Table 12). 

However, N122 as originally isolated contained an additional de

fect in DNA polymerase termed m (Wiberg et al. 1962; deWaard et al. 1965; 

Warner and Barnes 1966). The stock used in the experiments above was • 

thought to be cured of m since it had been backcrossed to T4D several 

times and was able to complement gene 43 mutants in vivo (Table 12). It 

was suggested by Wiberg (1974) that the m defect may allow production of 

enough DNA polymerase to permit a positive genetic complementation test, 

which requires only a low production of progeny phage, yet may not produce 

quantities of DNA polymerase sufficient to allow an appreciable amount of 

DNA synthesis in vitro. DNA polymerase assays (Table 13) confirmed that 

this phage still contained the polymerase defect. A low but detectable 

level of DNA polymerase is made by N122/m. In addition, in mixed infec

tions of N122/m with a gene 43 mutant, a low, but detectable, level of 

DNA is synthesized, in contrast to the DO phenotype of each phage alone 

(Figure 8). These data confirm the suggestion that this phage still con

tains the m mutation. Therefore, all of the data obtained in the cell-

free system with this phage can be explained by the defect in gene 43. 

As shown in Table 13, a stock of N122 known to be cured of m (Wiberg 

1974) overproduced DNA polymerase (relative to wild type) as expected for 

a DO mutant (Wiberg et al. 1962). Hereafter I shall refer to the stock 

obtained from Dr. Wiberg as N122 and the polymerase defective stock as 

N122/m. The nature of the m defect will be discussed below. 
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Table 13. DNA Polymerase Activities of Extracts Prepared from Phage-
Infected E. coli DUO. 

Phage S i  Enzyme Activity Percent wild type 

T4D 1.49 100 

N122/m 0.08 5 

B22 (43~) < 0.01 < 1 

N122 (42") 3.50 235 

uninfected < 0.01 < 1 

a. Activities are expressed in nmole of dTMP incorporated per 
minute per mg of protein. 



Figure 8. DNA Synthesis in Phage-Infected jE. coli B. 

g 
Cells at 3 x 10 per ml were infected with 6 phage per bacterium in un
mixed infections or 3 of each phage per bacterium in mixed infections. 
(•) N122 (42~), N122/m, B22 (43 ) or E10 (45~) alone, (V) N122/m + 
B22, (A) N122/m + E10, (0) N122 + B22, (•) T4D. 



79 

1500 

500 

40 60 20 
Minutes After Infection 

Figure 8. DNA Synthesis in Phage-Infected 12. coli B. 



Other Gene 42 Mutants 

Since N122/m harbored an additional defect, the ability of other 

gene 42 mutants to direct cell-free DNA synthesis was measured. Table 10 

shows that all other gene 42 mutants tested were able to direct a con

siderable amount of synthesis in vitro (26 to 71% the wild type level). 

The inability of these phage to synthesize DNA at the wild type level 

probably reflects the fact that they contain less template DNA, since 

they were prepared from non-permissive infections. In addition, they 

were not stimulated to make more DNA by the addition of an extract con

taining an active P42. These data indicate that P42 is not required for 

DNA synthesis in the cell-free system, in contrast to its apparent re

quirement in plasmolyzed (Wovcha et al. 1973; Collinsworth and Mathews 

1974) and toluenized (Dicou and Cozzarelli 1973) cells. 

Cell-Free DNA Synthesis by 
Gene 1 Mutants 

Table 14 shows that gene 1 mutants are able to synthesize a con

siderable amount of DNA in vitro and are not stimulated to make more DNA 

by the addition of donor extracts containing an active PI. Thus PI, like 

P42, is not required for DNA synthesis in this cell-free system, in con

trast to its apparent requirement in plasmolyzed (Wovcha et al. 1973; 

Collinsworth and Mathews 1974) and toluenized (Dicou and Cozzarelli 1973) 

cells. 

In Situ DNA Synthesis 

Since P42 and PI are not required in the cell-free system, a fur

ther evaluation of their roles in a plasmolyzed or toluenized cell system 
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Table 14. Cell-Free DNA Synthesis by Gene 1 Mutant-Infected IS. coli 
DllO-strR. 

3„ Percent wild Fold stimulation 
Phage H-CPM „ , .+ , a ° type by a 1 donor 

E957 3,406 77 0.9 

B24 2,300 52 0.9 

a. Stimulation is as defined in Table 8. Donor extracts were 
prepared from am ElO-infected E. coli DllO-str . 



was required. As mentioned above the failure of gene 42 or 1 mutants to 

synthesize DNA in situ could be due to either a requirement for the gene 

product or an absence of replication forks. I have investigated this 

possibility through utilization of gene 42 mutants in a plasmolyzed 

cell system, under conditions where active replication forks are known to 

be present. Since no ts_ gene 1 mutants have been isolated this approach 

has not been applied to PI. 

The gene 42 tj3 mutants used in these experiments were ££ LB-1 and 

ts LB-3. DNA synthesis by these phage in vivo at the permissive and 

restrictive temperatures is shown in Figure 9. Both phage synthesize 

DNA at 30°C but make little or no DNA at 43°C. In addition, when in

fections initiated at 30°C are shifted to 43°C after 25 minutes, DNA 

synthesis rapidly ceases with both phage. When the temperature is re

turned to 30°C 10 minutes after this upshift, DNA synthesis resumes in 

both cases at a rate near that seen prior to the upshift (Figure 9). 

Thus DNA synthesis is reversibly halted with either mutant by shifting 

to the restrictive temperature. 

These phage were used to evaluate the role of P42 in DNA synthe

sis jLn situ under conditions where active replication forks were present. 

Infections were performed at 30°C with these phage to allow replication 

to start and ensure the presence of replication forks. Infected cells 

were then harvested and plasmolyzed as described in Chapter 2. The abil

ities of these phage to synthesize DNA in situ (again in the presence of 

HM-dCTP to bypass the requirement for P42 in precursor provision) are 

shown in Figure 10. A gene 45 mutant, ts. L159, was used as a control for 

these experiments, since it rapidly and reversibly shuts off DNA synthesis 



Figure 9. DNA Synthesis In Vivo After Infection of IS. coli B by Tempberature-Sensitive Phage Mutants. 

ts LB-1 (42~) (A) and ts LB-3 (42~) (B) at 30°C (•), 43°C (0), 30°C for 25 minutes followed by a shift 
to 43°C (O), or 30°C for 25 minutes, shifted to 43°C from 25 to 35 minutes, and then shifted back to 
30°C at 35 minutes (A). The arrows indicate times of temperature shifts. For the shift from 43°C to 
30°C (second arrow) it was assumed that there was no synthesis until the shift, since the parallel 
culture left at 43°C made no further DNA. 
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Figure 9. DNA Synthesis In Vivo After Infection of JE. coli B by Temperature-Sensitive Phage 
Mutants. 
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after a temperature upshift in vivo (Mathews 1976b) , and P45 is almost 

certainly involved in the polymerization step and not the provision of 

precursors (Mathews 1972; Alberts et al. 1975). At 30°C the two gene 42 

mutants and t£ L159 all synthesize DNA in situ at the same rate as does 

T4D (Figure 10, Part A). However, following a shift to 43°C after 8 

minutes at 30°C, synthesis by the three jt£ mutants is halted, while the 

rate of DNA synthesis by T4D actually increases (Figure 10, Part B). 

This shutoff is not as rapid with the gene 42 mutants as with the gene 

45 mutant. Nevertheless, it is complete, and the very fact that the rate 

of synthesis after the shift is less than the corresponding wild type 

rate is proof that P42 plays a role in this system other than the pro

vision of DNA precursors. Further support of a direct requirement for 

P42 in this system was obtained in experiments where plasmolyzed cells, 

previously infected at 30°C, were tested for DNA synthesis at 43°C with

out a prior 30°C incubation in situ (Figure 10, Part C). Again, DNA 

synthesis with the t£ mutants was defective with respect to wild type, 

although some isotope incorporation was observed. This incorporation, 

however, probably represents a non-physiological process because com

parable levels of incorporation were seen with (1) the gene 45 control 

mutant, and (2) a gene 42 amber mutant which displays a DO phenotype in 

situ at 30°C (Figure 10, Part A). 

These data establish that the failure of gene 42 mutants to 

synthesize DNA in plasmolyzed cells cannot be ascribed solely to a defi

ciency of growing chains to extend. Thus, one must postulate that P42 

interacts directly with the replication apparatus. In the remainder of 



this Chapter, I shall discuss approaches which I have used to investigate 

the interaction of P42 with other proteins. 

Characterization of Additional Defects 
of Some Gene 42 Mutants 

As discussed in Chapter 1, if P42 interacts with another enzyme, 

a defect in gene 42 may exert a pleiotropic effect and inactivate this 

other enzyme. Since Tomich et al. (1974) had provided some indirect 

evidence that P42 interacts with DNA polymerase and thymidylate synthe

tase, the effect of gene 42 mutations upon these enzymes was studied. 

Because N122/m has an additional DNA polymerase defect, the nature of m 

was examined to determine whether it represented an additional mutation 

or a pleiotropic effect of the gene 42 mutation. DNA polymerase and thy

midylate synthetase activities of a number of other gene 42 mutants were 

also measured. 

Nature of the m Mutation 

N122/m induces a low level of DNA polymerase (Table 13). In 

mixed infections of this phage with a gene 43 mutant (B22) , which con

tains wild type gene 42, only a low level of DNA is made (Figure 8). 

Therefore, this phage is not rescused by provision of active P42, so if 

the m defect is a pleiotropic effect of the gene 42 mutation, it must be 

a dominant mutation. This might be expected in the case of a defective 

protein binding to and inactivating another protein. However, in a mixed 

infection of N122/m with a mutant phage (am E10) containing active P42 

and P43, a normal rate of DNA synthesis is obtained (Figure 8). These 

two findings, that active P42 and P43 must both be provided to rescue 



N122/m, and that N122/m cannot inhibit P43 in trans, make it unlikely that 

the polymerase defect results from a pleiotropic effect of the gene 42 

mutation. N122/m therefore appears to be a 42 43 double mutant. 

Although the onset of replication is delayed, N122/m is able to 

synthesize DNA at near the wild type rate following infection of the amber 

suppressing strain _E. coli CR63 (Figure 11). Since both the gene 42 mu

tation and m are suppressed by this host strain, m appears to be an amber 

mutation. The high level of suppression makes it unlikely that m is an 

timber or ochre mutation (Garen 1968) . If m is an amber mutation then 

N122/m should make an incomplete P43 polypeptide following infections of 

a non-permissive host. The ability of a phage to make P43 can be deter-

14 
mined by C-amino acid labeling of phage proteins and analysis of the 

labeled proteins by SDS polyacrylamide gel electrophoresis and autoradio

graphy as described in Chapter 2. On such analysis P43 yields a band 

with a molecular weight of 109,000 daltons (O'Farrell et al. 1973). Re

sults of this experiment performed with N122/m, two other gene 42 am 

mutants, (N122 and 269) and a gene 43 am mutant (B22) in infections of E_. 

coli B are shown in Figure 12. The 109,000 molecular weight band, which 

is missing from infections with B22, is also missing in extracts from in

fections with N122/m. Both N122 (cured of m) and the other gene 42 mu

tant, 269, produce the P43 band. Thus m appears to be an amber mutation. 

N122/m fails to produce another band which is labeled X in Figure 12, 

corresponding to a protein of molecular weight about 29,000. This protein 

is not P42 since N122 and 269 produce the band, and since its molecular 

weight is higher than that of P42 (see below). Therefore N122/m may in 

fact be a triple mutant. 
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Figure 11. DNA Synthesis in Phage-Infected E_. coli CR63. 

T4D (t) or am N122/m (0). 
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Figure 12. Autoradiograms of Electropherograms of Proteins Synthesized in Phage-Infected _E. coli B. 

14 
Extracts from C-amino acid labeled phage-infected cells were resolved on 10% polyacrylamide gels 

containing 0.1% SDS. 
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The leakiness of the m mutation (i.e., its ability to produce a 

low level of DNA polymerase) could result either from a very low produc

tion of P43 which is not observable by the above analysis, or from par

tial activity of the amber fragment. Fragments produced by proteolytic 

cleavage of 12. coli DNA polymerase I have been shown to have either 

polymerase or exonuclease activity (Setlow, Brutlag and Romberg 1972) . 

I have not been able to detect the amber fragment produced by the m 

mutation from the autoradiograms in Figure 12. This could result either 

from its co-migration with another band, its being too small to detect 

or its rapid degradation in vivo (Zipser 1969). 

Enzyme Activities of Other 42 Phage 

Another gene 42 amber mutant, 269, which maps at the same site 

as N122 (Wiberg 1974) makes only half the wild type level of DNA poly

merase (Figure 13, Part B). Since Tomich et al. (1974) have provided 

intriguing evidence for an interaction between dCMP HMase and DNA poly

merase, it was of interest to determine whether this particular mutant 

had an additional polymerase defect, or was the result of a pleiotropic 

effect of the gene 42 mutation. 

Figure 13, Part B shows that 269 was the only gene 42 mutant, of 

II tested, which had this defect. All of the other 42 phage overproduce 

DNA polymerase, as expected for DO mutants (Wiberg et al. 1962). To 

determine whether the polymerase defect resulted from the gene 42 muta

tion, three independent am+ revertants of 269 were isolated as described 

in Chapter 2. If both defects are due to a single mutation, they should 

revert together. DNA polymerase activities in extracts prepared from 



Figure 13. Enzyme Activities in Extracts Prepared from Phage-Infected 
E. coli DUO. 

dCMP HMase (A), DNA polymerase (B) and thymidylate synthetase (C) 
activities were measured in aliquots of the same extracts. The location 
of mutant sites within gene 42 has been approximated from the mapping 
data of Holmes (1975) and Wiberg (1974). 
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infections with these revertants are shown in Table 15. All three of the 

revertants have maintained the polymerase defect, so the gene 42 and 43 

defects have segregated. Therefore 269 contains another mutation in gene 

43 which is not lethal but reduces its DNA polymerase level. This phage 

also makes less DNA in cell-free lysates than other 42 phage (Table 10). 

This can now be explained by the lower level of DNA polymerase. 

14 
As shown in Figure 12, extracts from C-amino acid labeled, 269-

infected IS. coli B contain a P43 band. Thus, the decreased DNA polymerase 

activity must be due to a missense mutation. The P43 band produced by 

269 also appears darker than that produced by N122 (Figure 12). This is 

also supportive of a gene 43 mutation, since P43 is involved in regula

tion of its own synthesis and gene 43 mutations lead to overproduction of 

the defective polymerase (Russel 1973). 

Tomich et al. (1974) have also provided evidence suggestive of an 

interaction between T4 thymidylate synthetase and dCMP HMase. Of the 

gene 42 mutants examined, only one, C87, was defective in thymidylate 

synthetase (Figure 13, Part C). Again am+ revertants were isolated to 

determine whether this represented a pleiotropic effect of the gene 42 

mutation or a second-site mutation. Three independent am* revertants all 

retained the thymidylate synthetase defect (Table 16). Thus C87 is also 

a double mutant. All of the other 42 phage had thymidylate synthetase 

levels greater than that of wild type (Figure 13, Part C). 

All of the gene 42 amber mutants tested were unable to induce 

significant levels of dCMP HMase (Figure 13). These results for two 

mutants, namely NG93 and E498, are in conflict with those of Holmes 

(1975), who found that these phage produced 60% and 30% of the wild type 



93 

Table 15. DNA Polymerase Activities of Extracts Prepared from Infections 
of JE. coli DUO by Various Phages. 

Phage Enzyme activity Percent wild type 

T4D 1.49 100 

269 (42~) 0.70 47 

269-Rlb 0.57 38 

269-R2b 0.56 38 

269-R3b 0.59 40 

Uninfected < 0.03 < 2 

a. Activities are expressed in nmole of dTMP incorporated per 
minute per mg of protein. 

b. Independently isolated am+ revertants of am 269. 
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Table 16. Thymidylate Synthetase Activities 
Phage-Infected E. coli DUO. 

of Extracts Prepared from 

Phage Enzyme activity Percent wild type 

T4D 2.40 100 

C87 (42") 0.37 15 

C87-Rlb 0.67 28 

C87-R2b 0.30 12 

C87-R3b 0.52 22 

Uninfected 0.30 12 

a. Activities are expressed in nmole dTMP synthesized per 
minute per mg of protein. 

b. Independently isolated am+ revertants of am C87. 
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level, respectively, of this enzyme. I am not sure of the reason for 

this discrepancy. The failure of these phage to induce dCMP HMase, which 

I have'observed, is not due to poor phage infections, as bacterial sur

vival was less than 1%, and two other phage enzymes, DNA polymerase and 

thymidylate synthetase, were induced by these phage (as measured in the 

same extracts, Figure 13). The failure of these two mutants to induce 

dCMP HMase has been repeatedly observed in infections of both 12. coli 

DUO (Figure 13) and IS. coli B (Table 17) . 

As shown in Figure 13, the 11 gene 42 mutants tested fall over 

a wide range of map positions. Since all of these mutants, even those 

mapping near either end of the gene, fail to induce dCMP HMase, the active 

enzyme must require most or all of the complete polypeptide. 

Since none of the gene 42 mutants was found to exert a pleiotropic 

effect upon DNA polymerase or thymidylate synthetase, another approach 

was taken to investigate possible interactions of P42 with other proteins. 

This involved purification of dCMP HMase to homogenity and its attachment 

to Sepharose beads to make an affinity column. Binding of T4 and Ê . coli 

proteins to this immobilized enzyme was then investigated in an attempt 

to identify proteins that interact with P42. 

dCMP HMase Purification 

T4 dCMP HMase was purified through the procedure Mathews et al. 

(1964) had used to purify the T6 enzyme. The enzyme was purified from 

extracts of T4 su2-NG485-infected I!, coli B, since this phage overproduces 

dCMP HMase to levels great?.y exceeding those obtained with a DO mutant 

alone (Table 17). The data presented in Table 18 (through the CM-Sephadex 
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Table 17. dCMP HMase Activities of Extracts Prepared from Phage-Infected 
E. coli B. 

Phage Enzyme activity3 Percent wild type 

T4D 7.54 100 

NG93 (42") < 0.07 < 1 

E498 (42") < 0.01 < 1 

NG485 (62") 18.00 240 

su2-NG485 
(reg A, 62~) 

40.70 540 

a. Activities are expressed in nmole of HM-dCMP formed per 
minute per mg of protein. 



Table 18. Purification of T4 dCMP HMase. 

Fraction 
Volume 
(ml) 

Protein 
concentration 

(mg/ml) 

Specific 
activity 

(nmole/min/mg) 

Total activity 

(units x 10 ̂ )a 

Ammonium sulfate 95 28.5 78 422 

DEAE-cellulose 73 1.3 1070 203 

Calcium phosphate 65 0.6 1800 140 

CM-Sephadex 30 0.4 4850 116 

Sephadex G-100 10 1.0 4900 98 

a. A unit is the amount of dCMP HMase which forms 0.01 umole of HM-dCMP in 20 minutes. 



column chromatographic step) show the results of this purification scheme. 

Profiles of protein elution and enzyme activity of the three column 

steps are provided in Figures 14-16. Elution profiles of the T4 enzyme 

were similar in all chromatographic steps to those reported for the T6 

enzyme (Mathews et al. 1964), indicating that the two enzymes are very 

similar. Also, the specific activities of both enzymes after the final 

step are nearly the same (4850 and 4450 nmole/minute/mg for the T4 and 

T6 enzyme, respectively). 

When dCMP HMase from the CM-Sephadex step in purification was 

subjected to electrophoresis on SDS-polyacrylamide gels and stained to 

locate protein bands, there was one major and two minor bands (Figure 17, 

Part A). An additional purification step, gel filtration on Sephadex 

G-100 (Figure 18) yielded a preparation of dCMP HMase which had only a 

single band of protein on SDS polyacrylamide gels (Figure 17, Part B). 

Although this final step has removed the minor contaminants, it has not 

significantly increased the specific activity of dCMP HMase (Table 18), 

attesting to the small amount of these contaminants in the CM-Sephadex 

fraction. 

Molecular Weight Determinations 

Two molecular weight determinations of purified dCMP HMase were 

made. One involved gel filtration on the Sephadex G-100 column used in 

the final purification step. A standard curve obtained by calibration of 

this column with proteins of known molecular weight is shown in Figure 19. 

The elution volume of dCMP HMase yields a molecular weight of 57,000 

daltons (Figure 19). 
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Figure 14. Elution Profile from DEAE-Cellulose Column Chromatographic 
Step in dCMP HMase Purification. 

A unit of enzyme activity is defined in Table 18. 
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A unit of enzyme activity is defined in Table 18. 
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Figure 16. Elution Profile from CM-Sephadex Column Chromatographic 
Step in dCMP HMase Purification. 

A unit of enzyme activity is defined in Table 18. 



Figure 17. Gel Electrophoretic Analysis of Proteins from dCMP HMase 
Purification Steps. 

Proteins from CM-Sephadex and Sephadex G-100 fractions of dCMP HMase 
Purification were resolved on 10% Polyacrylamide gels containing 0.1% 
SDS and analyzed by staining with Coomassie Brilliant Blue. The arrows 
indicate the positions of faint bands in (A). 
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Figure 17. Gel Electrophoretic Analysis of Proteins from dCMP HMase 

Purification Steps. 
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Figure 18. Elution Profile from Sephadex G-100 Gel Filtration Step in 
dCMP HMase Purification. 

The arrow indicates the position of void volume elution (determined with 
Blue Dextran). A unit of enzyme activity is defined in Table 18. 
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Figure 19. Molecular Weight Determination of dCMP HMase by Gel Filtra
tion on Sephadex G-100. 

The arrow indicates the peak of the elution profile for dCMP HMase. The 
volumes of the peaks of elution for each of the known standards were 
used to draw the line. 
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The other molecular weight determination involved sedimentation 

equilibrium. A plot of the logarithm of absorbance at 280 nm vs. the 

2 
square of the distance from the center of rotation (X ) obtained at equi

librium is shown in Figure 20. A line plotted by a least square analysis 

of these points was used to determine the slope of this line. The molec

ular weight calculated with this slope was 63,000. This value was ob

tained from 4 determinations made from two cells with different protein 

concentrations. All values were 63,000 + 500. The least square line 

determined for the data points in Figure 20 had a correlation coefficient 

of 0.9996. This straight line obtained by sedimentation equilibrium, 

along with the single band observed on SDS-polyacrylamide gels (Figure 

17, Part B), provide strong evidence that the enzyme is homogeneous. In 

addition, this straight line demonstrates that no aggregation or dis

sociation of subunits has occurred under the conditions of the sedimenta

tion equilibrium centrifugation. 

The subunit molecular weight was determined under denaturing con

ditions on 10% polyacrylamide gels containing 0.1% SDS. Figure 21 shows 

a plot of relative electrophoretic mobility (R̂ ) vs. molecular weight of 

proteins used for calibration. From this plot the R̂ , value of dCMP HMase 

yields a molecular weight of 27,000. This is slightly higher than the 

value of 25,000 obtained by 0'Farrell et al. (1973) for the P42 protein, 

identified as a band missing in extracts of gene 42 amber mutant-infected 

cells. 

The molecular weight of the native enzyme is 2.1 to 2.4 times the 

subunit molecular weight. This indicates that dCMP HMase is a dimer con

sisting of two subunits of identical molecular weight. Since there is 
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Figure 20. Molecular Weight Determination of dCMP HMase by Sedimenta
tion Equilibrium. 

Data points represent protein concentration (measured from A q̂ q) at the 
indicated distances from the center of rotation (X). 



Figure 21. Subunit Molecular Weight Determination of dCMP HMase by SDS 
Polyacrylamide Gel Electrophoresis. 

Proteins were subjected to electrophoresis in separate wells of a 10% 
polyacrylamide slab gel containing 0.1% SDS. Protein bands were visual
ized by staining with Coomassie Brilliant Blue. Relative electrophoretic 
mobility is the distance the protein migrated in the gel relative to the 
position of the tracking dye (bromthymol blue). 
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Figure 21. Subunit Molecular Weight Determination of dCMP HMase by SDS 
Polyacrylamide Gel Electrophoresis. 
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only one gene for dCMP HMase, and since the size of the gene is consistent 

with the subunit molecular weight (Holmes 1975), dCMP HMase appears to be 

a dimer of identical subunits. This supports genetic evidence provided 

by Holmes that dCMP HMase is a multimeric enzyme. 

Affinity Chromatography 

dCMP HMase was linked to Sepharose beads with CNBr as described 

in Chapter 2. Properties of HMase-agarose, as well as BSA-agarose, car

bonic anhydrase (CA)-agarose and blank agarose are listed in Table 19. 

HMase-agarose had only 38% as much bound protein as BSA-agarose which was 

used as a control to determine non-specific binding for most experiments. 

Because this higher protein concentration could only enhance non-specific 

binding, BSA-agarose was acceptable as a control. The amount of bound 

dCMP HMase is 8-fold lower than the amount of RNA polymerase immobilized 

on agarose by Ratner (1974). However, the molecular weight of RNA poly

merase is about 480,000, or 8 times that of dCMP HMase. Therefore, 

approximately the same number of enzyme molecules are bound in each case. 

Bound dCMP HMase retains 13% the enzymatic activity of the pure 

enzyme (compare Table 18 to Table 19). This compares to 20-25% of the 

initial activity retained by immobilized RNA polymerase (Ratner 1974). 

Since dCMP HMase is smaller than RNA polymerase, the covalent attachment 

would be expected to put more constraint upon the former enzyme, which 

might explain the lower activity of bound dCMP HMase. 

To study the binding of phage proteins to immobilized dCMP HMase, 

14 phage-infected cells were labeled with a C-amino acid mixture and ex

tracts prepared. In order to label only early T4 proteins two precautions 
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Table 19. Properties of Affinity Resins. 

Resin 
Protein concentration 

(mg/ml) dCMP HMase activity3 

HMase-agarose 0.36 625 

BSA-agarose 0.95 5 

CA-agarose 0.44 5 

Agarose 0 -

a. Activities are expressed in nmole of HM-dCMP formed per 
minute per mg of protein. 
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were taken. First, cells were uv-lrradiated prior to infection to pre

vent synthesis of bacterial proteins (O'Farrell et al. 1973). In addi

tion, to ensure that only early proteins were made, a T4 gene 55 mutant 

(am BL292) was used. This phage is able to synthesize all T4 early 

proteins (except P55) and replicates DNA normally (Warner and Hobbs 

1967), but' cannot turn on the transcription of late T4 genes (Bolle et al. 

1968). 

Labeled extracts prepared from BL292-infected I£. coli B were 

passed through HMase-agarose and BSA-agarose columns, which were then 

eluted first with buffer containing 1 M NaCl, then by boiling in SDS as 

described in Chapter 2. Fractions eluted from the columns were analyzed 

by gel electrophoresis and fluorography. Figure 22 shows the fluorograms 

obtained from these experiments. These fluorograms were exposed for 4 

days, which is twice as long as is necessary to expose protein bands in 

extracts under these conditions. The only band present which is clearly 

visible is in the 1 M NaCl elution of both HMase-agarose and BSA-agarose. 

From the relative electrophoretic mobility of this band a molecular 

weight of 24,000 has been determined for the protein it represents from 

the standard curve in Figure 21. This protein also binds to CA-agarose 

and blank agarose (Figure 23) so it must be non-specifically binding to 

the agarose in these columns. 

Careful inspection of Figures 22 and 23 reveals the presence of 

faint bands which can be seen clearly when the fluorograms are exposed 

for longer periods. Figure 24 shows a 3 week exposure of the fluorogram 

from Figure 22. Again, all bands present in elutlons from HMase-agarose 

are also present in the corresponding BSA-agarose fractions. These 



Figure 22. Fluorograms of Affinity Column Elution Fractions from am 
BL292 (55 )-Infected IS. coli B Extracts. 

Fractions from HMase-agarose and BSA-agarose affinity columns, resolved 
on 10% polyacrylamide gels containing 0.1% SDS. The designations lm, 
NaCl and SDS refer to fractions eluted from the columns by buffer con
taining 1M NaCl or by boiling in SDS, respectively. The band indicated 
by the arrow represents a 24,000 molecular weight protein (see text). 
The bands at the bottom represent material which co-migrates with the 
tracking dye. Fluorograms were exposed for 4 days. 
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Figure 22. Fluorograms of Affinity Column Elution Fractions from am 

BL292 (55 )-Infected E. coli B Extracts. 



Figure 23. Fluorograms of 1 M NaCl Elution Fractions from Affinity Columns. 

Fractions from HMase-agarose, BSA-agarose, CA-agarose and blank-agarose. Procedures were as described 
in Chapter 2 except that 0.1 mg/ml of BSA was present in all buffers used to wash and elute the columns. 
The absence of bands at the bottom (see Figure 22) is due to the fact that the tracking dye was run 
off the end of the gel. Fluorograms were exposed for 4 days. 
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Figure 23. Fluorograms of 1 M NaCl Elution Fractions from Affinity Columns, 
H* 
N5 
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Figure 24. Three Week Exposures of Fluorograms_of Affinity Column 
Elution Fractions from am BL292 (55 )-Infected Ê . coli B 
Extracts. 

This experiment is identical to the one in Figure 22 except that 
fluorograms are from 3 week exposures. 
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proteins, then, must be binding non-specifically, since they bind to both 

columns. 

14 
Similar experiments were performed using extracts of C-labeled 

T4D late proteins (Figure 25), IS. coli B proteins (Figure 26) or proteins 

from T4D-infected IS. coli B which had been labeled prior to infection 

(Figure 27). In each case there were no bands in the elutions from 

HMase-agarose which were not also present in the corresponding BSA-

agarose fractions. These fluorograms represent 3 week exposures. With 

short exposures (3 days) none of these bands are visible. All of these 

proteins are binding non-specifically. 

If dCMP HMase interacts strongly with another protein under 

these conditions, it should have been specifically retained by HMase-

agarose. These experiments were run under the same conditions which 

Ratner (1974) had used to detect interactions of phage proteins with 

RNA polymerase. HMase-agarose also had properties similar to Ratner's 

RNA polymerase-agarose (discussed above). Therefore, if dCMP HMase 

interacts with any T4 or IS. coli proteins the interactions must be 

either (1) considerably weaker than those of phage proteins with KNA 

polymerase or (2) interactions which do not occur under this set of 

conditions. 

Investigation of Membrane Fractions 

As discussed in Chapter 1, there is much evidence that DNA repli

cation takes place in a membrane-associated complex, and some T4 gene 

products have been found in membrane fractions. It is possible that the 

involvement of P42 (or PI) in replication involves its interaction with 



Figure 25. Fluorograms of Electropherograms of Late T4 Proteins 
Analyzed by Affinity Chromatography. 

This experiment is identical to the one in Figure 22 except that extracts 
were prepared from T4D-infected cells which were labeled with -̂ C-amino 
acids from 15 to 30 minutes after infection, and cells were not uv-
irradiated prior to infection. Elution fractions from HMase-agarose or 
BSA-agarose. Fluorograms were exposed for 3 weeks. 
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Figure 25. Fluorograms of Electropherograms of Late T4 Proteins 
Analyzed by Affinity Chromatography. 
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HMase- BSA-
agarose agarose 

"m*« 

IM SOS IM SDS 
NaCI NaCI 

Figure 26. Fluorograms of Electropherograms of JE. coli B Proteins 
Analyzed by Affinity Chromatography. 

Elution fractions from HMase-agarose and BSA-agarose. Fluorograms were 
exposed for 3 weeks. This experiment is identical to the one in Figure 
22 except that extracts from uninfected E. coli B were used. 



Figure 27. Fluorograms of Electropherograms of Proteins from T4D-
Infected Ê . coli B which had been Labeled Prior to Infection 
and Analyzed by Affinity Chromatography. 

This experiment is identical to that in Figure 22 except that cells were 
labeled with -̂ C-amino acids for 15 minutes prior to infection. Elution 
fractions from HMase-agarose and BSA-agarose. Fluorograms were exposed 
for 3 weeks. 
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Proteins Labeled Before Infection 

HMase- BSA-
agarose agarose 

IM SOS IM SDS 
NaCI NaCI 

Figure 27. Fluorograms of Electropherograms of Proteins from T4D-

Infected IL. coli B which had been Labeled Prior to Infection 
and Analyzed by Affinity Chromatography. 
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the membrane, or that its interaction with other replication components 

is membrane-mediated. The possibility that P42 or PI are associated with 

membranes was therefore examined by preparing membrane fractions from 

14 
C-labeled phage-infected cells and looking for a membrane protein from 

wild type-infected cells which is absent in gene 42 or 1 mutant-infected 

cells. Two membrane isolation procedures were used, (1) the M-band 

technique (Earhart et al. 1968); and (2) the cell pellet fraction obtained 

after gentle lysis of cells, as described by Huang (1975). Again am 

BL292 (55 ) was used as the control since it produces no late proteins. 

Results of these experiments are shown in the fluorograms in 

Figure 28. Among proteins in membranes, there is a prominent band in 

membranes from BL-292-infected cells that is much heavier than in mem

branes prepared from gene 42 and 1 mutant infected cells (marked with an 

arrow in Figure 28). This protein has a subunit molecular weight of 

about 40,000 (determined from Figure 21) which is significantly higher 

than that of P42 (27,000 see above) or PI (22,000, O'Farrell et al. 

1973). This difference suggests that either the presence of these 

precursor enzymes or active replication is necessary for normal amounts 

of this protein to become associated with the membrane. There are no 

bands present in membranes from BL292-infected cells that are not also 

present in gene 42 and 1 mutant-infected cells. This argues that P42 

and PI are not membrane proteins. 

Results from three different approaches, namely affinity chroma

tography, investigation of membrane fractions, and the search for gene 42 

mutants with pleiotropic effects upon other enzymes, have all failed to 

demonstrate an interaction of P42 with other components in the 



Figure 28. Fluorograms of Electropherograms of Membrane Fractions from 
Phage-Infected Cells. 

Membrane fractions were obtained from cell pellet material or by the 
M-band technique. The arrow indicates the position of a band which is 
heavier in extracts from BL292 (55 ) than from either the gene 42 (N122) 
or gene 1 (B24) mutant-infected extracts. 
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Figure 28. Fluorograms of Electropherograms of Membrane Fractions from 

Phage-Infected Cells. 
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phage-infected cell. A further discussion of this and of the involvement 

of P42 in DNA replication is to be found in Chapter 4. 



CHAPTER 4 

DISCUSSION 

The work presented in this dissertation has provided evidence 

that an enzyme known to participate in DNA precursor metabolism, namely 

dCMP HMase, is also involved in DNA synthesis at the macromolecular level. 

The use of the T4 system has allowed a study of this phenomenon because 

of its unique base, HMC, whose substitution into DNA is dependent upon 

phage-specific DNA precursor enzymes, including dCMP HMase. This work 

has also relied heavily on the use of in vitro DNA synthesis systems, 

which allow an evaluation of replication when nucleotides are supplied 

exogenously to bypass a requirement for precursor enzymes. And finally 

the use of conditional lethal mutants has been invaluable in allowing 

the requirements for these gene products to be evaluated. Although these 

studies have centered around an enzyme which is present only in T-even 

phage systems, the discovery that a DNA precursor enzyme is intimately 

tied to macromolecular DNA synthesis may prove to have general signifi

cance. As will be discussed below, the coupling of DNA precursor and 

macromolecular synthesis may aid in the coordination of these processes 

by allowing a rapid shuttling of DNA precursors to the site where they 

are needed as they are synthesized. 

The Role of P42 In Situ 

As discussed in Chapter 1, the strongest evidence in favor of a 

direct involvement of P42 in DNA replication is the fact that plasmolyzed 

121 
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or toluenized cells previously infected with 42 mutants cannot incor

porate nucleotides into DNA even when the role in precursor provision is 

circumvented by provision of HM-dCTP. However, as stated earlier, this 

may simply reflect a deficiency of polydeoxynucleotide chains to extend 

in vitro because of the failure of replication forks to have been formed 

in vivo. This question has been explored by the use of temperature-

sensitive gene 42 mutants in a plasmolyzed cell system. These phage dis

play a DNA-defective phenotype at the restrictive temperature, even when 

the presence of replication forks is assured by prior infection of the 

cells at a permissive temperature (Figure 10). Thus, P42 must be func

tioning in replication at a step subsequent to that of precursor 

provision. 

A direct involvement of P42 in replication cannot be demonstrated 

in vivo by this approach due to the inability of cells to take up HM-dCTP. 

Nevertheless, I feel that the in situ results accurately reflect the role 

of P42 in vivo because (1) DNA synthesis in this system requires the 

products of the same phage genes, namely 30, 32, 41, 43, 44, 45 and 62, 

that are required for replication in vivo (Wovcha et al. 1973; Dicou and 

Cozzarelli 1973; Collinsworth and Mathews 1974); (2) in situ synthesis 

is completely under the direction of phage proteins, since bacterial 

components fail to direct synthesis when phage gene products are inacti

vated by mutation; (3) the synthesis observed jto situ represents semi-

conservative replication and not repair synthesis (Collinsworth and 

Mathews 1974); (4) newly synthesized DNA hybridizes specifically with T4 

DNA (Collinsworth and Mathews 1974); and (5) DNA synthesis in this system 

is sensitive to N-ethylmaleimide, which inhibits T4 DNA polymerase but 



123 

not JS. coll DNA polymerase I (Collinsworth and Mathews 1974). Because of 

these similarities between in vivo and in situ DNA synthesis, the plas-

molyzed cell system should accurately reflect the role of each replica

tion component, including P42. 

The Role of P42 In Vitro 

Originally it was felt that the cell-free system of Barry and 

Alberts (1972) would not only provide a route for demonstrating a direct 

role for P42 in replication, but would also provide an assay for such a 

second function. Initial experiments with a particular gene 42 mutant 

(which was thought to be N122) seemed to support such a role for P42 and, 

in addition, suggested the existence of a P42-DNA polymerase complex. 

However, when it was later realized that this particular mutant was in 

fact N122/m, which contains an additional DNA polymerase defect, this 

interpretation was no longer valid. Other gene 42 mutants were found 

to be capable of DNA synthesis in this system (Table 10). This argued 

against a direct involvement of P42 in replication. 

How is this discrepancy between the cell-free and in situ systems 

to be explained? As discussed in Chapter 1, the most serious dravback of 

the cell-free system is the detergent treatment used to lyse the cells. 

Much evidence supports the existence of a membrane-bound replication com

plex (see Chapter 1), and the detergent treatment could disrupt this 

complex. The brief duration of synthesis observed with this system (2 

minutes compared to 30 minutes or more with the in situ systems) is con

sistent with the idea that the replication complex has been destabilized 

by the detergent. Tomich et al. (1974) have reported that treatment of 
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plasmolyzed cells with 0.01% Triton X-100 (which is not sufficient to 

cause cell lysis) results in the loss of requirement for P42. These 

data suggest that detergent releases P42 from its position in the repli

cation complex. Implicit to this interpretation is the assumption that 

P42 interacts with other components of the replication complex. As will 

be discussed below, there is some support for such an interaction. 

The cell-free system also gives a less accurate representation of 

in vivo replication than the plasmolyzed cell system. Although the cell-

free system requires many of the gene products that are necessary for in 

vivo replication, there are some differences which make the physiological 

significance of this synthesis questionable. Mutants in several T4 genes, 

particularly the DS genes, which make little or no DNA in vivo (Warner 

and Hobbs 1967) or in situ (Wovcha et al. 1973), direct a considerable 

amount of synthesis in cell-free lysates (Table 7). In addition, Ê . coli 

DNA polymerase I can direct some synthesis in this system (Table 5). In 

contrast, DNA synthesis in plasmolyzed cells is completely under the 

direction of phage proteins, and DNA polymerase I is incapable of direct

ing any synthesis (Wovcha et al. 1973). 

For these reasons I feel that the lack of requirement for P42 in 

cell-free lysates can be explained by non-physiological properties of 

this system which result from the detergent treatment. In plasmolyzed 

cells, which seem to more accurately reflect in vivo replication, P42 is 

required for DNA synthesis. 
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Interactions of P42 With Other Components 

What then is the role of P42 in replication? Possibilities for 

its action include (1) catalysis of a reaction in macromolecular DNA 

synthesis which is completely unrelated to its role in precursor synthe

sis; (2) a non-catalytic role as a structural element of the replication 

complex; or (3) a physical and/or functional coupling of its role in pre

cursor biosynthesis to replication. The first two seem unlikely, at 

least in the step of DNA chain elongation, since rates of synthesis near 

those observed in vivo are obtained with a set of purified phage proteins 

that does not include P42 (Alberts et al. 1975; Morris et al. 1975). 

However, this does not preclude the role of P42 in other replication 

events such as initiation or termination of rounds of replication. The 

third possibility, though, is the most intriguing because it suggests a 

process which may have general significance beyond this specialized phage 

system, namely the coupling of DNA precursor biosynthesis to polydeoxy-

nucleotide chain elongation. This coupling would allow the rapid utiliza

tion of deoxynucleotides as they are synthesized. 

Tomich et al. (1974) have provided some evidence which is sug

gestive of such a coupling of dCMP HMase activity to replication. They 

have shown that dCMP HMase activity in vivo cannot be detected until 

about 5 minutes after infection, several minutes after the enzyme is 

discernible in cell-free extracts. The time of appearance in vivo dCMP 

HMase activity also coincides with the onset of DNA replication. Tomich 

et al. have suggested that an interaction with the replication complex 

is necessary to activate dCMP HMase. In support of this they have found 

that mutations in gene 43 (which codes for DNA polymerase) reduce the in 
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vivo activities of dCMP HMase and thymidylate synthetase. In addition, 

gene 42 mutations decrease the in vivo activity of thymidylate synthetase. 

From these findings, Tomich et al. have suggested that these three 

enzymes interact physically. 

I have attempted to demonstrate a physical interaction of P42 

with other proteins by two approaches. In the first approach I reasoned 

that if dCMP HMase did interact with thymidylate synthetase or DNA poly

merase, a defective P42 may inactivate either of these enzymes. Thus, a 

gene 42 mutation might exert a pleiotropic effect upon these enzymes, as 

discussed in Chapter 1. Several gene 42 mutants which have been mapped 

at a range of locations in the structural gene were investigated and some 

were found which had an additional defect in one or the other of these 

enzymes (Figure 13). However, I found that these defects were second-

site mutations rather than pleiotropic effects of the gene 42 mutation, 

since these defects remained after reversion of the gene 42 mutation 

(Table 15 and 16). Although this approach has failed to demonstrate in

teractions between these enzymes, it does not rule them out. In order 

for a defective P42 to inactivate another enzyme it would have to bind 

tightly and remain associated to that enzyme. However, as will be dis

cussed below, any interactions involving P42 and these other enzymes are 

probably not of sufficient strength to produce this effect. This may 

account for the failure to detect any pleiotropic 42 mutants. 

Using an approach somewhat different than this, Karam and Chao 

(1975) have found that a particular gene 43 mutation will suppress a 

particular gene 42 mutation. The rationale behind this approach was dis

cussed in Chapter 1. If it can be demonstrated that this suppression is 
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a result of Interaction between the two mutant proteins, it will provide 

evidence that these two gene products interact in vivo. However, first 

one must ascertain that this is not due to overproduction of the two 

enzymes. 

The other approach I used to study the interaction of P42 with 

other proteins involved studies with purified dCMP HMase. In order to do 

these studies I had to first purify dCMP HMase to homogeneity. 

dCMP HMase Purification 

I have purified dCMP HMase to homogeneity as judged by two cri

teria, (1) the fact that it gives a single band of protein upon SDS-

polyacrylamide gel electrophoretic analysis, and (2) in sedimentation 

equilibrium centrifugation a plot of the logarithm of protein concentra

tion vs. square of the distance from the center of rotation yields a 

straight line. The subunit molecular weight was determined to be 27,000 

by SDS polyacrylamide gel electrophoresis. The molecular weight of the 

native enzyme was determined to be 63,000 by sedimentation equilibrium 

centrifugation and 57,000 by gel filtration through Sephadex G-100. 

These values are 2.4 and 2.1 times the subunit molecular weight, re

spectively. Since there is only one gene for dCMP HMase, and since the 

size of this gene is consistent with the subunit molecular weight (Holmes 

1975), and since there is only a single protein band on gels under de

naturing conditions, dCMP HMase must be a multimer of identical subunits. 

The above data are most consistent with the existence of the native enzyme 

as a dimer. This confirms the results of a genetic approach by Holmes 

(1975) which suggested that dCMP HMase is multimeric. 
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The fact that no other proteins co-purify with dCMP HMase indi

cates that at least the major form of the enzyme is not part of a tightly 

associated complex, such as the complex formed by P44 and P62 (Barry and 

Alberts 1972). 

There was an interesting observation that arose from the enzyme 

purification, which suggests that multiple forms of dCMP HMase exist. In 

the calcium phosphate column chromatographic step there was a shoulder of 

dCMP HMase activity which eluted behind the major peak of enzymatic activ

ity (Figure 17). This shoulder has been observed in 2 separate purifica

tions and has also been observed by Warner (1976). The nature of this 

apparent molecular heterogeneity is not known, although when the two 

fractions were pooled and chromatographed together on the CM-Sephadex 

column, a single peak of enzyme activity was observed. In addition, when 

a sample from the calcium phosphate "shoulder" fraction was analyzed for 

proteins by SDS-polyacrylamide gel electrophoresis, one major band of the 

same electrophoretic mobility as pure dCMP HMase, and several minor bands 

were observed. However, all of these minor bands contained less than 

one-tenth as much protein as the major band, judging from staining inten

sities with Coomassie Brilliant Blue. For these reasons I do not think 

this material represents dCMP HMase associated with another component. 

During purification of the T6 enzyme, Mathews et al. (1964) observed an 

additional peak of dCMP HMase during the CM-Sephadex column chromatography 

step. In two separate purifications I have failed to see this with the 

T4 enzyme. Mathews et al. also did not see the shoulder of activity in 

the calcium phosphate purification step. It is not known whether these 

represent differences between the T4 and T6 enzymes or slight differences 
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in these purification steps. The fact that the major peaks of both en

zyme activities behave the same in all of these steps argues against the 

former possibility. Whether these additional forms of dCMP HMase are in

volved in the complex role of P42 in replication remains to be seen. 

Affinity Chromatography 

The technique of affinity chromatography using a protein im

mobilized on agarose beads has been successfully applied by Ratner (1974) 

to study the interaction of phage and IS. coli proteins with IS. coli and 

T4-modified E_. coli RNA polymerases. I have used this same approach with 

dCMP HMase. As discussed in Chapter 3, HMase-agarose exhibited properties 

similar to the RNA polymerase-agarose prepared by Ratner, except that the 

relative specific activity of immobilized dCMP HMase was only 50 to 65% 

as high as that of immobilized RNA polymerase. However, it was felt that 

this activity was sufficient to allow the use of this resin for affinity 

chromatography. 

Extracts containing radioactively labeled T4 proteins, 12. coli 

proteins, or proteins from phage-infected cells which had been labeled 

prior to infection were each examined. Although some proteins were bound 

by HMase-agarose, they were also bound by BSA-agarose which was used as 

a control. No specific binding to dCMP HMase was observed (Figures 22-

27). 

Since I have failed to detect any proteins which specifically 

bind to P42 by affinity chromatography, it is relevant to ask what kind 

of binding one would expect under those conditions. Ratner had observed 

the binding of several phage proteins, namely P33, P45 and P55, as well 
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as the 12. coli RNA polymerase subunlt, to immobilized RNA polymerase. 

With he exception of P45, all of these proteins can be co-purified with 

RNA polymerase and therefore must be associated relatively tightly. The 

failure to detect any specific binding of proteins to P42 argues against 

the tight association of P42 to another protein, but does not exclude the 

possibility of weaker interactions. 

It is possible that the association of P42 with other proteins 

involves hydrophobic interactions. Such interactions would not occur in 

the aqueous environment used in these studies. Since there is much evi

dence supportive of a membrane-bound replication complex (see Chapter 1), 

the possibility that P42 is present in the hydrophobic environment of the 

membrane was investigated. I was unable to detect P42 in membrane frac

tions prepared by two different procedures (Figure 28). Thus, I could 

not provide support for a membrane-mediated interaction of P42 with 

replication components. 

Despite the inability to detect the association of P42 with other 

components, I still feel that such interactions do exist, although my data 

suggest that they must be relatively weak. As discussed above the re

sults of Tomich et al. (1974) and of Karam and Chao (1975) as well as my 

data are best explained by physical interactions of P42 with other 

replication components. In the following section I will discuss how all 

available data can be explained by a model in which P42 exists as a com

ponent of a multi-enzyme complex. 
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A Model for P42 Involvement in Replication 

The work described in this dissertation has shown that P42 is 

directly involved in DNA replication at the macromolecular level in addi

tion to its previously known role in precursor provision. Tomich et al. 

have also shown that dCMP HMase does not become active in vivo until 

replication begins, which is several minutes after it is first synthe

sized. These data suggest that P42 is involved in the coupling of DNA 

precursor and macromolecular synthesis, and that the second function of 

P42 may in fact be a manifestation of its first function. Much of the 

available data can be explained by the existence of a complex of DNA 

precursor enzymes which contains P42 and which works in association with 

the DNA replication complex to provide nucleotides at the site of repli

cation as they are needed. 

The existence of such a complex could provide an explanation for 

the difference between lysed and unlysed cell preparations with respect 

to the requirement for P42. Perhaps in plasmolyzed cells, as in intact 

cells, nucleotides get to the replication fork only through this precursor 

complex. A defective P42 then could prevent precursors from reaching the 

fork. However, if detergent treatment separates this precursor complex 

from the replication apparatus, a defective P42 would have no effect upon 

replJ cation. This would also explain the ability of replication in vitro 

with purified phage proteins to proceed at an in vivo rate in the absence 

of P42 (and any other proteins in this complex). 

The fact that intracellular levels of deoxyribonucleotides are 

much lower than those of ribonucleotides, even though replication occurs 

at a much more rapid rate per growing chain than transcription, can also 
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be explained by the existence of a DNA precursor-synthesizing complex. 

This would allow a functional compartmentation so that, although the cel

lular concentrations of DNA precursors would be low, the effective con

centration at the site of utilization would be high. This would be par

ticularly advantageous to T4 because of its tremendous rate of replica

tion which puts an increased demand upon precursor provision, relative to 

the uninfected cell. The coupling of precursor and macromolecular DNA 

synthesis might also be advantageous to a cell which only replicates DNA 

during certain intervals, since precursor synthesis could be shut off 

when replication is not occurring to prevent unnecessary synthesis of the 

molecules. 

If such a complex exists, what other enzymes might it contain? I 

have already discussed the data of Tomich et al. which suggest an inter

action of thymidylate synthetase with P42, perhaps in this complex. The 

product of gene 1 is also a likely component of this complex. PI behaves 

very much like P42 in the in vitro systems, since it is not required in 

the Barry-Alberts system (Table 14), and is apparently required in situ 

(Wovcha et al. 1973; Dicou and Cozzarelli 1973; Collinsworth and Mathews 

1974). Since no gene 1 ts_ mutants are available, it cannot yet be con

clusively determined that this apparent requirement is not due to the 

absence of replication forks. However, PI catalyzes the step immediately 

after the dCMP HMase reaction in precursor provision (Figure 1), so it 

appears likely that its requirement for in situ synthesis is similar to 

the P42 requirement. The best explanation for the similar effect these 

two precursor enzymes exert on macromolecular synthesis is that they both 

exist in the postulated precursor-synthesizing complex. 
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Although no data exist yet, any of the other phage precursor en

zymes are also likely components of this complex. In addition, any host 

enzymes which are involved in phage DNA precursor provision (Figure 4) 

could also be components of the complex. Mathews (1976b) has provided 

evidence that the IS. coli nucleoside diphosphate kinase, which catalyzes 

the final step in precursor synthesis, Is subject to new controls fol

lowing phage infection. Thus, it deserves prime consideration as a com

ponent of this complex. 

Further investigations should be aimed at the identification of 

those components which interact with P42. One possible approach is to 

investigate the rapidly-sedimenting (through sucrose gradients) form of 

P42 observed by Chiu and Greenberg (1968). Perhaps gentle purification 

techniques will allow isolation of this material. Another approach is to 

cross-link proteins with an agent that only links closely associated 

components. If successful, this will allow identification of precursor 

enzymes that interact with one another. The genetic approaches discussed 

in Chapter 1 might alfo be fruitful, either in the demons t- rat ion of these 

interactions or in the proof of their physiological significance. 

As a closing comment I would like to add that P42 is the first 

DNA precursor enzyme shown to be directly involved in replication at the 

macromolecular level. If it turns out that this is a general phenomenon 

and that precursor synthesis is physically coupled to DNA chain elonga

tion, the bacteriophage T4 system will have added further to its already 

extensive list of major contributions to the understanding of DNA 

replication. 
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