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INTRODUCTION 

The purpose of this research was to establish the 

presence of DNA polymerase in Neurospora crassa and to com

pare the activities of the polymerase enzyme between the 

various strains of Neurospora selected for this study. 

To understand how a complex polynucleotide such as DNA 

is assembled by a cell, one may study known enzymatic mech

anisms for the synthesis of simpler nucleotide derivatives, 

such as coenzymes (Lehman et al 1958). Coenzymes, whether 

composed of adenosine, uridine, guanosine, or cytidine 

nucleotides, are formed by a nucleotidyl transfer from a 

nucleoside triphosphate to the phosphate ester which pro

vides the coenzymatically active portion of the molecule 

(Kornberg 1957a, Kornberg 1957b, Kornberg 1961 and Lehman 

et al 1958). This condensation, which has been regarded 

as a nucleophilic attack on the innermost or nucleotidyl 

phosphorus of the nucleoside triphosphate, results in the 

attachment of the nucleotidyl unit to the attacking group 

and in the elimination of inorganic phosphate. By analogy, 

the development of a DNA chain might entail a similar con

densation, such as between a deoxynucleoside triphosphate 

with · the hydroxyl group of the deoxyribose carbon 3 of 

another deoxynucleotide (Lehman et al 1958). 

- 1 -



- 2 -

Within recent years, much has been learned about 

t h-e me ch an i s m of en z y mat i c syn the s i s in vi tr o of po 1 y-

d e ox yr i b on u cl e o tides in bacterial, mammalian, and other 

living systems. The major breakthrough in understanding 

DNA biosynthesis came with the work of Kornberg et al 

(1957a, 1957b) who used a highly purified polydeoxy

nucleotide synthesizing enzyme from Escherichia coli. 

In an earlier report Kornberg et al (1956) described an 

enzyme system, obtained from extracts of .L.. coli, which 

catalyzed the incorporation of deoxyribonucleotides into 

DNA. Purification of the DNA polymerase showed that all 

four of the naturally occurring deoxynucleotides, in the 

form of triphosphates, were required. In addition 

polymerized DNA and Mg++ were found to be indispensable 

for the reaction. Deoxynucleoside diphosphates were 

found to be inactive, and as a further indication of 

specificity of the DNA polymerase for the triphosphates, 

the synthesis of DNA was accompanied by a release of 

inorganic pyrophosphate. To reverse the reaction it is 

necessary to add inorganic pyrophosphate. These consid

erations led to a provisional formulation of the reaction 

as follows: 



n dAPPP 

n dGPPP 

n dCPPP 

n dTPPP 

+ DNA Primer 

(Bessman et al 1958). 
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Mg++ 

dAP 

dGP 
DNA 

dCP 

dTP n 

+ 4(n)PP 

The enzyme responsible for catalyzing this reaction 

was originally termed DNA polymerase, but in accordance 

with the recommendation of the Commission on Enzymes of 

the International Union of Biochemistry, it is referred to 

as DNA nucleotidyltransferase EC 2.7.7.7 (Keir 1965). 

Shortly after the earlier reports on the h . coli enzyme 

it became clear that mammalian tissues as well as bacteria 

also apparently contain an enzyme that catalyzes a similar 

reaction (Keir 1965). 

Enzyme preparations displaying the general properties 

of DNA nucleotidyltransferase activity have been obtained 

from Mycobacterium smegmatis (Winder et al 1968), sea 

urchin embryos (Leob 1969), Escherichia coli (Richardson 

et al 1964), Micrococcus lysodeikticus (Zimmerman 1966), 

Bacillus subtilis (Falaschi and Kornberg 1966), Ehrlich 

ascites tumor cells (Roychoudhury and Bloch 1969a, 

Roychoudhury and Bloch 1969b), rat Walker tumor cells 

(Wang 1968), rat liver mitochondria (Meyer and Simpson 

i9t>On, Mey-er nnd Simpson 1968b, Kalf and Ch'ih 1968), 
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embryonic muscle (O'Neill and Strohman 1969), FV3-infected 

BHK cells (McAuslan and Kuchera 1968) and human lymphocytes 

(Loeb et al 1968). Since purification of the DNA polymerase 

from mammalian tissues is very difficult, the enzyme has 

been purified from only a few tissues. This purification 

of the enzyme was accomplished about fifty fold by means of 

precipi~ation, ammonium sulfate fractionation, and passage 

through DEAE cellulose (Keir 1965). Requirements for the 

reaction are a divalent metal cation, a primer or template 

(DNA), an optimum pll of 7.5 and all four deoxyribonucleoside-

5'-phosphates (Keir 1965) . . 

According to Hurwitz and August (1963) the reactions 

catalyzed by the RNA and DNA polymerase enzymes have many 

similarities. These include the following: (1) A require-

ment for the four nucleoside triphosphates and marked syn

thesis reduction when any one of these is omitted, (2) In

organic pyrophosphate exchange dependent on DNA but not on 

all four nucleoside triphosphates, (3) Identical incorpora

tion of analogs of nucleoside monophosphates in place of 

naturally occurring ones, (4) Complementary relationship of 

the product to primer DNA in a manner corresponding to the 

complementary base model proposed by Watson and Crick (1953) 

for native DNA, (5) Synthesis of new strands with opposite 

polarity, and (6) Inhibition by Actinomycin D and Proflavin. 
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From the extensive studies conducted by Pollard et al 

(1955) on the effects of radiation on a wide variety of 

living systems, an important observation emerged pertaining 

to the quantitative relationship between DNA content and 

the radiation sensitivity of viruses, bacteria, mammalian 

and plant cells. The results of these studies showed that 

radiation may produce chemical lesions in the DNA of living 

systems which cause death of the organism (Pollard et al 

1955). Clearly DNA is an important site of the action of 

radiation on all living systems (Kanazir 1969). This 

appears to be a phenomenon of universal importance and of 

considerable interest to the understanding of radiation 

effects on living systems. It has also been shown that 

DNA carries genes determining the capacity of living systems 

to repair radiation-induced damage and to overcome struc

tural defects occurring within its own structure (Pettijohn 

and Hanawalt 1964, Setlow and Carrier 1964). 

Excision repair, which occurs in the dark, is an 

alternate mechanism whereby the damaged DNA portion (dimer) 

is physically removed from DNA. Presumably this occurs by 

the introduction of two single strand breaks, releasing a 

single stranded oligonucleotide (Richardson 1969, Yarus 

1969, Witkin 1969a, Witkin 1969b, Dalrymple et al 1968). 

According to one model (Howard-Flanders et al 1966, 
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Ebisuzuki 1969) the gap produced by excision of the DNA 

s~gment bearing the pyrimidine dimer is first enlarged some

what by controlled exonuclease degradation, and is then 

filled by "repair synthesis," that is, by repolymerization 

of the missing nucleotides by a DNA polymerase which uti

lizes the bases opposite the excised segment as a template. 

Evidence. for the occurrence of repair synthesis was first 

provided by Pettijohn and Hanawalt (1964). The fin a 1 step 

in excision repair is probably the sealing of the remaining 

backbone break by a DNA ligase (Gellert 1967, Weiss et al 

1967, Olivera et al 1967, Gefter et al 1967). Excision 

repair is apparently not specific for pyrimidine dimers 

since DNA damage produced by nitrogen mustard (Bridges and 

Munson 1966), by 4-nitroquinoline (Kondo 1968), by mitomycin C 

(Boyce and Howard-Flanders 1964), or by nitrous acid (Howard

Flanders and Boyce 1966) may be repaired by the same mech

anism or at least by a mechanism sharing some of the same 

steps. 

The simplest model for the enzymatic dark repair of 

damaged DNA in E. coli involves a "three step" process. 

First, a single strand incision occurs near the damage, by 

an endonuclease, which recognizes structural distortions 

in DNA (Setlow and Carrier 1964, Boyce and Howard-Flanders 

1964). This is followed by repair replication with con

current excision of the damaged strand using the undamaged 
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strand as a template (Kelly et. al 1969) which leads to the 

rejoining of the repaired segment to the contiguous parental 

DNA strand by the polynucleotide ligase (McGrath and 

Williams 1966, Gellert 1967; Olivera and Lehman 1967). 

DNA polymerase from E. coli exhibits properties in 

vitro (Kelly et al 1969) which identify it as the enzyme 

which probably performs the repair replication in vivo. 

It shows a 5'-exonucleolytic activity which results in the 

release of UV induced pyrimidine dimers and a concurrent 

polymerization of new nucleotides to fill the resultant 

gap (Kanner and Hanawalt 1970). If this enzyme does per

form repair replication in vivo, it would be predicted 

that a mutant strain defective in this enzyme would be 

sensitive to UV and would exhibit abnormalities in the 

excision-repair process • . A mutant with an altered DNA 

polymerase has been isolated and partially characterized 

by De Lucia and Cairns (1969). The mutant which was des

ignated polAI- showed little or no DNA polymerase activity 

in extracts (Monk et al 1971). The mutant was more sensi

tive than the parent to UV irradiation and to methyl 

methanesulphonate. · Genetic an~lysis has shown that a 

single recessive amber mutation is responsible for the 

absence of DNA polymerase activity and increased radiation 

sensitivity (Gross and Gross 1969). Amber mutations are a 
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result of a base substitution which converts a codon 

specifying an amino acid into UAG, which signals chain 

termination (King 1968). The existence of such a mutant 

strain suggests, but does not prove, that DNA polymerase 

plays a role in DNA repair, but not in DNA replication 

(Monk et al 1971, Paterson et al 1971), 

The mechanism for DNA repair may be related to the 

mechanism of genetic exchange (Howard-Flanders and Theriot 

1966). It has been suggested that the process of recombi-

nation may be completed by local DNA repair synthesis on 

either side of the overlap and that certain of the enzymes 

involved may serve in both genetic recombination and in 
. . 

repair after irradiation (Howard-Flanders and Theriot 

1966). Isolation of mutants of h coli K-12, which have 

lost the ability to form recombinants when mated with 

suitable donor strains, were found to be highly radio

sensitive (Clark and Margulies 1965, Howard-Flanders and 

Theriot 1966). These mutants are able to accept genetic 

material normally, but it appears that they may be defec

tive in the process of integrating the donor DNA into the 

recipient chromosome (Rec-) (Howard-Flanders 1968). 

It is presently thought that there are two "pathways" 

of dark repair of UV damage in L.. coli. One of these 

processes, excise repair, requires the ability to excise 
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pyrimidine dimers, blocked in uvr- mutants. In the other 

pr9cess, rec-A-mediated repair is independent of uvr func

tions, but depends on the product of the rec-A gene which 

is also required for genetic recombination (Howard-Flanders 

1968). Each repair system alone is able to handle a large 

proportion of the dimers introduced by UV irradiation. If 

both systems are inactive; however, in a rec-A-uvr- double 

mutant, cells are killed by the introduction of one or two 

dimers/genome (Howard-Flanders 1968). 

Monk et al (1971) found that the UV sensitivity of the 

polAluvrA6 double mutant is only very slightly greater than 

the sensitivity of the uvrA6 single mutant. This result is 

in striking contrast to that obtained with uvr-recA- double 

mutants whose sensitivity is the product of the sensi

tivities of strains carrying the component single mutations 

(Howard-Flanders 1968)~ It indicates that the pol- muta

tion confers sensitivity to UV by reducing the efficiency 

of the excision-repair pathway, but does not significantly 

affect the ability to overcome the lethal effect of un

excised dimers by way of recA+ repair pathway. The same 

conclusion has been reached by Kato and Kondo (1970). 

Monk et al (1971) observed that pre-irradiated pol 

cells have greatly reduced ability to support the growth 

of the phage~, whereas the pol-uvr- double ·mutant has the 
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high capacity of uvr- cells. Since uvr- cells are unable 

to _ carry out the initial incision at a dimer the defect in 
,. 

pol- cells must be in a "step after" incision. The same 

inference may be drawn from the fact that the DNA of polAl 

cells, which hav~ been incubated after irradiation, has B 

lower average molecular weight than the DNA of similarly 

treated pol+ cells (Kanner and Hanawalt 1970, Boyle et al 

1970). 

Boyle et al (1970) observed that the rate and final 

extent of dimer excision are essentially normal in polAl 

cells. This finding indicates that the UV sensitivity of 

pol- cells is not due to their inability to excise dimers. 

It would seem likely that the step which is defective in 

pol- cells, is the repair of tbe gaps resulting from 

excision~ All evidence for the increased radirisensitivity 

introduced by the polA mutation indicates that the lack of 

· DNA polymerase activity leads to the rampant action of an 

exonuclease which, by causing extensive DNA degradation, 

prevents the detectable patching of 9aps in the DNA and the 

sealing of breaks by the strand-joining enzyme, polynucleotide 

ligase (Paterson et al 1971). Although the identity of the 

enzyme responiible for the observed DNA degradation in the 

mutant remains obscure, Paterson et al (1971) reported data 

consistent ·wit"h the notion that the presence of the pol .l\1-
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mutation leads to a defective DNA polymerase possessing a 

re~uced capability to perform repair synthesis while 

retaining normal exonuclease activity. In fact, an acylated 

derivative of DNA polymerase has been reported to possess 

these very properties in vitro (Kornberg 1969). 

In a · cell free extract of,[:_ coli polA- (DNA polymerase 

negative). mutant, most of the residual DNA synthesizing 

activity is associated with a fast sedimenting cellular 

component, most probably the cell membrane (Knippers and 

Stratling 1970). This complex can perform several functions 

characteristic of DNA replication and prdduces new DNA 

semiconservatively at a polymerization rate close to that 

observed for DNA replication in vivo (Smith et al 1970). 

In this membrane system, however, DNA is replicated for 

only a few minutes. The enzyme which has been solubilized 

and characterized from this system is called DNA 

polymerase II, whereas the enzyme described by A. Kornberg 

(1969) is referred to as DNA polymerase I (Knippers and 

Stratling 1970). In the search for novel polymerase activ

ities, attention has focused on the DNA-synthesizing 

capabilities of the bacterial membrane (Becker and Hurwitz 

1971). Isolated membrane fractions from bacteria (Ganesan 

19<,nn, Ganesan 1968b) and T4-infected E. coli (Frankel et 

al 1968) catalyze DNA synthesis. Analysis rif the products 
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of this synthesis (Ganesan 1968b), as well as genetic and 

pharmac~logical manipulation (Frankel et al 1968), suggests 

that the polymerase activities of isolated membrane frac

tions differ from the usual activity encountered in the 

soluble component of cell extracts. Studies of this type 

can be complicated by contaminating concentrations of DNA 

polymerase. 

Recently, Smith et al (1970) and Knippers and Stratling 

(1970) used the DNA polymerase-deficient mutant to test the 

replicative capacity of isolated DNA-membrane-cell wall 

complexes. Using methods of Iysis designed to preserve 

the association of endogenous chromosomes and their replica

tive apparatus, these workers have shown that the isolated 

complexes can catalyze the continuation of semiconservative 

replication of both bacterial and phage ¢Xl74 DNA for a 

limited period of time. The complex catalyzing this syn

thesis is separable on sucrose density gradients from the 

soluble DNA polymerase that catalyzes the usual repair-like 

synthesis. The rate of DNA synthesis, generated in the 

membrane structure, is considerably greater than that Which 

has been achieved with DNA polymerase in vitro and it is 

comparable to rates of replication observed in vivo (Smith 

et al 1970). According to Becker and Hurwitz (1971), 

deoxyribonucleoside triphosphates appear to ·be the precursors 
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for polymerization; a partial requirement for ATP suggests 

th~t the process may be energy dependent. The replication 

complex is sensitive to both ultrasonic treatment and 

exposure to parachloromercuribenzoate which are features 

that distinguish it from the soluble polymerase of!.:_ coli. 

DNA polymerase II can be distinguished from DNA 

polymerase I by several criteria, including its sensitivity 

to thiol reagents, to ionic strength, and to antiserum 

directed against DNA polymerase I (Kornberg and Gefter 

1972). Compared with DNA polymerase I, the specific 

activity of pure DNA polymerase · II is less than IO% and 

there are fewer than 25% as many molecules (Kornberg and 

Gefter 1972). DNA polymerase II has bee.n purified 27,000-

fold in high yield by alumina grinding, polyethyleneglycol-
,. 

dextran phase partition, an~ chromatography on diethyl-

aminoethyl~cellulose and phosphocellulose column from 

Escherichia coli polA- (DNA polymerase I negative strain) 

endo 1- (Wickner et al 1972a). DNA polymerase II does 

bear strong resemblance to DNA polymerase I with regard 

to its catalytic properties. Like DNA polymerase I, DNA 

polymerase II catalyzes the template~directed synthesis of 

DNA in the 5' to 3' direction by covalent attachment of ihe 

product to the primer. DNA polymerase II also catalyzes 

the exonucleolytic degradation of single stianded DNA from 
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the 3' end; but unlike DNA polymerase I, hy~rolysis of DNA 

from the 5' end is not observed (Wickner et al 1972a, 

W i ck n er e t a 1 1 9 7 2 b ) • DNA po 1 y mer a s e I I ha s a s e d i m e·n ta-

· ti on rate in high or low ionic strength and a migra~ion on 

gel filtration consistent with a molecular weight of ap

proximately 120,000 • . Based on the extent of purification 

there are .fewer than 17 molecules of DNA polymerase II per 

b act er i um. Thi s amount o f enzyme can account for ,the 

incorporation into DNA of 800 deoxynucleotide residues 

per min per cell under optimal assay conditions._ The in 

vivo rate of DNA synthesis is approximately 3 x 105 

nucleotides incorporated into DNA/min/bacterium (Wickner 

et al 1972a). 

The template requirements of DNA polymerase II and the 

nature of the product formed have been investigated. 

Native, or fully single stranded DNA, are poor templates 

for the incorporation of deoxynucleotides (Wickner et al 

1972b). The activity is not improved by sonication or 

treatment of native DNA with micrococcal nuclease, 

Neurospora endonuclease or low levels of deoxyribonuclease I. 

An excellent DNA template is produced by treatment of 

native DNA with exonuclease Ill or large amounts of DNase I. 

Neurospora endonuclease converts these excellent templates 

into poor templates (Wickner et al 1972b). 



- 15 -

Several facts suggest that DNA polymerase II may · not 

be !esponsible for the replication of . DNA in viv~: 

(a) Several mutants of JL.. coli temperature sensitive for 

DNA replication have normal DNA polymerase II (Moses and 

Richardson 1970a); (b) a Mutant of I.,.. coli produces, by 

aberrant septation, small cells (called minicells) which 

are compl~tely lacking in chromosomal DNA. These minicells 

contain both DNA polymeraie I and DNA prilymerase II at 

specific activities about half those of whole cells indi

cating that neither polymerase is continually associated . 

with the c e 11 chromosome ( Wi c_k n er et a 1 197 2 a ) ; ( c ) DNA 

polymerase II contains, probably as part of the same 

molecule, an exonuclease activity which degrades single 

stranded DNA from its 3' end to its 5' end. It has been 

shown that this activity would allow DNA polymerase II to 

carry out a repair function, excising mismatched regions 

at the 3' ends of polynucleotide chains and replacing them 

(Wickner et al 1972b; Gefter et al 1972) • . 

The residual polymerase activity detectable in 

extracts of ,h coli polAl have been resolved into two 

enzymes: polymerase II (Kornberg and Gefter 1970, Kornberg 

and Gefter 1972, Moses and Richardson 1970a, Moses and 

Richardson 1970b, Knippers and Stratling 1970, Knippers 

1970, Wickner et al 1972a, Wickner et al 1972b) and 
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polymerase III (Kornberg and Gefter 1970, Campbell et al 

197~). In a survey of mutants temperature-sensitive for 

DNA synthesis, dnats, Gefter et al (1972) found that 

strains with a mutation at the dnaE locus contained a 

thermolabile polymerase III. I.:_ coli strains with thermo

sensitive mutations at the dnaE locus are temperature 

sensitive -for DNA synthesis and for viability. DNA 

polymerase III is mutationally altered in these strains; 

both polymerases I and II are unrelated to DNA polymerase 

III and that DNA polymerase III is essential for viability, 

independent of the presence of DNA polymerases I and II. 

When the dnaE gene product has partially purified, using 

an in vitro complementation assay for replication, it was 

shown that the purified fraction had polymerase III activ

ity. It therefore seems that polymerase III is essential 

for DNA replication (Goebel 1972, Campbell et al 1972). 

The most distinctive feature of DNA polymerase III is 

the rate at which it can synthesize DNA (Kornberg and 

Gefter 1972). Contrary to previous reports that extracts 

from the polA- mutant strain retain less than 1% of DNA

polymerizing capacity of wild type h coli (De Lucia and 

Cairns 1969, Kornberg and Gefter 1970, Gefter et al 1972, 

Moses and Richardson 1970c, Knippers 1970, Wickner et al 

1972a), Kornberg and Gefter (1972) have found that cell-free 
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extracts of the polA- mutant, assayed under conditions 

opti~al for DNA polymerase III activity, possess DNA 

synthesizing activity approximately equal to that amount 

me~sured in pol+ cells. The molecular weight of DNA 

polymerase III is approximately 140,000. ,· There are approx

imately 10 molecules of DNA polymerase III per bacterial 

cell (Kornherg and Gefter 1972). Relative to DNA 

polymerases I and II, of which there are approximately 

400 (Richardson et al 1964) and 100 (Kornberg and Gefter 

1970) molecules, respectively, per bacterial cell, the 

rate of synthesis of DNA polymerase III is greater than 

the rate of synthesis catalyzed by DNA polymerase I and II 

by a factor of 15 and 300, respectively (Kornberg and 

Gefter 1972). The total activity of DNA polymerase III 

is sufficient to account for the in vivo rate of replica

tion. 

DNA polymerase III closely resembles DNA polymerases 

I and II with regard to its catalytic properties. The 

enzyme is not capable of de novo chain initiation using 

either single-stranded synthetic polynucleotides or single

stranded circular DNA as templates. Both can be rendered 

active if a primer (ribo or deoxyribo) with a free 3'

hydroxyl is provided. Synthesis can proce~d in the 5' and 
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3' direction by covalent linkage of the product to the 

3'-~ydroxyl end of the primer (Kornberg and Gefter 1972) • 

. DNA polymerase III possesses an associated nuclease 

which catalyzes the degradation of single-stranded DNA 

exonucleolytically from the 3' end. Neither DNA polymerase 

II nor DNA polymerase III can utilize single-stranded 

natural DNA templates or DNA with single strand scissions. 

None of the polymerases can achieve the replication of 

native, duplex DNA. All perform a "repair" function with 

great efficiency (Kornberg and Gefter 1972). 

For phage-induced DNA polymerases, the arguments 

concerning the involvement of these enzymes in replicative 

synthesis are weighted in opposite diiections. Single 

step mutations in gene 43 of phage T4 abolish DNA synthesis 

and lead to the appearance of a defective DNA polymerase 

(DeWaard et al 1965, Warner and Barnes 1966). Similar 

results were obtained for phage T5. In T4, abnormal gene 

43 products can be mutagenic during phage replications 

(Speyer 1965, Speyer et al 1966, Drake and Allen 1968). 

The mutagenic action is reflected in vitro by an increase 

in the frequency of base-selection errors during DNA 

synthesis catalyzed by polymerase isolated from the abnormal 

T4 (Hall and Lehman 1968). Speyer and Rosenberg (1968) 

have shown that T4 mutants thermosensitive in · gene 43 
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function are unimpaired in their capacity to repair UV 

dam~ge, and that the expression of their mutagenic pheno

type is not dependent on recombinational events (Becker 

and Hurwitz 1971). Though results of this sort cannot 

identify T4 polymerase as the primary replicative enzyme, 

an important participation of polymerase in T4 replication 

cannot be denied. 

A mitochondrial RNA polymerase has recently been 

purified from sonicates of Neurospora mitochondria by 

repeated glycerol gradient centrifugation ·(Kuntzel and 

Schafer 1971). The enzyme is inhibited by rifampicin but 

not by a-amanitin, is inactivated by most standard pro

cedures for enzyme purification, and appears to consist of 

a single polypeptide chain with a molecular weight of 

64,000 (Borst 1972). Its mitochondrial origin seems beyond 

doubt, because it has a strong preference for Neurospora 

mtDNA over calf thymus DNA as template. RNA synthesis by 

intact Neurospora mitochondria is not inhibited by 

rifampicin (Herzfeld 1970), possibly because the drug can

not pass through the intact mitochondrial membrane (Schafer 

et al 1971). 

Electrophoresis is the phenomenon o-f migration of 

charged particles in an electric field (Kuchler 1972). 

Polyacrylamide gel electrophoresis (PAGE) provides a 
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versatile, gentle, high resolution method for fractionation 

and physical-chemical characterization of molecules on the 

basis of size, conformation, and net charge (Chrambach and 

Rodbard 1972). 

From the review of the literature, it is quite apparent 

that extensive research is being conducted on DNA poly-

merases in .laboratories al 1 over the world. Since the 

report by Kuntzel . and Schafer (1971) pertaining to the 

isolation of RNA polymerase in Neurospora mitochondria, no 

other study in this organism on polymerases has been 

reported. Especially lacking are investigations utilizing 

Neurospora to isolate polymerase, making use of various 

mutants available. An attempt to fill in this void forms 

the basis of the study reported in this dissertation. 



MATERIALS AND METHODS 

Organisms used 

The organisms used in the extraction of DNA nucleo

tidyltransferase (DNA polymerase) in experiments reported 

here were several strains of Neurospora crassa. The wild 

type Em5297~ (FGS #352) described by Emerson and Cushing 

(1946) was obtained from the Fungal Genetic Stock Center 

(FGSC) at Dartmouth College. The FGSC has since moved to 

Humboldt College, Arcata, California. A morphological 

mutant of Neurospora crassa tested was the albino (FGSC 

#798) designated as the allele alMa. A third strain of 

Neurospora used was the biochemical mutant ad-6 (FGSC #664) 

which has been designated as the allele Yl7M30A. The 

fourth organism was a wild type of the opposite mating 

type of Em5297a, known as St. Lawrence Standard 74A (FGSC 

#262). It will be designated as STA4. A commercial DNA 

polymerase obtained from Escherichia coli B was purchased 

from the Worthington Biochemical Corporation. It is 

probably DNA polymerase I and constitutes Fraction IV of 

Richardson et al (1964). The commercial DNA polymerase 

served as the standard in comparison to the Neurospora 

enzyme extracted from the four strains tested. 

- 21 -
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Media used 

, The Neurospora wild types and the al Ma strain can 

utilize simple carbohydrates for their carbon source, 

require a nitrogen source, inorganic salts, and biotin 

for growth. The biochemical mutant Yl7M30A needs adenine 

for growth. No additional vitamins, amino acids, purines 

or pyrimidines are required. 

The trace element solution used in Neurospora com

plete and minimal media contained the following chemicals: 

Sodium tetraborate, Na2B407 ...........• 

Ammonium molybdate, (NH4)Mo7024. 4 ll20 .. 

Zinc_ sulfate, ZnS04.7 H20 .......•...... 

Cupric chloride, Cuc1 2 .2 H2() .......... . 

Manganese chloride, Mnc1 2 .2 H2o ••.•.••. 

Ferrous sulfate, FeS04.7 H20 •..•.....•. 

Distilled water ..•.•.•..•......••..•.•. 

88 

(> 4 

2,480 

270 

72 

950 

1,000 

mg 

mg 

mg 

mg 

mg 

mg 

ml 

Two ml of the trace element solution were used for 

each liter of minimal medium. 
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The Neurospora minimal medium of Ryan et al (1953) was 

later modified by Somers et al (1957) as follows: 

Sodium potassium tartrate ........... 
Ammonium ch 1 oride •..••••.•••.•..•..• 

Ammoni~m nitrate .....••••••...••.•.• 

Magnesium sulfate (MgS04.7 H20) •..•• 

Potassium phosphate (KH 2Po 4 ) ••...•.. 

Sodium chloride •••.•.••..•••...••..• 

Calcium ch 1 o ride ....•.•.••........•. 

Sucrose ............................. 
Biotin ............................. _. 

5.0 g 

330 mg 

1.0 g 

0.5 g 

1. 0 g 

0. 1 g 

0.1 g 

20.0 g 

5.0 µg 

Distilled water, up to •..•...•.•.... 1,000 ml 

Final pH 5.4 

The composition of the Neurospora complete medium as 

modified by Fuerst and Li (1964) is shown below: 

Yeast extract •.•.•.••••..••...•••••. 2.5 g 

Malt extract ••.••••..•••.....•..•••.. 2.5 g 

Pept one ..•..•......•...•••..•....... 2.0 g 

Casein hydrolysate (Acid, 
vitamin free) ••...••...•.•...•. 2.0 ml 

Glycerol ........................... . 20.0 ml 

Minimal medium minus sucrose •.....•. 1,000 ml 
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If solid medium was required, 20 g of agar was added 

per 1,000 ml of Neurospora complete medium. All chemicals 

utilized in Neurospora media used in the experiments re

ported in this dissertation are listed in Table 1, along 

with their commercial sources. 

Stock cultures of Neurospora were maintained on 

Neurospora complete medium 2% agar slants in 18 mm x 150 mm 

test tubes. The cultures were transferred to new media 

every four weeks, incubated for 72 hr at 25 C and stored 

at 0-4 C. 

Method ..Q.f growing Neurospora 

Since each extraction of DNA polymerase from 

Neurospora crassa utilized 50 g of mycelia, a system was 

devised to culture the organism in large qu~ntities. A 

nine liter Pyrex serum bottle was stoppered with a cotton 

plug containing two lengths of Pyrex tubing which served 

as compressed air inlet and outlet. The Pyrex tube used 

for the air inlet was 18" in length, long enough to deliver 

the compressed air into the medium. The other Pyrex tube 

was 9" long. The Pyrex tubing was plugged with cotton to 

filter the air when it entered and to allow air to escape, 

while preventing the release of spores. Tygon tubing was 

attached to the Pyrex tube, which served as ·the air inlet. 
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Table 1--Chemicals used in Neurospora media. 

Names of chemicals Commercial sources 

Potassium sodium tartrate Sigma Chemical Company 

Ammonium chloride J. T. Baker Chemical Company 

Ammonium nitrate Fisher Scientific Company 

Magnesium sulfate J. T. Baker Chemical Company 

Potassium phosphate 
(monobasic) J. T. Baker Chemical Company 

Sodium chloride Fisher Scientific Company 

Calcium chloride J. T. Baker Chemical Company 

Sucrose (extra fine, 
granulated) Imperial Sugar Company 

Sodium tetraborate Fisher Scientific Company 

Ammonium molybdate Mallinckrodt themical Company 

Zinc sulfate J. T. Baker Chemical Company 

Cupric chloride Mallinckrodt Chemical Company 

Manganese chloride Mallinckrodt Chemical Company 

Ferrous sulfate Mallinckrodt Chemical Company 

Yeast extract Difeo 

Malt extract Difeo 

Peptone Difeo 

Glycerol J. T. Baker Chemical Company 

Casein hydrolysate (acid, Nutritional Biochemicals 
vitamin free) Corporation 

Oxoid Agar Agar No 3 Consolidated Laboratories 



- 26 -

The other end of the Tygon tubing was connected to a drying 

tube, the bulb of which was filled with riotton, acting as a 

filter to prevent non-sterile compressed air from entering 

the serum bottle. To obtain Neurospora complete medium, 

all serum bottles containing three liters of minimal 

Neurospora medium, minus sucrose but wi t'h 6. 0 ml casein 

hydrolysate, we.re sterilized in a Castle D20204 Thermatic 

"60" Laboratory Sterilizer. To assure complete steriliza

tion the bottles with all attachments were autoclaved for 

90 min at 121 C. Some of the other ~ngredients of the 

Neurospora complete medium were autoclaved separately to 

prevent the breakdown of the organic chemicals, such as 

glycerol, malt extract, yeast extract and peptone, in the 

medium. The yeast extract, malt extract and peptone were 

suspended in 250 ml distilled water in a polycarbonate 

beaker. The 60 ml of glycerol were mixed with 60 ml dis-

tilled water. Subsequently, the beakers containing the 

medium constituents were autoclaved for 15 min at 121 C 

prior to adding the contents aseptically to the nine liter 

serum bottle. 

The inoculum was prepared by placing 10 ml of sterile 

distilled water onto a 2% agar slant culture of Neurospora. 

The tube was rotated gently to mix the water and the 

mycelia. After the medium in the nine liter bottle had 
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cooled, one ml of the inoculum of the Neurospora strain was 

added by _means of a ~terile syringe. The inoculated medium 

was aerated continuously for 10-14 days. The temperature 

of the room was maintained at 65 Fin order to prevent 

excess conidi[tion; - The medium was not aerated too vigor

ously, but just enough to keep the air circulating evenly 

throughout the medium. The objective was to achieve maxi

mum growth of th~ organism with little or no production of 

conidial spores. · 

For each experiment, eight Pyrex serum bottles with 

nine liter capacity were prepared as shown in Figure 1 and 

inoculated simultane~usly with organisms of the same strain. 

The Neurospora mycelia were harvested by means of a 

vacuum pump, a suction filter flask, a Buchner funnel with 

What man No 1 Qua 1 i tat iv e f i 1 t er paper, i 8. 5 c in, a n d t-h e 

use of a rubber dam. The rubber dam was tightly fitted 

over the top of the funnel in order to create an external 

air pressure source and thereby increasing the efficiency 

in extracting the medium from the Neurospora mycelia. The 

wet weight of the Neurospora mycelial mass was determined. 

Fifty g portions of the mycelium were weighed prior to 

being wrapped in aluminum foil, and then frozen at -25 C. 



- 28 -

Figure 1--Apparatus used for growing Neurospora crassa. 
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Chemicals used 

The chemicals used in the extraction and purification 

of DNA polymerase from Neurospora crassa are listed in 

Table 2, along with their commercial sources. 

Glass beads used l..!!, m extraction 

Acid washed glass beads, 200 mµ average diameter, used 

in the extraction procedure were purchased from Schwartz

Mann. The glass beads were weighed in 30 g portions and 

sterilized for 15 min at 121 C in glass Petri dishes. 

Before use, the glass beads were stored at -25 C. 

Buffers utilized 

Two buffers were used in the extraction and purifica

tion of DNA polymerase from Neurospora crassa. Buffer A 

consisted of 0.01 M Mgc1 2 .6 H20, 0.001 M 2-mercaptoethanol, 

0.2 mM EDTA and 0.04 M Tris-HCl, pH 8.0 (Jeggo et al 1973). 

Buffer B was composed of 0.04 M NaCl, 1 mM 2-mercaptoethanol, 

1 mM EDTA and 0.02 M Tris-HCI, pH 8.0 (Jeggo et al 1973). 

Nucleotides 

Non-radioactive deoxyribonucleoside triphosphates were 

purchased from Sigma Chemical Company. Solutions of 

deoxycytidine triphosphate (dCTP), deoxyguanosine 

triphosphate (dGTP, deoxyadenosine triphosphate (dATP) and 

thymidine triphosphate (dTTP) were prepared by dissolving 
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Table 2--Chemicals used in the extraction and purification 
of DNA polymerase from Neurospora crassa. 

Names of chemicals 

Magnesium chloride (.6 H20) 

2-Mercaptoethanol 

Ethylenediaminetetraacetic 
acid 

Tris-(hydroxymethyl)
aminomethane 

Hydrochloric acid, A.c.s. 

Ribonuclease A 

Sodium chloride 

Sodium hydroxide, A.C.S. 

Lysozyme 

Disodium ethylenediamine
tetraacetate dihydrate 

Commercial sources 

Matheson Coleman Bell 

California Corporation for 
Biochemica·1 Research 

Eastman Organic Chemicals 

Nutritional Biochemicals 
Corporation 

J. T. Baker Chemical Company 

Sigma Chemical Company 

J. T. Baker Chemical Company 

Matheson Coleman Bell 

Sigma Chemical Company 

Mann Research Laboratories 
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10 mg of the nucleotide in enough sterile distilled water 

to give a ~oncentration of 10 mµM/0.01 mi. The solutions 

were stored at 0-4 C until they were needed for assaying 

DNA polymerase activity. 

Thymidine-5'-triphosphate-methyl- 3H( 3H-dTTP) with a 

specific activity of 12.5 C/mM was purchased from ICN 

Chemical and Radioisotope Division. In order to make a 

working solution of 3N-dTTP with approximately 10,000-

30,000 counts/min/IO mµM which could be ~tilized in DNA 

polymerase assays, it was necessary to dilute the original 

isotopic solution and add unlabeled TTP to serve as a 

carrier. This was done by diluting the original 3H-dTTP 

to a volume of 1.0 ml with sterile distilled water. A 

0.5 ml aliquot of this solution was added to 9.5 ml sterile 

distilled water in which 60 mg unlabeled TTP had been dis

solved. Aliquots of this 10 ml solution of 3H-dTTP were 

then diluted 1:100 in sterile distilled water so that ~the 

solution used for assaying polymerase activity would possess 

a specific activity of approximately 27,750 counts/min/IO mµM 

in a 0.1 portion. 

Preparation of enzyme solution 

DNA polymerase Fraction IV which had been extracted 

from Escherichia coli and partially purified (Richardson 

et al 1964) was obtained commercially from Worthington 



. - 32 -

Biochemicals Corporation for comparison with the DNA 

polymerase. preparation extracted from Neurospora. The 

commercially obtained DNA polymerase, received as a frozen 

solution in 0.01 M potassium phosphate buffer, pH 7.4, 

initially had 1,000 units of enzymatic activity in a volume 

of 0.31 ml. The original preparation was diluted to a 

volume of 1.0 ml -with 0.05 M Tris-HCl buffer, pH 7.5 

(0ujesky 1968, 0ujesky and Fuerst 1972). 

For utilization in DNA polymerase assays, 0.1 ml por

tions of the enzyme stock solution were diluted 1:200 with 

the dilution mixture containing 0.05 M Tris-HCl buffer, 

pll 7.5, 0.1 M ammonium sulfate, 0.01 M 2-mercaptoethanol 

and 1 mg/ml bovine serum albumin (Richardson et al 19(,4). 

This UNA polymerase solution then contained approximately 

0.05 units of enzyme activity/0.01 ml. 

Preparation of "activated" calf thymus DNA 

"Activated" calf thymus DN/l. was prepared by partially 

degrading the DNA with pancreatic deoxyribonuclease (DNase I). 

The "activated" thymus DNA primer for the DNA polymerase 

assay was prepared in 40 ml volumes by a modification of the 

procedure out.lined by Aposhian and Kornberg (1962). For 

this prt'parat ion, 10 mu calf thymus DN.:\ (Worthington Bio-· 

rl1t'111iral Cnrporation) wert' mixed with 10 ml 0.05 M Tris-llCl 
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buffer, pH 7.5, and maintained at 0-4 C overnight in order 

to di .ssolve the DNA. To this mixture, the following mate

rials were then added: 20 x 10- 3 µg DNase I (Worthington 

Biochemical Corporation), 4.068 g MgCl2·6 H20 (0.02 M), 

20 mg powdered bovine serum albumin (Armour and Company), 

and enough 0.05 M Tris-HCl buffer, pH 7.5, to make a total 

volume of 40 ml (Oujesky 1968, Oujesky and Fuerst 1972). 

The solution was mixed in a 50 ml sterile Pyrex flask 

and incubated 15 min at :)7 C. The reaction was stopped by 

heating the mixture at 79 ±- 2 C for 5 min in a Dubnoff Metabolic 

Shaking Incubator. The flask was then immediately cooled in 

an ice bath. The "activated" DNA was stored at -20 C until 

needed for assays (Oujesky 1968, Oujesky and Fuerst 1972). 

Determination .Q..f protein 

The protein content of the DNA polymerase Fraction IV 

extracted and purified was determined by the method of 

Ilailey (1967). Thjs technique is based on the supposedly 

sensitive reaction of the Folin-Ciocalteu phenol reagent 

(Folin and Ciocalteu 1927), and is a modification of the 

method of Lowry et al (1951). 

As the Folin color is not strictly proportional to 

concentration and varies with different proteins, a standard 

curve was prepared utilizing aqueous solutions of Bovine 

Plasma Albumin (5X crystalline). The commercial DNA 
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polymerase, which had a previously established protein 

concentration of 10 mg protein/ml, was diluted 1:100 with 

sterile distilled water in order that portions of 0.1 -

0.2 ml contained from 1 µg - 2 µg protein. These standards 

were then tested with the Folin-Ciocalteu reagent along with 

the enzyme samples being analyzed. 

DNA polymerase Fraction IV was diluted 1:100, so that 

a 0.1 ml portion would contain protein within .the range of 

the standards. Duplicate samples of both ~he standards and 

the DNAP IV (DNA polymerase Fraction IV} were prepared in 

14 x 100 mm Pyrex tubes. 

Reagent A consisted of 2% Na2C03 in 0.1 N NaOH, while 

reagent B was prepared with 0.5% CuS04•5 H20 in 1% NaC2H302. 

The reagent C used in the protein determi~ation was made by 

combining 50 ml of reagent A and 1 ml of reagent B. 

After the addition of 1 ml of re~gent C to the 0.1 ml 

samples, the solutions in the tubes were mixed thoroughly 

and allowed to stand at room temperature for 10 min. 

Immediately after the addition of 0.1 ml of the Folin

Ciocalteu reagent, each tube- was thoroughly mixed~ After 

1 hr the lotal volume of each sample was adjusted to 3.0 ml 

with Tris-HCl pH 7.5. Each sample was transferred to a 

quartz cuvette and mixed thoroughly prior to the determina

tion of the absorbance at 500 nm by means of a Coleman 
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Model 124 Hitachi Doublebeam Grating Spectrophotometer. 

Comparison of these values of the enzyme samples being 

analyzed with those of the standards permitted the deter

mination of the protein content of the DNA polymerase 

fractions. 

Determination of DNA polymerase activity 

The DNA-primed assay as modified by Oujesky (1968, 

Oujesky and Fuerst 1972) was employed to determine the 

enzymatic activity of the DNA polymerase fractions extrac

ted from the four Neurospora strains. All assays were 

prepared in duplicate utilizing 14 x 100 mm polycarbonate 

tesL tubes with plastic caps. 

The reaction mixture for each assay consisted of the 

following (Oujesky 1968, Oujesky and Fuerst 1972): 

0.02 ml 
0.02 ml 
0.02 ml 
0.02 ml 
0.02 ml 
0.02 ml 
0.02 ml 

0.03 ml 

l.O ml 

glycine buffer, pH 9.2 .... 
MgCl2 •................... ~ 
2-mercaptoethanol ........ . 
d C TP ..................... . 
dATP .....................• 
dGTP ...................... ,,. 
dTTP or 0.1 ml 3tt-TTP with 
approximately 10,750 counts/ 

16.0 
2.0 
0.3 

10.0 
10.0 
10.0 

µ,M 
µM 
µ,M 
mµM 
mµM 
mµM 

min at 40% efficiency ..•.. 10.0 
"activated" calf thymus 

mµM 

DNA (The concentration 
stated as mµM was based on 
the phosphorus content in 
LJ N .L\ ) • • • • • • • • • • • • • • • • • • • • • • 

l)N/\ polymerase .••.••...•.• 
'10. 0 mµM 
0 . 2- 1 • 0 u n i t 
of enzymatic 
activity 
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Richardson et al (1964) describes a unit of DNA 
. ,_ 

polymerase as the amount causing the incorporation of 10 mµM 

of total nucleotide into the acid-insoluble product during 

the 30 min incubation period at 37 C. Unlabeled dTTP was 

used for the spectrophotometric determinations while 

3 H- d TTP w a s u s e d f o r t h e rad i o i so t o p i c· me~ s u rem e n t • 

The rec1ction mixture was incubated ·ror 1 hr at 37 C • . 

Upon completion of the incubation, the re~btion was stopped 

by chilling the tubes at 0-4 C for 10-15 -min prior to the 

precipitation of the DNA with 0.5 ml volume ~f cold 

absolute ethanol. Richardson et al (1964) used perchloric 

acid for the precipitation process, but data shown later in 

this dissertation indicate that a considerahle amount of 

quenching is caused in radioisotope samples when this 

reagent is present even in small quantities. In order to 

have valid correlations between the spectrophotometric and 

radioisotopic samples as well as comparisons in the litera- . 

ture, only absolute ethanol was used to precipitate the DNA. 

Liquid scintillation techniques used 

Samples of the precipitated DNA containing incorpo

rat~d 3H-dTTP to be prepared for liquid scintillation 

counting were collected on Millipore filters (25 mm diameter 

with 45 µm pore size). After the filter was rinsed with 

20 ml cold absolute ethanol, it was removed _ from the filter 
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holder and allowed to air dry at room tem~erature prior to 

being. placed into a glass liquid scintillation vial con

taining 10 ml 1,4-dioxane cocktail; 

The 1,4-dioxane scintillation cocktail had previously 

been prepared with 100 g naphthalene, 6.0 g 2,5-diphenyl

oxa zole ( PPO), and one 1 i ter of 1, 4-dioxane ( "Baker 

Analyzed" R~agent ). A 10 ml volume of the mixture was 

placed into each 20 ml capacity glass vial and a 10 min 

background count was made for each vial with cocktail 

before the addition of the sample dried on the Millipore 

filter to the vial. 

All measurements of radioactivity in the samples were 

made with a Model 1650 Beckman Liquid Scintillation 

Counter, a 3-channel analyzer which permits counting of 

samples and background at ambient temperatures. Two 20 

min counts were made for each sample. This was recorded 

as counts/min by the attached Teletype typewriter which 

also printed the external standard ratio and the two sigma 

statistical counting error (95% confidence ,level) for each 

sample. 

Spectrophotometric techniques used 

Nonradioactive samples precipitated with cold absolute 

ethanol were centrifuged for 10 min at 4,500 rpm (1,590 x g) 

nt O C in an international B-20 refrigerated centrifuge to 
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collect ·the . precipitates. The supernatant fluid of each 

sample was removed and the precipitate resuspended in 3.0 

ml Tris-HCl, 0.05M, pH 7.5. The samples at room temperature 

were placed in quartz cuvettes, and the optical measure

ments of the ultraviolet absorbing material at 260 nm were 

made on a Coleman 124 Hitachi Doublebeam Grating Spectro

photometer. Tris-HCI buffer (0.05M, pH 7.5) was used as 

the blank. 

~ extraction procedure 

For the extraction and purification of DNA polymerase 

from Neurospora crassa, the methods of Kornberg and his 

associates (Kornberg 1957a, Bessman et al 1958, Lehman et 

al 1958, Okazaki and Kornberg 1964, Richardson 1966) as 

modified by Oujesky (1968, Oujesky and Fuerst 1972) were 

attempted and found to be unsatisfactory. The method for 

isolating DNA polymerase from Ustilago maydis (Jeggo et al 

1973) was modified and found to be successful with 

Neurospora. This method will be described fully later 

on in the results section of this dissertation. 

Polyacrylamide _g_tl electrophoresis (PAGE) 

Samples from each step of the extraction procedure for 

the isolation of DNA polymerase from Neurospora crassa were 

concentrated to a final volume of 1-2 ml in an Amicon 
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Ultrafiltration Cell Model 52 with a Diaflri PM IO ultra

filter at 20 psi of nitrogen. By standard procedure 7.0% 

polyacrylamide gels were prepared for each step in the 
, .... < 

extraction procedure after the method of Davis (1964). 

Each get contained 0.1 ml of concentrated sample. The gels 

were electrophoresed at 5 ma/gel using a Joyce-Loebl power 

pack. The ,tracking dye, 0.0005% bromphenol blue, was added 

to the top of each gel just before starting the run. The 

time perio~ of electrophoresis depended ~pon how long it 

took the tracking dye to move through the gel, usually 60-

90 min. After electrophoresis the gels ·were removed from 

the plastic tubes and placed in Coomassie brilliant blue 

(obtained from Bio Rad) for 3 hr. The staining solution 

was prepared by dissolving 1~25 g of Coomassie brilliant 

blue in a mixture of 454 ml of 50% methanol and 46 ml of 

glacial acetic acid. The insoluble material was removed by 

filtration through Whatman No 1 filter paper (Weber and 

Osborn 1969). The destaining solution was prepared by 

mixing 1 part glacial acetic acid with 9 parts absolute 

methanol to 22 parts distilled water~ The gels were im

mersed in this solution until the background became clear 

and the protein bands distinct. Graphic results of the 

gels were recorded by a Quick Scan Jr densitometer with a 

525 nm filter. 



EXPERIMENTAL RESULTS 

Since the discovery of DNA polymerase by Kornberg and 

his collaborators (Lehman et al 1958) this enzyme has been 

isolated and subsequently purified from a variety of 

organisms. Of the many known polymerases the ones obtained 

from Escherichia coli remain the most ext~nsively studied 

(Richardson 1969). Most animal DNA polymerases that have 

been studied are from whole cell extracts and are not 

particularly active in DNA replication (Loeb 1969). The 

mammalian DNA polymerase is of special interest because of 

the complexity of the eukaryotic chromosomes (Howk and Wang 

1969). Information is lacking in the literature concerning 

the supposedly primitive eukaryotic DNA polymerases. 

Neurospora, which may be considered to be such a primitive 

eukaryote, presents definite advantages for such a study. 

After Neurospora had been grown in 1 kg quantities, 

techniques for isolating and purifying DNA polymerase had 

to be found to ext~act the enzyme from the stored mycelia. 

Attempts were made to adapt techniques for isolating DNA 

polymerase from bacteria (Oujesky 1968, Oujesky and Fuerst 

1972) to Neurospora. One of the first problems which had . 

to be dealt with was the disruption of the Neurospora cell 

wall. Methods which disrupt the cell membrane of h coli 
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have little or no effect on Neurospora cell walls. The 

impo~tant structural polymers in the mycelial wall of 

Neurospora are ~-1,3 glucan, chitin and a protein

polysaccharide complex (de Terra and Tatum 1961, Mahadevan 

and Mahadkar 1970). Lysozyme is a N-acetylhexosaminidase 

polymer which acts upon chitin, a~ (1-4) N-acetylglucos

amine polyrr-er, and the mucopolysaccharide eel 1 wall · struc

ture of a variety of microorganisms liberating N-acetylamino 

sugars but not amino acids (Chipman and Sharon 1969). 

Microscopic examination showed that if 250 mg 

lysozyme was added to the extraction mixture and mixed with 

glass beads in a Sears blender Model 663.82000 for 20 min, 

cell wall disruption was 90-95% complete. After centri

fugation to remove debris, the resultant supernatant was 

called Fraction I. To obtain Fraction II Fraction I was 

treated with 5% streptomycin sulfa~e to precipitate 

proteins. A precipitate of 5-10 g was expected but that 

obtained was less than 0.1 g which after resuspension in 

buffer became Fraction II. Although varying concentrations 

of st rep t om y c i .n s u 1 fate were added th i s did no t re s u 1 t in 

an increase in product. In obtaining Fraction III, Frac

tion II was treated with MgCI2 to remove the ultraviolet 

nucleic acids absorbing material at 260 nm. Seven t .o 12 

hr later 90-95% of this ultraviolet absorbing ·material 
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should have been removed from the sample. The concentration 

of the MgCl2 was increased ten fold, but the expected results 

could not be obtained. Little or no ultraviolet absorbing 

material was removed from either sample. Fraction III was 

treated with ammonium sulfate to precipitate the DN~ poly

merase. Since the debris had not been removed, and a pre

cipitate could not be obtained, this method (Oujesky 1968, 

Oujesky and Fuerst 1972) was found not to be suitable for 

the extraction of DNA polymerase from Neurospora crassa. 

Jeggo et al (1973) reported a method for isolating DNA 

polymerase from Ustilago maydis. Many modifications were 

also necessary in this method to adapt it to the isolation 

of DN/\ polymerase from Neurospora crassa as presented in 

this dissertation. For the extraction of DNA polymerase, 

50 g quantities of Neurospora mycelia were suspended in 

60 ml of buffer A in a Sears Model 663-82000 blender. The 

suspension was ground at 2/3 of the maximum speed which was 

70 amps on the rheostat. After 5 min, 250 mg crystalline 

lysozyme was added and the mixture was incubated at 37 C 

for 90 min. One hundred fifty g of glass beads were added 

and stirred for 20 min at 2/3 of maximum speed. To the 

broken cell suspension 100 ml of buffer A was added and 

stirred at a reduced speed to prevent foaming. The glass 

beads were allowed to settle out for 10 min and the 
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supernatant decanted and saved. The piecipitate was re

suspended in 89 ml of buffer A, and . stirred · ·for 10 min 

at a reduced speed. The glass beads wer~ allowed t~ settle 

out and the supernatant decanted. Both supernatants were 

combined and centrifuged for 10 min at 15,500 x gin an 

International B-20 refrigerated centrifugej The supernatant 

was Fraction I and was stored at O C for ·two weeks without 

loss of activity. 

Fraction I was centrifuged for 90 min at 203,000 x g 

in a Beckman Model L2-65 Ultracentrifuge. · Two ml of RNase A 

solution were added to the supernatant and incubated at 4 C 

for 30 min (Schafer et al 1971 ). · The RNase A solution con

sisted of 20 mg/ml of 0.15 M NaCl pH 5.1·. This solution 

was made fresh each time it was used. The mixture was 

dialysed against two liters of buffer B for 20-24 hr with 

three changes. The dialyzate was centrifuged for 90 min at 

203,000 x gin the ultracentrifuge. The supernatant was 

then frozen at -25 C. Ultr~violet absorptioti spectra were 

taken for each step in the extraction procedure. 

Ultraviolet absorption spectra of samples from~ five 
extraction steps 

Figure 2 shows UV spectra of fractions obtained from 

t. he w i 1 d t. y p e s tr a i n Em 5 2 9 7 a . Sam p 1 es fr o-m a 11 five extra c

t ion steps were diluted l:H with Tris-HCl pH 7.5. A Coleman 
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Figure 2--Ultraviolet absorption spectra of samples repre
senting five extraction steps for DNA polymerase from 
Neurospora crassa Em5297a as measured on a Coleman 124 
Doublebeam Grating Spectrophotometer. 

A. Fraction I: The sample was treated with lysozyme and 
glass beads and then centrifuged for 10 min at 15,500 
x gin an International B-20 refrigerated centrifuge. 

B. Fraction II: 
203,000 X g. 
Fraction II. 

Fraction I was centrifuged for 90 min at 
The supernatant was decanted and called 

C. Fraction II was treated with RNase A solution and 
incubated at 4 C for 30 min. 

D. Fraction III: After Fraction II was treated with 
RNase A, it was dialyzed against buffer B for 20-24 hr 
at 4 c. The supernatant was called Fraction III. 

E. Fraction IV: Fraction III was centrifuged for 90 min 
at 203,000 x g. The supernatant was decanted and 
called Fraction IV. This was stored at -25 C. 

The absorption peaks at 215 nm and 260 nm represent 
DNA polymerase and nucleic acids respectively. Through 
the extraction methods the peak at 215 nm is seen to 
decrease as more purification takes place and the DNA 
polymerase becomes the major part of this peak. Nucleic 
acids, 260 nm, seem to be essentially eliminated from the 
samples. 
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124 Doublebeam Grating Spectrophotometer with attached 

recorder was used to record the UV spectra. In Figure 2, 

plate A shows Fraction I with 2 absorbance peaks, the 

smaller one at 260 nm and the major one at 215 nm. The 

peak at 215 nm contains the DNA polymerase. The 260 nm 

absorption peak created the most difficulty. The nucleic 

acids had to be removed before DNA polymerase activity 

could be measured. 

Plate B of Figure 2 shows the relative composition of 

Lhe sample after centrifugation for 90 min at 203,000 x g. 

In this plate both the 260 nm and the 215 nm peaks are 

higher because centrifugation removed masking proteins 

and debris allowing the nucleic acids to be expressed in 

greater amount as shown in the 260 nm peak. After the 

addition of pancreatic RNase A to remove the RNA, a sample 

taken 30 min later shows a decrease in RNA as shown in 

plate C. It was thought that DNA (deoxyribonucleoprotein) 

was the contaminating agent, but it was found by the use of 

llNase and RNase that ribonucleic acid was the contaminant. 

In order for the RNase A solution to break down the RNA, 

the pH of the RNase solution must be in the range of pH 

4.8 - 5.2 (Schafer et al 1971). If the pH of the RNase 

solution was close to neutral, the RNase solution did not 

remove the contaminant. 
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A great deal of the masking proteins and oligo

nucleotides were dialyzed out as shown in Figure 2, plate D. 

Four liters of buffer B were originally used as the 

dialysate, but it was found that two liters gave better 

results because there was no build up of solute on either 

side of the membrane. Magnetic stirring of the two liters 

prevents a build up of material on the outside of the 

tubing slowing down the dialysis. The samples, 250-300 ml, 

were placed in dialyzing tubing 1 - 1/8 inches and dialyzed 

at 4 C for 20-24 hr. The results are shown in Figure 2, 

plate D. The peak at 215 nm is much smaller but the peak 

at 260 nm is non-existant. The nucleoprotein has essen

tially been removed from the sample. 

Figure 3 shows the UV spectra for another wild type 

strain of Neurospora, the opposite mating type STA4A. In 

plate A the shape of the curve is essentially the same as 

the curve for Em5297a, but the 260 nm nucleic acid peak is 

less pronounced in STA4A. The DNA polymerase peak at 

215 nm is of lesser intensity than the s~me peak for 

Em5297a. After centrifugation more of the masking protein 

and debris were removed causing the amount of nucleic acid 

and DNA polymerase to appear to increase in Figure 3, 

plate B. Plate C of Figure 3' shows negligible effects 

after the addition of the HNase A solution. Both peak 
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Figure 3--Ultraviolet absorption spectra of samples repre
senting five extraction steps for DNA polymerase from 
Neurospora crassa STA4A as measured on a Coleman 124 
Doublebeam Grating Spectrophotometer. 

A. Fraction I: The sample was treated with lysozyme and 
glass beads and then centrifuged for 10 min at 15,500 
x gin an International B-20 refrigerated centrifuge . . 

B. Fraction II: 
203,000 X g. 
Fraction II. 

Fraction I was centrifuged for 90 min at 
The supernatant was decanted and called 

C. Fraction II was treated with RNase A solution and 
incubated at 4 C for 30 min. 

D. Fraction III: After Fraction II was treated with 
RNase A, it was dialyzed against buffer B for 20-24 hr 
at 4 C. The supernatant was called Fraction III. 

E. Fraction IV: Fraction III was centrifuged for 90 min 
at 203,000 x g. The supernatant was decanted and 
called Fraction IV. This was stored at -25 C. 

The absorption peaks at 215 nm and 260 nm represent 
DNA polymerase and nucleic acids respectively. Through 
the extraction methods the peak at 215 nm is seen to 
decrease as more purification takes place and the DNA 
polymerase becomes the major part of this peak. Nucleic 
acids, 260 nm, seem to be essentially eliminated from the 
samples. 
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heights at 260 nm and at 215 nm showed very little change. 

After dialysis against buffer B, most of the nucleic aci~s 

and contaminating proteins appear to have been removed from 

the sample in plate D. There is no peak at 260 nm and very 

little at 215 nm. After the second ultracentrifugation, 

Figure 3, plate E, shows that the sample has lost most of 

the debris. 

In Figure 4, the UV absorption spectra for an albino 

mutant alMa is shown. On plate . .\ of Figure 4 appears the 

highest nucleic acid and DNA polymerase peaks of the four 

strains of Neurospora. Data found later indicate that this 

strain has the greatest amount of protein in mg/ml of the 

Neurospora strains studied in this dissertation. 7his 

strain alMa is the only strain to show an apparent decrease 

in the height of the 260 nm and the 215 nm peaks after the 

first ultracentrifugation. This fact is shown in plate B 

of Figure 4. Plate C shows that after the addition of the 

RNase A solution, the nucleic acid peak at 260 nm decreased 

in height. Figure 4, plate D, indicates that the protein 

composition of the sample has decreased. Most of the 

masking proteins and contaminants have been removed. 

Plate E, which shows the sample after the second ultra

centrifugation, indicates the fact that the sample is 
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Figure 4--Ultraviolet absorption spectra of samples repr~
senting five extraction steps for DNA polymerase from 
Neurospora crassa alMa as measured on a Coleman 124 
Doublebeam Grating Spectrophotometer. 

A. Fraction I: The sample was treated with lysozyme and 
glass beads and then centrifuged for 10 min at 15,500 
x gin an International B-20 refrigerated centrifuge. 

B. Fraction II: 
203,000 X g. 
Fraction II. 

Fraction I was centrifuged for 90 min at 
The supernatant was decanted a~d called 

C. Fraction II was treated with RNase A solution and 
incubated at 4 C for 30 min. 

D. Fraction III: After Fraction II was treated with 
RNase A, it . was dialyzed against buffer B for 20-24 hr 
at 4 c. The supernatant was called Fraction III. 

E. Fraction IV: Fraction III was centrifuged for 90 min 
at 203,000 x g. The supernatant was decanted and 
called Fraction IV. This was stored at -25 C. 

The absorption peaks at 215 nm and 260 nm represent 
DNA polymerase and nucleic acids respectively. Through 
the extraction methods the peak at 215 nm is seen to 
de c re a s e a s mo re p u r i f i c a t i o n. t a k e s p I a c e a n d t h e n NA 
polymerase becomes the major part of this peak. Nucleic 
acids, 260 nm, seem to be essentially eliminated from the 
samples. 
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essentially free of contaminating nucleic acids and masking 

proteins. 

The UV absorption spectra of the Neurospora biochemical 

mutant Yl7M30A is illustrated in Figure 5. This strain 

requires adenine for growth. There is very little differ

ence in the shapes of the curves in plates A and B. The 

nucleic acid peak at 260 nm and the DNA polymerase peak at 

215 nm are the same size and shape. This shows that much 

of the contaminating and masking proteins were already 

removed during centrifugation at 15,500 x g. With this 

particular strain, ultracentrifugation did not seem to help 

remove any more debris. Figure 5, plate C, shows a slight 

increase in the 260 nm peak after the addition of the 

RNase A solution. The small difference could be due to 

the RNase A sol~tion liberating oligonucleotides, but most 

probably is caused by debris. Figure 5, plate D, indicates 

that the 260 nm peak was no longer a contamination problem. 

The 215 nm peak was greater in comparison with that of the 

other three strains, but DNA polymerase activity, which 

will be discussed later, has not been shown to be greater 

in this strain. It would seem that some of the contaminat-

ing proteins have been removed. The 260 nm peak leveled 

o r r a s s e t~ n i n p l a t. e 1': o f F i g u re ;i a n d t. h e :! l 5 nm pc a k w a s 

rt•dttct•d. The- laltt•r wns st.ill ~lrt'aler in strain Yl7~1:H1,\ 
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Figure 5--Ultraviolet absorption spectra of samples repre
senting five extraction steps for DNA polymera~e from 
Neurospora crassa Yl7M30A as measured on a Coleman 124 
Doublebeam Grating Spectrophotometer. 

A. Fraction I: The sample was treated with lysozyme and 
glass beads and then centrifuged for 10 min at 15,500 
x gin an International B-20 refrigerated centrifuge. 

B. Fraction II: 
203,000 X g. 
Fraction II. 

Fraction I was centifuged for 90 min at 
The supernatant was decanted and called 

C. Fraction II was treated with RNase A solution and 
incubated at 4 C for 30 min. 

D. Fraction III: After Fraction II was treated with 
RNase A, it was dialyzed against buffer B for 20-24 hr 
at 4 C. The supernatant was called Fraction III. 

E. Fraction IV: Fraction III was centrifuged for 90 min 
at 203,000 x g. The supernatant was decanted and 
called Fraction IV. This was stored at -25 C. 

The absorption peaks at 215 nm and 260 nm represent DNA 
polymerase and nucleic acids respectively. Through the 
extraction methods the peak at 215 nm is seen to decrease 
as more purification takes place and the DNA polymerase 
becomes the major part of this peak. Nucleic acids, 260 nm, 
seem to be essentially eliminated from the samples. 



1.6 1.6 

1.4 215 

I A 1.4 B 

1.2 1.2 

1.0 1.0 

~ "' u 

"' 
z 

: 0.8 "' 
0 

:11 0.8 

"' 
0 

m "' C 
m 
"' 

0.6 0.6 

Q4 0.4 

0.2 02 

200 220 240 260 280 300 320 340 200 220 240 260 280 300 320 340 

WAVELENGTH (nm) WAVELENGTH (nm) 

us 1.6 

215 

1.4 I C l4 D 

1.2 1.2 

1.0 1.0 215 

"' "' I 
~ 

u z 
"' : 0.8 ~ 0.8 

51 0 

m ~ 
C C 

0 .11 0.11 

0.4 0.4 

Q2 Q2 

200 220 2'0 260 280 300 320 200 220 240 260 280 300 :520 :540 

WAVELENGTH (nm) WAVELENGTH (nm) 

I.II 

IA E 

1.2 

1.0 

w u i 0.8 
215 

I 
"' m 
C 

0.6 

0.4 

0.2 

200 220 240 260 280 300 320 340 

WAVELENGTH (nm) 



- 52 -

than in Em5297a, STA4A or alMa. More polypeptides and 

small proteins ·were still present in the sample as indi

cated by the height of the 215 nm peak. 

Quenching effects of absolute ethanol fil!.Q. perchloric acid 

Many investigators use a toluene based scintillation 

cocktail for assaying DNA polymerase activity (Englund 

1971, Wickner et al 1972a, Richardson 1966), but Oujesky 

(1968, Oujesky and Fuerst 1972) found greater counting 

efficiency with tritiated thymidine-5'triphosphate by the 

use of 1,4-dioxane scintillation cocktail. 

Ta b 1 e ~l s h ow s d a t a w h i c h i n d i c a t e t. h a t p e r c h 1 o r i c 

acid has a greater quenching effect on counting efficiency 

in 1,4-dioxane cocktail than absolute ethanol. The addi

tion of 0.5 ml of absolute ethanol quenched less than 5% 

but 0.5 ml of 1 N perchloric acid had a quenching effect 

of more than 25%. Although either perchloric acid or 

absolute ethanol may be used in the precipitation of DNA 

for the polymerase assay, absolute ethanol was chosen 

because of the higher quenching effect of perchloric acid. 

Determination of protein concentration and enzyme activity 
.21. DNA polymerase Fraction .lY. 

The Folin-Ciocalteu method of protein determination 

(Bailey 1967) was used for the assay of protein in DNA 

polymerase Fraction IV from four strains of Neurospora. 



Table 3--Summary of data used in determining the quenching effects of 
absolute ethanol and 1 N perchloric acid on 3H-TTP with a calculated 
activity of 27,750 counts/min in dioxane scintillation cocktail. 
Radioactivity was measured for 20 min with a Model 1650 Beckman 
Liquid Scintillation Counter. 

Average 
Volume activity External 

Quenching quenching corrected Standard 
agent used agent used for background EfficiencI . Ratio 

ml counts/min % 

None None 12,211.7 44.0 1.333 

Absolute ethanol 0.10 11,616.6 41.8 1.332 

Absolute ethanol 0.20 11,858.8 42.7 1.299 

Absolute ethanol 0.50 10,989.4 39.6 1.287 

Absolute ethanol 0.75 10,989.4 39.6 1.227 

Absolute ethanol 1. 00 10,978.5 39.5 L 178 · 

1 N Perchloric acid 0.10 8,216.0 29.6 0.636 

1 N Perchloric acid 0.20 6,944.8 25.0 0.504 

1 N Perchloric acid 0.50 5.085.0 18.0 0.306 

1 N Perchloric acid 0.75 4,091.8 14.7 0.186 

1 N Perchloric acid 1.00 3,462.0 12.4 0.143 

CJ) 

w 
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Commercially supplied DNA polymerase (DNAP) with a known 

protein composition was diluted 1:100 in sterile distilled 

water. Bovine Plasma Albumin (5X crystallized) was utilized 

in pieparing the samples employed in the construction of 

the standard curve for protein determination as seen in 

Figure 6. 

The enzymatic activity of the four strains was measured 

by performing polymerase assays on 1.0 ml aliquots of 1:5 

dilutions of Fraction IV. By means of incorporation of 

3H-dTTP, the molar concentration of the thymidine 

triphosphate incorporated into the DNA product was deter

mined. The enzymatic activity was converted to units of 

activity by dividing the counts/min for an assay of 1 unit 

of commercial DNAP IV into the ~ounts/min of assays from 

Fraction IV of each strain. Units of activity as well as 

the amount of protein in mg/ml are summarized in Table 4. 

Polyacrylamide gels 

Samples obtained from each step in the extraction 

procedure of DNA polymerase of Neurospora wild type STA4A 

were concentrated to a final volume of 1-2 ml by an Amicon 

ultrafiltration apparatus. By standard procedure 7.0% 

polyacrylamide gels were prepared for each step in the 

extraction procedure after the method of Davis (1964). The 

commercial DNA polymerase IV used was diluted so that 0.1 ml 
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Figure 6--Protein values of Bovine Plasma Albumin (5X 
crystallized) as measured by the Folin-Ciocalteu method 
(Bailey 1967) with absorbancies determined spectro
photometrically at 500 nm. The protein concentration 
values of each of the four Neurospora strains used in 
this study are indicated where they hit the curve as well 
as that of the commercial DNA polymerase Fraction IV 
(DNAP 4). 
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Table 4~-Comparison of protein concentrations and enzymatic 
activities of DNA polymerase Fraction IV extr~cted · from four 
Neurospora strains. All values are based on two or more samples. 

Determined for DNA pol~merase 
Enzyme Enzyme Specific 

Strain :Qrotein activitI:'.; activitI** 
mg/ml unit/ml unit/mg 

Yl7M30A (adenine-less mutant) 8.0 8.31 ± 0.42 1.040 ± 0.05 

STA4A (wild type) 9.5 5.87 ± 0.29 0.618 ± 0.03 

Em5297a (wild type) 6.5 10.48 ± 0.52 1.612 ± 0.08 

alMa (albino mutant) 9.9 9.10 ± 0.45 0.912 ± 0.04 

:~units of activity were determined by div1ding. the 'counts/min · 
from one unit of commercial DNAP - IV assay into the . counts/min 
from an assay of a Neurospora strain. 

**Specific activity is derived by dividing the mg/ml of protein 
into the units/ml of enzyme activity. 

CJ1 
0--
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contained 100 units of enzymatic activity. After electro

phoresis, the gels were stained with Coom~ssie brilliant 

blue for 3 hr and destained until the background was clear 

and the protein bands clearly visible. Graphic measure

ments on a Quick Scan Jr densitometer with attached 

recorder were secured. These measur~ments are shown in 

Figure 7. The absorption peaks closest to . A and B of the 

visible spectra are the tracking dye. Since most of the 

DNA polymerase activity is contained in one fast moving 

band, the two relatively large absorption peaks next to 

the tracking dye probably represent the DNA polymerase 

activity (Harwood et al 1970). A complexity of absorp

tion peaks indicates many masking proteins; thus, making 

it impossible to assign definitive conclusions to these 

spectra. However, although the general characteristics 

of the spectra appear to be similar, they are certainly 

not identical. 
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Figure 7--Visible spectra of two polyacrylamide gels 
obtained by a Quick Scan Jr densitometer at 525 nm. The 
spectra indicate that there are similarities between the 
DNA polymerases from the two organisms, but due to the 
abundance of masking proteinaceous material in both samples 
definitive statements concerning these spectra could not be 
made. 

A. This scan is that of DNA polymerase Fraction IV of the 
Neurospora St. Lawrence strain STA4A. 

B. A scan of commercial DNA polymerase IV obtained from 
Escherichia coli. 





DISCUSSION 

There appears to be a lack of information in litera

ture concerning DNA polymerases of the supposedly primitive 

eukaryotes. This is the main reason for the isolation and 

identification of DNA polymerase from Neurospora crassa as 

reported in this dissertation • 

. It has been suggested by Kornberg (1961) that studies 

with extracts from broken cell systems should be pursued to 

try and find the chemical reactions involved in DNA replica

tion. From·early investigations, it became apparent that 

the DNA-synthesizing enzyme (polymerase) purified from 

Escherichia coli catalyzes the extensive formation of DNA 

in response to directions from a DNA template (Kornberg 

1961). Deoxy~ucleoside 5'-triphosphates have been used as 

precursors for in vitro studies of DNA synthesis in all 

systems described so far (Klein and Bonhoeffer 1972). 

For all known polymerases, a primer is required that 

exhibits a free 3' OH end group in order to start the 

synthesis of new polynucleotide chains (Goulian 1972). 

Until recently only a few DNA polymerases obtained 

from animal cells were sufficiently purified to permit 

comparison with the bacterial and phage enzymes. Most of 

- 59 -
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the animal extracts resembled the phage DNA polymerases 

in catalytic properties (Keir 1965). It is difficult to 

determine the optimal conditions for an enzymatic reaction 

in crude cell extracts because of possible interfering 

factors that might be found in such preparations including 

endogenous mononucleotides and nucleic acids, DNases, 

phosphodiesterases, triphosphatases and other enzymes 

likely to act on the substrates and/or product. In order 

to demonstrate specific activity, the crude system must 

undergo some measure of purification. In mammalian DNA 

polymerases· the important features of purification are 

probably the removal of the known interfering factors such 

as DNases and phosphatases rather than protein elimination 

(Keir 1965). 

In order to obtain measurable activity from polymerase 

containing fractions of Neurospora mycelia, methods had to 

be employed that would be adaptable to this supposedly 

primitive eukaryote. , Many modifications were made in 

attempting to apply the usual techniques used for 

procaryotes to this eukaryotic organism. Utilizing avail

able facilities, the Neurospora mycelia were disrupted by 

means of lysozyme and glass beads in a Sears Model 633.82000 

blender. Streptomycin sulfate treatment of the cells should 

have removed the larger proteins by precipitation. From 
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experiments with E. coli, it was expected that Neurospora 

would yield 5-10 g of crude enzyme extract; however, a 

precipitate of less than 0.1 g was obtained. The Neurospora 

cell proteins may still have been aggregated or attached 

to matrix material and thus could not be removed through 

precipitation. Attempts at autolysis by varying the con

centration of MgC1 2 as well as incubation times did not 

produce the desired results; thus, the ultraviolet absorb

ing materials had not been removed from the sample. 

Ammonium sulfate precipitation of DNA polymerase could not 

take place because the ultraviolet absorbing material was 

still in the sample. 

Recently DNA polymerase has been isolated from the 

basidiomycete Ustilago maydis by Jeggo et al (1973). This 

new method was modified to the research with Neurospora and 

the available facilities. The speed of the ultra

centrifuge was increased to 203,000 x g to ensure that 

the ribosomes and other cellular components would be 

removed from the suspension. Jeggo et al (1973) treated 

their supernatant with pancreatic DNase to eliminate 

endogenous DNA. The DNA must be removed from the sample 

preparation so that when testing for enzyme activity, 

endogenous DNA will not be read as a measurement of the 

synthesis of DNA by DNA polymerase. Nucleic acids were 
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measured in the ultraviolet range in the spectrophotometer 

at 260 nm. The DNA polymerase containing fractions from 

Neurospora proved to contain large amounts of nucleic acids 

in the sample. These contaminants had to be removed from 

the sample in order·to measure DNA polymerase activity. 

· After considerable experimentation with Neurospora the 

contaminant fraction was found not to be DNA but RNA. 

Figures 2 through 5 indicate that the samples contained 

undesired quantities of nucleic acid which are represented 

as absorption peaks at 260 nm. Portions of the sample were 

treated wiih DNase, RNase, and both DNase and RNase. Treat

ment of the samples with DNase did not alter the nucleic 

acid absorption peak at 260 nm, but RNase did, thus indi

cating that the contaminant in the sample was primarily 

RNA. Why Neurospora has such high levels of RNA is not 

known. Perhaps it is due to the multinucleate condition 

of the cells. Microscopic comparisons of the structure of 

septal pores in fungi showed no difference in the size or 

structure of these pores. Evidence indicates that whole 

nuclei and complete genomes migrate normally through 

septate pores. If nuclei can pass through pores then 

cytoplasm also passes from cell to cell (Raper and Esser 

1964). Since the DNA polymerase extracted from Neurospora 

is most likely a soluble enzyme of both nuclear and 
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cytoplasmic origin, the RNA found in cytoplasmic pools may 

partially account for the abundance of RNA. If nuclear 

membranes have been disrupted then ribosomal membranes may 

also have been broken allowing more free RNA into the 

cytoplasm • 

. RNase acts upon RNA in two steps: (1) a fast reaction 

leading to partial depolymerization and the formation of 

cyclic phosphate derivatives without the liberation of acid 

groups (transesterification) followed by (2) the slow 

liberation of acid secondary phosphoryl groups during the 

cleavage of· the cyclic phosphate derivatives (hydrolysis) 

(Scheraga and Rupley 1962). The first stage, transesterifi

cation, is accompanied by an energy shift which manifests 

itself as an increase in volume and the second stage, 

hydrolysis, by a decrease in volume (Scheraga and Rupley 

1962). Bovine pancreatic ribonuclease cleaves Cs'-0-P 

linkages only after pyrimidine (primarily cytidine and 

uridine) bases and not after purine (adenine and guanine) 

bases to form pyrimidine-2' and 3'-cyclic phosphate 

derivatives (Scheraga and Rupley 1962). The increase in 

ab.sorption at 260 nm after the addition of RNase seen in 

Figure 5, plate E, may possibly be explained by this fact. 

figure 5 shows the UV spectra of the adenineless mutant 

Yl7M30A. The absorption peak at 260 nm increased after the 
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addition of RNase. Perhaps the RNase freed more RNA which 

allows for the increase in absorption. 

DNA polymerase was isolated from four strains of 

Neurospora crassa. The four strains chosen for these 

experiments were two wild types of opposite mating type, 

a biochemical mutant and a morphological mutant. Several 

variations in DNA polymerase specific activity may be found 

through the utilization of these four strains. The pre

liminary data on DNA polymerase activities in Neurospora 

indicate no probable difference in specific activity 

between thJ four organisms utilized. 

For the radioisotopic studies a 1,4-dioxane based 

scintillation cocktail was utilized. The scintillation 

cocktail reported by Richardson et al (1964) based on 

toluene resulted in less efficient counts than the dioxane 

cocktail of Oujesky (1968, Oujesky and Fuerst 1972). Absolute 

ethanol was used to precipitate the product (DNA) in the DNA 

polymerase assay. This was the precipitating agent chosen 

instead of perchloric acid because perchloric acid had a 

quenching effect of more than 25%, whereas absolute ethanol 

quenched less than 5%. These data appear in Table 3. 

A comparison of the protein concentration in mg/ml 

of Bovine Plasma Albumin 5X, Fraction IV of the four 

Neurospora strains utilized in this study and the commercial 
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DNA polymerase Fraction IV of h coli is shown in Figure 6. 

These data indicate tha~ the wild type strain Em5297a, 

which contained 6.5 mg/ml of protein in Fraction IV, had 

the least amount of enzyme protein concentration in mg/ml. 

It is very interesting that Em5297a also shows the most DNA 

polymerase activity. The albino mutant had 9.9 mg/ml of 

protein for Fraction IV, which was the highest of the four 

Neurospora strains used. The St. Lawrence strain had a 

protein content of 9.5 mg/ml in Fraction IV while the 

adenineless mutant contained 8.0 mg/ml in the same frac-

tion. DNAP IV showed 7.5 mg/ml of protein. 

Figures 2 through 5 show that large quantities of 

nucleic acids were present as indicated by the height of the 

a b s o r p t i o n_ p e a k s a t 2 6 0 nm • F r a c t i o n s I a n d I I c o n t a i n e d 

large quantities of nucleic acids to mask the absorption at 

260 nm of the product (DNA) produced in the DNA polymerase 

assay. Fraction III was so unstable it could not be 

assayed. In Fraction IV the nucleic acids were reduced to 

an amount where they did not interfere with the assay for 

polymerase activity. Smaller quantities of the enzyme were 

used in other assay systems reported in the literature 

(Richardson et al 1964; 0ujesky 1968, 0ujesky and Fuerst 

1972; Hoychoudhury and Bloch 1969a; Jeggo et al 1973); how

ever, no results were obtained using Neurospora DNA 
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polymerase with these smaller quantities. In the other 

steps of the assay the methods employed were identical to 

those used by Oujesky (1968, Oujesky and Fuerst 1972), such 

as the time of incubation, the chilling of the samples, the 

speed and time of centrifugation . 

. A comparison of the Fraction IV protein of the four 

Neurospora strains utilized and those obtained f'°om L. coli 

Fraction IV (Richardson et al 1964) and Ehrlich Ascites 

tumor cell Fraction IV (Roychoudhury and Bloch 1969a) seem 

to have almost no similarities to each other. The protein 

values of ~he enzyme fractions of wild type STA4A and alMa 

are similar to those reported by Oujesky (1968, Oujesky and 

Fuerst 1972) but double that · of Richardson et al (1964) and 

ten times the amount shown by Roychoudhury and Bloch (1969a) 

for Ehrlich Ascites tumor cells. According to parameters based 

on literature findings for comparison of protein values, the 

protein concentrations of Fraction IV of the four Neurospora 

strains utilized contained too much protein. The enzyme 

protein values obtained from the adenineless mutant Yl7M30A 

and the wild type Em5297a do not correspond to most known 

protein enzyme fractions cited for DNA polymerases. These 

polymerases from Neurospora contain more protein/mg/ml than 

any mammalian or bacterial organism that have been reported 

in literature. It is virtually impossible to compare the 
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protein values of DNA polymerase Fraction IV of the sup

posedly primitive eukaryote Neurospora with those of 

L. coli and mammalian cells. One can not compare values 

between procaryotic and eukaryotic systems. Comparison of 

values between the supposedly primitive eukaryotes and 

mammalian cells would also present problems, since at the 

present time the methods of extraction of DNA polymerase 

vary greatly due to wide differences in these biological 

systems. 

The specific DNA synthesizing activity of polymerase 

in Em5297a .was the highest of the four Neurospora strains 

investigated in this dissertation research. The enzymatic 

specific activity obtained from these four strains is much 

less active compared to other organisms both procaryotic 

and eukaryotic. Fractions which contain high enzyme 

protein concentrations and low specific activity probably 

contain nucleases which prevented some DNA synthesis by the 

polymerase. Nucleases are commo~ly found in crude prepara

tions. Em5297a, which had relatively low protein and high 

DNA polymerase specific activity, is a parent strain of 

STA4A, which had high protein values and low polymerase 

activity. The identity of the two mating types A and a of 

the four Neurospora strains used did not appear to have any 

correlation to the specific enzyme activity. The Emerson 
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wild type and the albino strain are of the same mating 

type, but the measurement of enzymic specific activity is 

appreciably different. Em5297a fraction IV had a specific 

activity of 1.612 ±0.08 whereas alMa had a specific activity 

of 0.912 ±0.04. In the case of the A mating type, there 

was ~o correlation either with protein content or specific 

activity. One might expect the albino mutant to have an 

increased level of DNA polymerase because of its sensitivity 

to UV (R. E. Subden, personal communication). The mutant 

probably has alternate methods of repairing UV irradia-

tion inducP~ damage. If there is an increased level of 

DNA polymerase in the mutant stra,in, it was not detected 

because of limitations in the purification method. 

Micrococcus luteus DNA polymerase contains two major 

bands and three to five minor bands, as demonstrated by 

polyacrylamide gel electrophoresis (Harwood et al 1970). 

The gels were stained with Coomassie brilliant blue. The 

DNA polymerase from Micrococcus luteus had been purified 

more than the enzyme obtained from Neurospora STA4A. A 

comparison of scans from DNA polymerase Fraction IV from 

Neurospora STA4A and commercial DNAP 4 is seen in Figure 7. 

The comparison is not conclusive because there appears to 

be protein masking of both samples. The sample scans show 

some similarity in the probable region of polymerase 
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activity. Both samples contain too much protein and other 

contaminants to be able to s9 y definitely that they are 

identical. 

ONA polymerase is the familiar name for a class of 

deoxynucleotide-polymerizing enzymes that require template 

information for nucleotide selection. Chang and Bollum 

(1971) described a low molecular weight DNA polymerase that 

is found not only in the nucleus, but also in the cytoplasmic 

fraction. In general fast growing tissues, a much higher 

molecular weight DNA polymerase activity is found only in 

the cytopl~sm. There are multiple forms of DNA polymerases 

commonly occurring in mammalian tissues (Chang and Bollum 

1971). The various DNA deoxynucleotidyltransferases found 

in mammalian cells may be systematically referred to as three 

major biochemical types, namely a terminal transferase or 

end addition enzyme, a DNA polymerase competent in 

duplicating denatured DNA by base pair complementation, 

and a polymerase acting more or less preferentially in the 

presence of double-stranded DNA templates (Bekkering

Kuylaars and Campagnari 1972). With the exclusion of the 

poorly known DNA deoxynucleotidyltransferases associated 

to membranes and of the mitochondrial enzyme which behaves 

like a segregated entity, functional on its isogenous DNA, 

1 he di f ft'rPnl l>N .. , polymerases from mammalian sources appear 
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to form a group of biological catalysts promoting one or 

more steps of the same integrated chemical process 

(Bekkering-Kuylaars and Campagnari 1972). The role of DNA 

polymerases in replication and/or repair is very difficult 

to determine in mammalian systems because genetic techniques 

are not currently available (Chang and Bollum 1972). 

Neurospora should provide an excellent model for the study 

of UNA polymerases in a supposedly primitive eukaryotic 

organism. A great deal is known about Neurospora genetics. 

General characteristics of fungi, such as their short life 

histories, their ease of culture, their haploid vegetative 

phases, as well as other features peculiai to fungi, e.g., 

as ordered tetrads and heterokaryosis, have often made a 

variety of fungi ideal or even occasionally indispensable 

materials for the study of many basic genetic phenomena 

(Raper and Esser 1964). Many fungal traits, such as 

incompatibility, heterokaryosis and somatic recombination, 

have been elucidated through studies of their genetic 

characteristics. Investigations with fungi resulted in 

very significant elucidations of factor analysis, biochemi

cal pathways, the organization of genetic material and 

extrachromosomal inheritance, which are four major problem 

areas of basic genetics (Raper and Esser 1964). 
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There is a great deal more to be learned about the DNA 

polymerases of Neu~ospora. Further purification studies 

should elucidate more of the structures and specific activ

ities of thesi types of DNA polymerase. Chromosome replica

tion in most eukaryotic cel1s ·entails replication of DNA 

and its assembly with other macromolecules (Roychoudhury 

and Bloch 1969a). Early attempts to relate the syntheses 

of DNA and chromosomal proteins, notably histones, have 

indicated that the two processes are closely coordinated 

and to some degree interdependent in spite of the fact · that 

they may oc~ur on opposite sides of the nuclear membrane 

(Roychoudhury ·and Bloch 1969a ). True understanding of 

chromosome replication ultimately will depend upon the 

elucidation of the mechanisms involved. Since most of the 

studies on DNA replication have been carried out with the 

DNA polymerase system of h coli (Richardson et al 1964) 

a comparison of a similar system in Neurospora appeared to 

be a good place to continue. Separate studies should be 

done of the different polymerases found in the nucleus and 

cytoplasm. It has been found in mammalian cells that there 

are different polymerases; probably this is also true in 

Neurospora. DNA polymerases of low molecular weights have 

been found in the nuclei of mammalian cells whereas higher 

molecular weight polymerases were located in the cytoplasm 
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of these organisms. As with most research, the study 

presented here answered some questions, but raised others. 

One may ask: Are the polymerases of Neurospora of dif

ferent molecular weights? Does Neurospora contain 

separate nuclear, cytoplasmic or mitochondrial DNA 

polymerases? Are the DNA polymerases repair enzymes, 

replicating enzymes, or what is their function? Many 

questions still remain to be answered about the functional 

requirements of the DNA polymerases from Neurospora. What 

are the primer requirements? Does the enzyme prefer native 

or heat-denatured DNA? The researcl1 reported in this 

dissertation is a preliminary study of DNA polymerase in 

Neurospora crassa; it has proved the existence of this 

important enzyme in this eukaryote and shown the way to 

further investigations. 



SUMMARY AND CONCLUSIONS 

1. The four Neurospora strains utilized in this study were 

wild types Em5297a and STA4A, the albino mutant alMa and 

the biochemical mutant Yl7M3OA which requires adenine 

for growth. 

2. Investigations were conducted to develop and perfect 

methods of extracting and purifying DNA polymerase from 

Neurospora crassa. The procedure finally adopted was 

developed from the one reported by Jeggo et al (1973) 

for the isolation of DNA polymerase from Ustilago maydis. 

3. Modifications and innovations in the extraction tech

niques used were: lysozyme treatment and grinding with 

a blender to disrupt the cells; increasing centrifuga

tion to remove the ribosomes and related cellular 

compounds; the use of RNase rather than DNase; in

creasing the incubation time of the assay mixture to 

I hr; collecting the precipitated DNA on a Millipore 

filter; and the use of 1,4-dioxane rather than toluene 

in the liquid scintillation cocktail, all of which 

resulted in better measurement of polymerase activity. 

4. The enzymatic activity of the DNA polymerase extract 

was determined radioisotopically by the use of 3tt-dTTP 
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and a liquid scintillation counter. The amount of DNA 

product synthesized by the enzyme in an assay mixture 

which included the four nucleotide triphosphates, the 

DNA primer and Mg++ was measured spectrophotometrically 

at 260 nm. 

5. Ultraviolet absorption spectra of samples representing 

the five steps in the extraction of DNA polymerase from 

Neurospora crassa were measured spectrophotometrically. 

Spectra from all four utilized strains showed a high 

absorbance at 260 nm which indicates the presence of 

nucleic acids. An absorption· peak at 215 nm appeared 

representing DNA polymerase. As the result of the 

extraction procedure, the absorbance at 260 nm decreased 

and the 215 nm peak illustrated mainly DNA polymerase. 

The absorbance at 260 nm was found mainly due to RNA 

rather than the supposed DNA. Polyacrylamide gel 

electrophoresis was also performed on samples taken 

from each step during the extraction and purification 

of DNA polymerase from Neurospora crassa. 

6. Comparisons of den~itometer scans of Fraction IV from 

wild type Neurospora STA4A and commercial DNAP IV of 

Escherichia coli indicate some similarity between the 

two different organisms. The enzymatic specific 

activity of DNA polymerase obtained from Neurospora 
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was from 72-148 times less than that reported by 

Richardson et al (1964) and Oujesky (1968, Oujesky and 

Fuerst 1972) for h coli. 

7. The protein content of Fraction IV of DNA polymerase 

extracted from Neurospora was greater than that re

ported by Richardson et al (1964) and Oujesky (1968, 

Oujesky and Fuerst 1972) for h coli DNA polymerase 

Fraction IV. 

8. The DNA polymerase of the wild type Em5297a demonstrated 

the most enzymatic activity. The differences encountered 

in the measurements of DNA polymerase activity found in 

the four Neurospora strains utilized in this study do 

not permit the making of conclusive statements, since 

the extraction procedures for DNA polymerase in 

Neurospora have not been developed to the extent of 

that of h coli and mammalian cells. 

9. The research reported in this dissertation is a pre

liminary study of DNA polymerase in Neurospora crassa; · 

it has proven the existence of this important enzyme in 

this eukaryote.: Further purification studies should 

elucidate more of the structures and specific activities 

of these types of DNA polymerases. 
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