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Factors Affecting the Primer for Deoxyribonucleic Acid Polymerase
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In previousreports from this Laboratory (Smellie,
Keir & Davidson, 1959; Smellie e¢ al. 1960; Gray
et al. 1960), deoxyribonucleic acid polymerase of
Ehrlich ascites-tumour cells has been described.
The requirements for its action include Mg?+ ions,
the 5’-triphosphates of deoxyadenosine, deoxy-
cytidine, deoxyguanosine and thymidine, and
primer deoxyribonucleic acid. The extent of
synthesis of polydeoxyribonucleotide in a given
time is dependent upon the amount of primer
deoxyribonucleic acid present in the reaction
mixture. This paper describes some of the experi-
ments carried out to investigate the nature of the
primer, and some of the treatments which can
influence its priming capacity in the synthetic
system.

EXPERIMENTAL

Abbreviations. Abbreviations used in this paper are:
deoxyadenosine 5’-triphosphate, dATP; deoxycytidine 5'-
triphosphate, dCTP; deoxyguanosine 5'-triphosphate,
dGTP; thymidine 5'-triphosphate labelled with 32P in the
a-phosphate group, [32P]TTP; thymidine 5-monophos-
phate labelled with 32P, [32P]TMP; sodium salt of ethylene-
diaminetetra-acetic acid (pH 7-0), EDTA.

Biological material. The Landschutz-ascites carcinoma
was maintained by serial transplantation in albino mice.
The ascitic fluid was harvested by collection in an equal
volume of 0-154M-NaCl 7 days after inoculation, and the
following operations, differing slightly from the original
procedure (Smellie et al. 1959), were carried out at 0—4°.

Preparation of soluble extract. Cells were sedimented by
centrifuging at 500g for 5 min. and were washed twice by
suspending in 0-154M-NaCl, followed by centrifuging at
500g for 5 min. The cells were disrupted osmotically in
13-15 vol. of water, pH 7-0, and the preparation was made

either 0-03M with KCl and 0-01M with potassium phos-
phate buffer, pH 7-5, or 0-01M with potassium phosphate
buffer, pH 7-5. The soluble extract was obtained by centri-
fuging the disrupted-cell suspension at 105000g for 60 min.,
the sediment being retained for the preparation of DNA.
There was no difference in DNA-polymerase activity of the
extracts obtained by these two procedures if allowance was
made for differences in the concentration of K* ions. In
most of the experiments to be described, the soluble extract
was the source of polymerase activity, but in some studies
fractions prepared from the soluble extract were used. In
these cases, the polymerase preparation is denoted by the
term ‘polymerase fraction’.

Preparation of DNA. The method of Kay, Simmons &
Dounce (1952) was followed for the preparation of DNA
from the 105000g sediment mentioned above. The DNA
was dissolved in water or in 0-01M-NaCl to give a concen-
tration of 2 mg. of DNA/ml.

A portion (200 ml.) of the solution was incubated with
400 ug. of ribonuclease (crystalline, Nutritional Biochem-
icals Corp., Cleveland, Ohio) and 20 ml. of 1-0M-tris—-HCl
buffer, pH 7-6, for 2 hr. at 37°. An equal volume of water-
saturated phenol was then added and the mixture was
gently shaken for 60 min. at 20°. The supernatant aqueous
layer which was obtained on centrifuging the mixture at
2000g for 20 min. was drawn off, leaving the phenol layer
and a thin interfacial film of insoluble material, which was
carefully removed. The phenol layer was treated twice more
with an equal volume of water in the manner described
above, the aqueous layers being collected. The pooled
aqueous layers were extracted three times with equal
volumes of ether to remove phenol. The viscous solution
was then made 1:0M with respect to NaCl, and DNA was
precipitated by addition of ethanol to 509, (v/v). The pre-
cipitate was washed three times with ethanol and three
times with acetone, and was dried in air and stored at
—-10°. Before use it was dissolved in 0-01M-NaCl and
dialysed for 24 hr. at 4° against four 41. changes of
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0-01M-NaCl, the final concentration being 1-3-2-0 mg.
of DNA/ml. DNA thus isolated from the Landschutz
ascites-tumour cells is referred to as Landschutz DNA.

A suspension of bacteriophage T2 (kindly supplied by
Dr L. Crawford) in 0-145M-NaCl-0-01 M-sodium phosphate
buffer, pH 7, was treated with sodium dodecyl sulphate
according to the method of Kay et al. (1952) for the pre-
paration of DNA. At intermediate stages of the procedure,
the crude DNA preparation was dissolved in 1 mm-NaCl
rather than water as described by Kay et al. (1952) and the
final product was dissolved in 1 mM-NaCl at a DNA con-
centration of 190 ug./ml.

DNA from bacteriophage @X174 was a gift from Dr
R. L. Sinsheimer.

Thermal denaturation of DNA. Except where otherwise
stated, heat-treatment of solutions of DNA (approx.1-3-
2-0 mg./ml.) was carried out by immersing portions (1 ml.)
contained in 15 ml. graduated centrifuge tubes in a water
bath at 100° for 10 min., and rapidly cooling the solutions
by shaking the tubes in an ice bath. This treatment is
referred to as thermal denaturation, and DNA not sub-
mitted to the heating process is termed native DNA.

Limited treatment with deoxyribonuclease. Native Land-
schutz DNA (4 ml. of 2 mg./ml. in 0-01 M-NaCl) was incu-
bated at 37° for 60 min. with 45 umoles of MgCl,, 40 pmg.
of deoxyribonuclease (crystalline, Nutritional Biochemicals
Corp.) and 400 umoles of tris-HC1 buffer, pH 7-5. The total
volume was 10 ml. After incubation, a portion (5 ml.) was
thermally denatured and the remaining portion (5 ml.)
was cooled to 0°.

A control experiment was conducted with the same
reaction conditions but in the absence of deoxyribonuclease.

Measurement of priming capacity. The ability of a DNA
preparation to act as primer in the polymerase synthetic
system was measured by the previously described assay
(Gray et al. 1960) modified slightly in individual experi-
ments as described in the Results section. This assay
involves the measurement of the incorporation of [32P]-
TMP from [32P]TTP into an acid-insoluble form.

Potassium jons stimulate the polymerase reaction with
an optimum at 0-04 M whereas increase in Na* ion concen-
tration progressively inhibits the reaction; moreover, small
amounts of EDTA stimulate the system by as much as ten-
fold, whereas higher concentrations (above 0-75 mm)
inhibit extensively.

RESULTS

For routine assay of polymerase activity, therm-
ally denatured DNA from the Landschutz-ascites-
tumour cells was used as primer in the reaction. The
superiority of thermally denatured DNA over
native DNA in this respect is illustrated in Fig. 1.
Under standard-assay conditions, 200ug. of
thermally denatured DNA/ml. of assay mixture
produced a maximal synthetic effect, and at this
concentration a sevenfold stimulation of incorpor-
ation of [32P]JTMP residues was obtained, as com-
pared with experiments with equal amounts of
native DNA as primer. Prolonged heating (65 min.
at 100°) reduced the priming efficiency of the DNA,
presumably by causing excessive degradation.
DNA from bacteriophage @X 174 was most effective
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of all. The maximal synthetic effect of thermally
denatured Landschutz DNA at 200ug./ml. of
reaction mixture was attained by @X 174 DNA at
a concentration of 16 ug./ml.

In the experiments shown in Fig. 1, 0-68 um-
mole of [**P]TMP was incorporated in the presence
of 4ug. of bacteriophage ©X174 DNA. This is
equivalent to the incorporation of about 0-9 ug. of
total nucleotide residues into DNA (assuming that
equal amounts of dATP, dCTP, dGTP and
[32P]TTP were utilized). Therefore, 259, of the
bacteriophage @X 174 DNA was replicated under
the assay conditions. The corresponding figures for
4 and 50 ug. of thermally denatured Landschutz
DNA were about 1 and 2 9, respectively.

There were no detectable differences between the
priming capacities of the Landschutz DNA pre-
parations described in Fig. 1, and those of Land-
schutz DNA samples prepared by the detergent
technique of Kay et al. (1952), without further
purification, dissolved in water, pH 7-0, and
treated as in Fig. 1.

Fig. 2 shows the ultraviolet-absorption spectra of
Landschutz DNA before and after thermal de-
naturation in 0-167 mM-NaCl and at a DNA con-
centration of approx. 27 ug./ml. The heat-treatment
caused a hyperchromicity of about 29 %, at 260 mp.
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Fig. 1. Comparison of priming capacities of thermally de-
natured and native DNA in the polymerase assay. The
reaction mixture contained these components, in a total
volume of 0-25 ml.; 25 umoles of tris—-HCl buffer, pH 7-5;
1-0umole of MgCl,; 0-12umole of EDTA; 1-0umole of
potassium phosphate buffer, pH 7-5; 75 um-moles each of
dATP, dCTP, dGTP and [**P]TTP (2-2 x 10* counts/min./
pmole); 0-3 mg. of polymerase fraction protein. The indi-
cated amounts of DNA were added in solution in water.
Incubation was at 37° for 60 min. @, Native Landschutz
DNA; O, Landschutz DNA thermally denatured under
standard-assay condition; [J, Landschutz DNA thermally
denatured at 100° for 65 min.; A, X174 DNA.
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When the experiment was repeated with DNA at
an identical concentration but in 0-154M-NaCl-
0-01 M-sodium citrate, pH 7-3, the spectra obtained
were unaltered in shape. The spectrum of the un-
heated sample was also unaltered in magnitude
but the thermally denatured sample displayed a
hyperchromic effect of 13 9, i.e. 16 9% lower than
the corresponding DNA solution heated in
0-167 mm-NaCl.

Almost identical results were obtained with
Landschutz DNA prepared by the method of Kay
et al. (1952) without further purification, and dis-
solved in water, pH 7, or in 0-154M-NaCl-0-01 M-
sodium citrate, pH 7-3.

Smellie et al. (1959) had shown that the primer
DNA was no longer effective after exposure to
deoxyribonuclease (50 ug./mg. of DNA) for 18hr.
However, further investigations showed that brief
treatment of the native DNA with minute amounts
of deoxyribonuclease (1 umg./205 ug. of DNA) en-
hanced its priming capacity. If this was followed
by thermal denaturation the preparation was 11
times as active as the native DNA (Table 1). The
effect was optimum when deoxyribonuclease was
used at a concentration of 8 umg./ml. of reaction
mixture and 1 pmg./100 ug. of DNA. Increase of
the deoxyribonuclease concentration beyond this
figure progressively reduced primer activity of the
DNA until, at 150 umg. of deoxyribonuclease/ml. of
reaction mixture, it fell to the low value character-
istic of the native Landschutz DNA (D. Bell &
H. M. Keir, unpublished work).

1-0r
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Fig. 2. Hyperchromicity of Landschutz DNA thermally
denatured in 0-167 mm-NaCl. Landschutz DNA (0-1ml.;
1-62 mg./ml. in 0-01M-NaCl) was diluted to 6-0 ml. with
water, pH 7-0. The solution was divided into two portions
(3 ml.), one of which was heated for 10 min. at- 100° and
rapidly cooled. @, Native DNA; O, thermally denatured

DNA.
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The hyperchromicity and improved priming
ability displayed by solutions of DNA thermally
denatured in water or in dilute NaCl solutions
(0-1-0-2 mm) was also given, as expected, by
solutions of DNA in 0-01M-tris-HCI buffer, pH 7-0
(Tables 2 and 3). On the other hand, solutions of
DNA of the same concentration, but in 0-01M-
sodium phosphate buffer, pH 8-0, or 0-01 M-sodium
borate buffer, pH 9-0, possessed the high priming
capacities before as well as after thermal denatura-
tion when assayed in the polymerase system at
pH 7-5 (Table 2). This phenomenon was not re-
flected in the extinction values of the solutions at
260 mpu, for a hyperchromic effect was still ob-
tained after thermal denaturation (Table 3).

Table 1. Effect of limited deoxyribonuclease action
on priming capacity of Landschutz deoxyribonucleic
acid

The polymerase assay contained these components, in
total volume 0-25ml.: 10umoles of tris-HCl buffer,
pH 7-5; 0-08 umole of EDTA: 1 umole of MgCl, ; 8 pumoles
of KCl: 1umole of potassium phosphate buffer, pH 7-5;
18 ug. of DNA preparation; 50 uum-moles each of dATP,
dCTP, dGTP and |32P]TTP (4-85 x 10° counts/min./umole);
240 ug. of soluble extract protein. Incubation was at 37°

for 60 min. Priming capacity in
polymerase assay

Treatment of DNA (pm-moles of [32P]TMP
before assay residues incorporated)
None 0-2
Limited deoxyribonuclease 0-32
Thermal denaturation 1-34
Limited deoxyribonuclease + 2:15

thermal denaturation

Table 2. Priming capacity of Landschutz deoxy-
ribonucleic acid before and after thermal denaturation
at different pH values

The assay mixture contained these components, in total
volume 0-25 ml.: 10umoles of tris-HCl buffer, pH 7-5;
0:75 umole of MgCl,; 0-08 umole of EDTA; 50 um-moles
each of dATP, dCTP, dGTP and [3?P]TTP (6 x 10° counts/
min./umole); 280 ug. of soluble extract protein; 65 pug. of
DNA contained in 0-05 ml. of 0-01m buffer, the buffers
being tris~-HCl for pH 7-0, sodium phosphate for pH 8:0
and sodium horate for pH 9-0. Incubation was at 37° for
30 min. (These DNA solutions were diluted 1 in 40 with the
appropriate 0-01 M buffer for ultraviolet measurements as
described in Table 3.)

Priming capacity in polymerase
assay (um-moles of [32P]TMP
residues incorporated/mg. of

protein/hr.)

Before thermal  After thermal
pH denaturation denaturation
7-0 i 2-33 8-64
8:0 10-44 9-46
9-0 8-26 9-46
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The extinctions at 260 mpy of solutions of Land-
schutz DNA in 0-15M-NaCl-0-015M-sodium citrate,
pH 7-3, were measured before and after heat-
treatment at 100° for 10 min., which was followed
by either the usual rapid cooling or by slow cooling
(the temperature being allowed to fall gradually
from 100° to 20° over 3 hr.). Samples of the pre-
parations were also taken for measurement of their
priming capacities in the polymerase-assay system.
The results (Table 4) indicate that the slow-cooling
process produced a significantly greater hyper-
chromic effect and increase of primer activity than
did rapid cooling.

In other experiments in which the thermal treat-
ments were carried out at lower DNA concentra-
tions and in 0-154M-NaCl-0-01 M-sodium citrate,
pH 7-3, hyperchromic effects of 11-4 and 139,
were consistently obtained after the rapid- and slow-
cooling processes respectively.

Table 3. Hyperchromicity of Landschutz deoxy-
ribonucleic acid thermally denatured at different pH
values

Landschutz DNA (1-8 ml.; approx. 1-35mg./ml. in
0-01M-NaCl) was added to 0-2 ml. of 0-1M-tris~HCl buffer,
pH 70, or 0-1M-sodium phosphate buffer, pH 8-0, or
0-1M-sodium borate buffer, pH 9-0, and the extinction
coefficients were measured after dilution by 1 in 40 with
the appropriate 0-01M buffer. Thermally denatured
samples were diluted for ultraviolet measurements after
heat-treatment and cooling.

Extinction coefficient at 260 mpu
AL

Before After Hyper-
thermal thermal chromicity
rH denaturation  denaturation (%)
7-0 0-855 1-080 26-3
8-0 0-865 1-080 25-2
9-0 0-875 1-090 24-8
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A DNA preparation from bacteriophage T 2 was
capable of acting as primer for the polymerase
system before as well as after thermal denaturation,
and to the same extent (Fig. 3). Under the assay
conditions 5 and 30 pg. of bacteriophage T2 DNA
were replicated to the extent of 10 and 79
respectively. In a separate experiment (Table 5) it

16—

12

1 l 1
10 20 30
DNA (pg./assay)

Fig. 3. Priming capacity of bacteriophage T2 DNA. The
assay mixture contained these components, in total
volume 0-25 ml.: 10 pmoles of tris—-HCl buffer, pH 7-5;
1-0 umole of MgCl,; 0-08 umole of EDTA; 8:5umoles of
KCl; the indicated amounts of bacteriophage T2 DNA in
0-15 ml. of 0-01M-KCl; 50 um-moles each of dATP, dCTP,
dGTP and [3P]TTP (7-5x10° counts/min./umole);
110 ug. of soluble extract protein. Incubation was at 37°
for 60 min. O, Native bacteriophage T2 DNA; @,
thermally denatured bacteriophage T2 DNA.

[32P]JTMP residues incorporated (pm-moles/mg. of protein)

Table 4. Effects of slow and rapid cooling of Landschutz deoxyribonucleic acid solutions
after thermal denaturation

Portions (1:0 ml.) of Landschutz DNA solution in 0-15M-NaCl-0-015M-sodium citrate were heated for 10 min.
at 100°, followed by rapid cooling or slow cooling (see text). Samples (0-5 ml.) were diluted 1 in 20 with 0-15M-
NaCl-0-015M-sodium citrate for measurements of extinction; also samples (0-5 ml.) were diluted 1 in 4 with the
0-15M-NaCl-0-015M-sodium citrate solution for use in the polymerase assay. The assay components in 0-25 ml. of
reaction mixture were: 10 umoles of tris~HCl buffer, pH 7-5; 0-625 pmole of MgCl, ; 0-08 umole of EDTA ; approx.
15 ug. of DNA (treated as indicated and contained in 0-1 ml. of 0-15M-NaCl-0-015 M-sodium citrate); 50 um-moles
each of dATP, dGTP, dCTP and [**P]JTTP (1-4 x 10® counts/min./umole); 0-48 mg. of soluble extract protein.

Incubation was at 37° for 60 min.

Priming capacity
in polymerase

assay (um-moles

- Extinction Hyper- of [32P]TMP
Treatment of DNA before coefficient chromicity residues
polymerase assay at 260 mp (%) incorporated)
None 0-778 — 043
Heat, rapid cooling 0-870 11-8 0-67
Heat, slow cooling 0-904 16-2 0-71
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Table 5. Comparison of bacteriophage T2 deoxy-
ribonucleic acid and Landschutz deoxyribonucleic
actd as primers in the polymerase system

The assay mixture contained these components, in total
volume 0-25 ml.: 10umoles of tris-HCl buffer, pH 7-5;
1 pmole of MgCl,; 0-08 umole of EDTA; 9 umoles of KCl;
1 pumole of potassium phosphate buffer, pH 7-5; 30 ug. of
DNA contained in 0-15 ml. of 1 mM-NaClI; 50 um-moles
each of dATP, dCTP, dGTP and [**P]TTP (0-79 x 10%
counts/min./pmole); 110ug. of soluble extract protein.
Incubation was at 37° for 60 min.

[32P]TMP residues
incorporated
(pm-moles/mg. of
Primer protein/hr.)
Native Landschutz DNA 1-8
Thermally denatured Landschutz DNA 11-45
Native bacteriophuge T2 DNA 17-45
Thermally denatured bacteriophage 17-55

T2 DNA

was observed that native or thermally denatured
bacteriophage T2 DNA primed the reaction more
efficiently than thermally denatured Landschutz
DNA. The latter was replicated to the extent of
5-5 9, and the former to the exfent of 8-5%,.

The ultraviolet-absorption spectra of bacterio-
phage T 2 DNA, before and after thermal denatura-
tion in 0-167 mM-NaCl at a DNA concentration of
32 pg./ml., were similar in shape to those shown in
Fig. 2 for Landschutz DNA. The ratio of the
extinction at 250 mp to that at 260 mu was
slightly lower, and the ratio of extinction at 2756 mpy
to that at 260 my slightly higher than the corre-
sponding ratios obtained with Landschutz DNA.
The hyperchromic effect observed after heating was
18 %. A repeat of this experiment with bacterio-
phage T2 DNA solutions (32 pg./ml.) in 0-154M-
NaCl-0-01M-sodium citrate showed a 12 9%, hyper-
chromic effect after thermal denaturation.

DISCUSSION

Aqueous solutions of DNA undergo a striking
physical transition when heated. The transition
(‘denaturation’) involves collapse of the double
helical configuration (Watson & Crick, 1953) of the
DNA, and takes place within a very narrow tem-
perature range, usually 80-100°, according to the
ionic strength of the medium and the number of
guanine—cytosine hydrogen-bonded pairs in the
double helix. Guanine—cytosine pairs confer
greater stability on the molecule than do adenine—
thymine pairs (Rice & Doty, 1957; Marmur &
Doty, 1959). The denaturation is regarded as
replacement of the highly ordered double helix by
randomly coiled polydeoxyribonucleotide chains,
which display characteristics to be expected of

32
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single-stranded material (Doty, Marmur, Eigner &
Schildkraut, 1960).

Thermal denaturation is accompanied by a
hyperchromic effect at about 260 mp (Thomas,
1954; Lawley, 1956). With aqueous solutions of
calf-thymus DNA, 0-195M with respect to Na'*
ions, Doty, Boedtker, Fresco, Haselkorn & Litt
(1959) showed that an increase in temperature from
25° to 95° resulted in a hyperchromicity of 42 9, at
259 my; return of the temperature to 25° yielded a
final hyperchromicity of 109%. Marmur & Lane
(1960) submitted certain biologically active bac-
terial DNA preparations to thermal denaturation.
If the cooling rate were carefully controlled, there
was a partial recovery of biological activity, indi-
cating that specific reconstitution of comple-
mentary strands had taken place to form perfectly
registered helical regions. Doty et al. (1960) reached
similar conclusions by physicochemical methods.

It seems therefore that thermal denaturation of
DNA could produce a macromolecule which would
serve efficiently as a primer in our polymerase-
assay system, since it would present to the enzyme
a template on which new polydeoxyribonucleotide
could be synthesized to give a product of the
Watson—Crick type. Bollum (1959) showed that
thermally denatured DNA was substantially
superior to native DNA in primer activity in a
calf-thymus-polymerase system, and Lehman
(1959) obtained a twofold increase in primer
activity with thermally denatured calf-thymus
DNA in the purified polymerase system from
Escherichia coli. Our Landschutz DNA primer with
the ascites-enzyme system possesses similar pro-
perties (Fig. 1), although the thermally denatured
primer does not, even after prolonged heating,
attain the priming capacity of bacteriophage X 174
DNA, which is known to be single-stranded
(Sinsheimer, 1959).

The question whether thermal denaturation of
DNA is associated with lowering of molecular
weight has not been fully resolved, although there
are indications that there is no dramatic reduction
after heating (Shooter & Butler, 1956; Shooter,
Pain & Butler, 1956; Rice & Doty, 1957); but the
situation is complex and depends on other factors,
including ionic strength and DNA concentration
(Thomas, 1954; Shooter & Butler, 1956; Cavalieri,
Rosoff & Rosenberg, 1956; Inman & Jordan,
19604, b). Thermal denaturation of bacterial DNA
brings about a molecular-weight reduction by a
factor of two (Doty et al. 1960).

The improved priming capacity of Landschutz
DNA effected by limited treatment with deoxy-
ribonuclease (Table 1) is interpreted as the con-
sequence of increased availability of 3’-hydroxy
terminal groups (Laskowski, 1961) and, in con-
juniction with thermal denaturation, of exposure of

Bioch. 1962, 82
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further stretches of single-stranded template to the
polymerase system. Limited deoxyribonuclease
action produces random splitting of phosphodiester
bonds in individual DNA strands without sub-
stantial reduction of molecular weight but with a
lowering of viscosity (Dekker & Schachman, 1954 ;
Schumaker, Richards & Schachman, 1956 ; Thomas,
1956).

Highly purified polymerase preparations from E.
colz can catalyse extensive synthesis of DNA from
substrate triphosphates with native calf-thymus
DNA as primer (Bessman, Lehman, Simms &
Kornberg, 1958). These polymerase fractions con-
tain nucleases (Lehman, Bessman, Simms &
Kornberg, 1958), which could well account for the
success of the native DNA primer in the system.
Lehman (1959) pointed out that treatment of
primer DNA with minute amounts of pancreatic
deoxyribonuclease (1 ug./200mg. of DNA) increases
the rate of the polymerase reaction two- to three-
fold. A DNA-synthesizing system from cultured
lymphoblasts from a mouse was stimulated fivefold
when deoxyribonuclease was included in the assay
mixture at a concentration of 16 ug./ml. (Mant-
savinos & Canellakis, 1959); increases of the deoxy-
ribonuclease concentration up to 300 pug./ml.
resulted in complete inhibition of the reaction.
Sarkar (1961) found that pretreatment of native calf-
thymus DNA with deoxyribonuclease gave a product
capable of serving as primer in the polymerase
systems from calf-thymus and regenerating rat liver.

The hyperchromic effect which accompanied
thermal denaturation of Landschutz DNA in
0-167 mm-sodium chloride (Fig. 1) was substantially
lowered when the experiment was done with DNA
solutions in 0-184M-Na* ions, presumably because
of decreased electrostatic repulsion between com-
plementary strands. Thermal denaturation for
primer production was therefore carried out at a
DNA concentration of 0-13-0-2g./100 ml. in
water or in 0-01M-sodium chloride, so that a
greater denaturation effect would be obtained than
in more concentrated salt solutions.

Exposure of DNA solutions to mildly alkaline
buffers may reduce bond strength in one or more of
the known hydrogen-bond types, without con-
comitant bond rupture, so that at pH 8 and 9 the
Landschutz DNA exhibits high primer activity
before and after heating, but still produces the
expected hyperchromicity after heating (Tables 2
and 3). In pH 7 buffer, however, heat is required to
induce a high priming capacity. Denaturation of
DNA at pH 11-12 is known to occur (Ehrlich &
Doty, 1958), and we observed that exposure of
Landschutz DNA to 0-01M-0-10M-potassium hy-
droxide solutions for 2-5 hr. at 37° increased its
priming capacity.

The strand separation and recombination ob-
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served after heating and slow cooling of bacterial
DNA in the presence of 0-195M-Na* ions could not
be demonstrated with calf-thymus DNA (Doty
et al. 1960; Sarkar & Dounce, 1961) by measure-
ments of extinction in ultraviolet light. Our
results with Landschutz DNA (Table 4) confirm
these findings for mammalian DNA by showing
that reconstitution cannot be detected either by a
fall in extinction at 260 mpu or by a decrease in the
priming ability of the DNA. The small observed
increases in extinction and priming capacity can be
attributed to more extensive degradation of the
DNA (Rice & Doty, 1957).

It was surprising that bacteriophage T2 DNA
had high priming capacity both before and after
thermal denaturation. However, the hyperchro-
micity of 189, after thermal denaturation in
0-167 mm-sodium chloride compared with 29 9, for
Landschutz DNA (Fig. 2) suggests that the bacterio-
phage T2 DNA was partially denatured in the
course of extraction from the bacteriophage. The
relative instability of bacteriophage T2 DNA in
this context might be ascribed to its high adenine
and thymine content (Wyatt & Cohen, 1953).
Other factors which might contribute to a weakened
hydrogen-bonded system are the presence in this
DNA of a small amount of 6-methylaminopurine
(Dunn & Smith, 1958) and of 5-hydroxymethyl-
cytosine instead of the more common pyrimidine,
cytosine (Wyatt & Cohen, 1953), most of it sub-
stituted in the 5-hydroxymethyl position with
glucosyl residues (Sinsheimer, 1960; Lehman &
Pratt, 1960). Bollum (1959) found that thermally
denatured bacteriophage T2 DNA (10 min. at 99°
in water, pH 6-8) supported polydeoxyribonucleo-
tide synthesis at a rate five times as great as that
when the native DNA was used as primer in the
polymerase system from calf-thymus gland. He
also apparently found heating of bacteriophage
T2 DNA for 2 min. at 99° to be adequate for pro-
duction of satisfactory primer (Bollum, 1960).

SUMMARY

1. Experiments have been carried out to assess
the priming ability of some deoxyribonucleic acid
preparations in the deoxyribonucleic acid-poly-
merase system from Landschutz ascites-tumour
cells.

2. Thermally denatured deoxyribonucleic acid
from Landschutz ascites-tumour cells had a prim-
ing capacity seven times that of native deoxyribo-
nucleic acid. Prolonged thermal treatment, how-
ever, reduced the priming capacity.

3. The single-stranded deoxyribonucleic acid
from bacteriophage @X 174 was greatly superior to
thermally denatured Landschutz-tumour deoxy-
ribonucleic acid in priming capacity.
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4. Limited treatment of Landschutz-tumour
deoxyribonucleic acid with pancreatic deoxyribo-
nuclease improved its priming capacity by about
60 %, but subsequent thermal denaturation gave
a primer 11 times as efficient as the native deoxy-
ribonucleic acid.

5. Solutions of Landschutz-tumour deoxyribo-
nucleic acid in 0-01M buffer, pH 8 or pH 9, were
capable of priming the polymerase reaction at
PH 7-5 efficiently before as well as after thermal
treatment. When the solution was prepared in
0-01M buffer, pH 7, thermal treatment was re-
quired to produce an active primer.

6. Thermal denaturation of deoxyribonucleic
acid from Landschutz-tumour cells was accom-
panied by a hyperchromic effect at 260 myu, the
magnitude of which was dependent upon the salt
concentration of the medium. Hyperchromicity
after thermal treatment was also displayed by the
deoxyribonuecleic acid solutions in 0-01M buffer,
pH 8 and pH 9.

7. Attempts to demonstrate a return of therm-
ally denatured deoxyribonucleic acid to the native
state by slowly cooling the heated solution in
0-15M-sodium chloride—0-015M-sodium citrate in-
dicated that there was no reversal of denaturation
as revealed by measurements of priming capacity
and extinction.

8. A preparation of deoxyribonucleic acid from
bacteriophage T2, although exhibiting hyper-
chromicity after thermal treatment, was capable of
priming the polymerase reaction before as well as
after heating, and to the same extent.

The authors wish to thank Professor J. N. Davidson,
F.R.8., for his interest and support, and Mr C. Macleod for
expert technical assistance. This investigation has been
aided by grants from the British Empire Cancer Campaign,
the Jane Coffin Childs Memorial Fund for Medical Research
and the Rankin Fund of the University of Glasgow, which
arc gratefully acknowledged. B.B. was in receipt of a
Medical Research Council Scholarship during the course of
this work.

REFERENCES

Bessman, M. J., Lehman, I. R., Simms, E. S. & Kornberg,
A. (1958). J. biol. Chem. 288, 171.

Bollum, F. J. (1959). J. biol. Chem. 234, 2733.

Bollum, F. J. (1960). In The Cell Nucleus, p. 60. Ed. by
J. S. Mitchell. London: Butterworths.

Cavalieri, L. F., Rosoff, M. & Rosenberg, B. H. (1956).
J. Amer. chem. Soc. 18, 5239.

PRIMER DEOXYRIBONUCLEIC ACID

499

Dekker, C. A. & Schachman, H. K. (1954). Proc. nat. Acad.
Sct., Wash., 40, 894.

Doty, P., Boedtker, H., Fresco, J. R., Haselkorn, R. &
Litt, M. (1959). Proc. nat. Acad. Sci., Wash., 45, 482.
Doty, P., Marmur, J., Eigner, J. & Schildkraut, C. (1960).

Proc. nat. Acad. Sct., Wash., 46, 461.

Dunn, D. B. & Smith, J. D. (1958). Biockem. J. 68, 627.

Ehrlich, P. & Doty, P. (1958). J. Amer. chem. Soc. 80,
4251.

Gray, E. D., Weissman, S. M., Richards, J., Bell, D., Keir,
H. M., Smellie, R. M. S. & Davidson, J. N. (1960).
Biochim. biophys. Acta, 45, 111.

Inman, R. B. & Jordan, D. O. (1960a). Biochim. biophys.
Acta, 42, 421, 427.

Inman, R. B. & Jordan, D. O. (1960d). Biochim. biophys.
Acta, 48, 9, 206.

Kay, E. R. M., Simmons, N. S. & Dounce, A. L. (1952).
J. Amer. chem. Soc. 74, 1724.

Laskowski, M. (1961). In The Enzymes, 2nd ed., Vol. 5,
p- 123. Ed. by Boyer, P. D., Lardy, H. & Myrbick, K.
New York: Academic Press Inc.

Lawley, P. D. (1956). Biochim. biophys. Acta, 21, 481.

Lehman, I. R. (1959). Ann. N.Y. Acad. Sci. 81, 745.

Lehman, I. R., Bessman, M. J., Simms, E. S. & Kornberg,
A. (1958). J. biol. Chem. 2383, 163.

Lehman, I. R. & Pratt, E. A. (1960). J. biol. Chem. 285,
3254.

Mantsavinos, R. & Canellakis, E. S. (1959). Cancer Res. 19,
1239.

Marmur, J. & Doty, P. (1959). Nature, Lond., 183, 1427.

Marmur, J. & Lane, D. (1960). Proc. nat. Acad. Sci., Wash.,
486, 453.

Rice, S. A. & Doty, P. (1957). J. Amer. chem. Soc. 79, 3937.

Sarkar, N. K. (1961). Arch. Biochem. Biophys. 93, 328.

Sarkar, N. K. & Dounce, A. L. (1961). Biochim. biophys.
Acta, 49, 160.

Schumaker, V. N., Richards, E. G. & Schachman, H. K.
(1956). J. Amer. chem. Soc. 78, 4230.

Shooter, K. V. & Butler, J. A. V. (1956). Trans. Faraday
Soc. 52, 734.

Shooter, K. V., Pain, R. H. & Butler, J. A. V. (1956).
Biochim. biophys. Acta, 20, 497.

Sinsheimer, R. L. (1959). J. molec. Biol. 1, 37, 43.

Sinsheimer, R. L. (1960). In The Nucleic Acids, Vol. 3,
p. 187. Ed. by Chargaff, E. & Davidson, J. N. New
York: Academic Press Inc.

Smellie, R. M. 8., Gray, E. D., Keir, H. M., Richards, J.,
Bell, D. & Davidson, J. N. (1960). Biochim. biophys.
Acta, 87, 243.

Smellie, R. M. 8., Keir, H. M. & Davidson, J. N. (1959).
Biochim. biophys. Acta, 35, 389.

Thomas, R. (1954). Biochim. biophys. Acta, 14, 231.

Thomas, C. A. (1956). J. Amer. chem. Soc. 78, 1862.

Watson, J. D. & Crick, F. H. C. (1953). Nature, Lond., 171,
7317, 964.

Wyatt, G. R. & Coben, S. S. (1953). Biochem. J. 56, 774.

32-2



