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{. introduction

Recognition of the naturally occurring nucleic acids as nucleotide
polymers implied the widespread existence of the nucleotidyl polymerases.
The first demonstration of DNA nucleotidyl transferases (here referred
to as DNA polymerases) in extracts of Escherichia coli (Kornberg et al.,
1956a,b) permitted the study of DNA synthesis in vitro.* Definition of

) *Operated by Union Carbide Corporation for the U.S. Atomic Energy Com-
mission.

*In the years following the discovery and characterization of E. coli DNA
polymerase & number of engymes from a variety of sources have been demonstrated.
Sources include regenerating liver (Bollum and Potter, 1957; Bollum, 1958s; Mant-

1



2 F. J. BOLLUM

the activated forms and multiple requirements for the deoxyribonueleo-
. tide substrates was, at least in retrospect, not unexpected, although it
added considerable complexity as well as interest to the study of the
polymerase. But the observation that a “primer” is of rigid necessity
was truly a remarkable discovery. o

Perhaps more than any other facet of the enzymatic synthesis of
DNA, the role, function, and character of primer seem to lie at the very
heart of the matter, demanding definition, characterization, and, finally,
exploitation. Unquestionably the most complex part of a complex reac-
tion, the primer aspect of DNA synthesis has been revealed more slowly
than others. An assessment of the nature of primer, as a prelude to
elucidation of its function and ultimate exploitation, is the subject of
this paper. :

il. Definitions and Polymer Principles

“Primer” was originally defined, operationally, as “a heat-stable
DNA fragment(s)” required for -the enzymatic synthesis of DNA.
“‘Primer’ for the crude E. coli enzyme preparation was obtained (1)
by the action of crystalline pancreatic DNase on E. coli DNA or (2) on
thymus DNA, or (3) by an E. col enzyme fraction (streptomycin pre-
cipitate) acting on the DNA contained in it . . . ‘Primer’ for the purtfied
enzyme fraction was obtained only with method (3) . . . The chemical
properties of the unpurified ‘primer’ resemble those of a partial digest
of DNA” (Kornberg et al., 1956a). The primer was subsequently re-
solved (Kornberg, 1957a) into a mononucleotide component, olarifying
the requirement for all four triphosphates, and a polydeoxyribonucleo-~
tide whose function remains incompletely understood. At that time
(Kornberg, 1957a) the E. coli system was termed “a moderately purified
protein fraction which appears to increase the size of 8 DNA chain.”

Now if DNA polymerase enzymes are primarily involved in elon-

savinos and Canellakis, 1958, 1059a), a variety of rat tissues (Bollum and Potter,
1958) and tumors (Bollum and Potter, 1958; Mantsavinos and Canellakis, 1959b;
Furlong, 1960; Davidson et al., 1958; Smellie et al., 1950), calf thymus gland (Bol-
lum, 1958b; Harford and Kornberg, 1958), tissue culture cells (Green, 1962; Bach,
1962), and fertilised sea urchin eggs (Hinegardner and Masia, 1062). All of these
crude preparations appear to have similar monomer and metal ion requirements.
It is regrettably true, as is detailed later in this chapter, that primer characterisation
in crude enzyme systems (Sarkar, 1961; Keir et al., 1962) is not very meaningful,
and, as a matter of fact, proceeds with considerable uncertainty even with the more
highly purified enszymes. It is for this reason that the subject matter is drawn
largely from the published work on the partially purified ensymes from E. coli, and
the phage-induced Z. coki ensyme, and from published and unpublished experiments
on the calf thymus polymerase.



“PRIMER’ IN DNA POLYMERASE REACTIONS 3
gating. DNA chains, then the primer is playing the role of an “initis.;tor”
or polymerization center and the analogy of DNA synthesis to linear
condensation polymerization {Flory, 1953) is complete. However, subse-
quent investigation indicates that the replication of DNA chains may
be more complex and that pre-existing chains are used as patterns for
the synthesis of a complementary chain ag directed by hydrogen-bonding.
(The direct inclusion of primer strands in product remains to be demon-
strated, however, in DNA polymerase reactions.) There appears to be
no simple polymer analogy for replicative DNA synthesis, and thus even
a clear definition of “primer” in the replicative reaction is not possible.
The mechanism of oligodeoxyribonucleotide priming (Bollum, 1962), in
which the reaction is entirely one of chain elongation, fits the definition
of an initiator in linear condensation polymers, and one may assume
that the statistics of linear condensation (cf. Flory, 1953) should apply
as a first approximation in this special case of nucleoside triphosphate
polymerization. A

The analysis of high-polymer products to permit comparison of
enzymatic product with primer material depends heavily upon physical
methods, which in turn are based on a statistical approach. There are
two points worth mentioning in this regard, the first being that sedi-
mentation constant (Sy,») and intrinsic viscosity [7] are not lLinear
functions of molecular weight. Sedimentation constants of 20 and 23,
for example, seem quite close, but since sedimentation is related to
molecular weight as the 0.37 power ( Doty et al., 1958) the eorresponding
molecular weights are really quite different. The second point eoncerns
the nature of the molecular weight obtained. Molecular weight from
sedmentation and viscosity is commonly a weight average molecular
weight, defined as

= INM?

Mo = SN,
where N; is the number of molecules of weight M;, and such determina-
tions are strongly biased in favor of the larger molecules in the
population.

This cursory introduction to the polymer chemistry involved in DNA
synthesis is intended simply to point out that the nature of the primer,
in the case of replicative synthesis, is not readily defined by analogy.
This difficulty arises largely from a lack of experimental information
about the detailed function of the primer component, and to some degree

frc?m the problems involved in a detailed comparison of product with
primer. ' '




4 F. J. BOLLUM

ill. Priming Activity as a Function of Molecular Weight and State
A. High-Polymer DNA—MW ~ 108 |
1. Native anp DenaTurep DNA

Lacking an a priori definition of “primer” for the replicative DNA
polymerase reaction, it may be useful to examine some experimente on
primer in the hope of devising an improvement over the original opera-
tional definition. Such experiments begin with native DNA because of
its existence and availability. But when native DNA is placed in a
polymerase reaction mixture and at some later time a reaction is ob-
served, it is by no means certain that native DNA is the primer. Such
a conclusion would depend upon a knowledge of mechanism, which is
not at hand. The E. coli polymerase described by Lehman et al. (1958a)
utilizes either native or denatured DNA, but an inecreased priming
activity is produced by treating native DNA with minute amounts of
pancreatic DNase I (Bessman et al,, 1958) or by heat denaturation
(Lehman, 1959). Both crude and partially purified regenerating rat liver
enzyme (Bollum, 1958a) utilize either native or denatured high-polymer
DNA.

The calf thymus polymerase (Bollum, 1959, 1960b) was the first
purified preparation for which an absolute requirement for dematured
DNA was demonstrated (Fig. 1). This observation has been extended
to a wide variety of native (double-stranded) DNA’s, from a variety of
sources, and over a wide range of base compositions—and the only
exception so far is $X174 DNA in which the natural form appears to
be single-stranded (Sinsheimer, 1960). The baeteriophage-induced poly-
merase of E. coli (Kornberg et al., 1959) purified by Aposhian and
Kornberg (1962) appears to be quite similar to the calf thymus enzyme
in its requirement for denatured DNA primer. The absolute requirement
for denatured DNA, while providing some clarification of test tube
reactions, poses some difficult questions concerning how “primer” DNA
is formed under physiological conditions (see Section V).

An assessment of the true operational condition of the high-polymer
DNA, with regard to its “strandedness” and degree of polymerization,
requires (1) knowledge of the preparation and handling of the DNA,
and (2) reasonable assurance that the polymerase preparation does not
contain endonucleases, exonucleases, or phosphodiesterases that change
the nature of the primer during the test period. A detailed account of
the effect of enzymes on primer activity will be given in Section IV,D.
It is clear, however, from all studies on the DNA-dependent synthesis
of DNA by enzymes, that high-polymer DNA, in some form and from a
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F1a. 1. Thermal conversion of nonpriming DNA to primer for the calf thymus
DNA polymerase: (a) a partially denatured commereial preparation; (b) a native

commercial preparation; (¢) and (d) DNA’s prepared by a detergent method
(Bollum, 1959).

variety of sources, serves as a “primer.” Thus the DNA polymerase
enzymes are nonspecific with regard to the source of primer material.

2. PRIMER-PRODUCT RELATIONSHIPS

The products formed in E. coli DNA polymerase reactions primed by
high-molecular weight primers are themselves of high molecular weight.
In addition, they appear to have the hydrogen-bonded secondary struc-
ture of native DNA (Schachman et al., 1958). However, it should not
be concluded that the products formed are of chain length identical to
the primer chain length. Published sedimentation values (Lehman, 1959;
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Adler et al., 1958) are close to but not identical with primer values, and
the distribution of sedimentation coefficients appears broadened (Schach-
man et al., 1958). Viscosimetry confirms the high-polymer, H-bonded
nature of the product of E. colt polymerase. It would be desirable, how-
ever, to have physical data on products formed in polymerase reactions .
that do not have endogenous nuclease activity and in which primer
requirement is clearly defined.

The recent availability of a calf t.hymus polymerase fraction devoid
of endonuclease (tested with native P32-DNA or Hemeophilus influenzae
transforming activity as substrate) and essentially free of exonuclease
or phosphodiesterase (tested with heated P3:-DNA or denatured H.
influenzae transforming activity as substrate) may provide a product
suitable for more exact physical characterization. The nuclease-free
enzyme catalyzes the exact doubling of high-molecular weight primers
such as $X174 and denatured calf thymus DNA (cf. Fig. 4, below). The
products band in CsCl at a lower density than the primer DNA, indica-
tive of the high molecular weight and native configuration of the product.
Perhaps the best illustration of the nature of the calf thymus polymerase
product, at least in a relative sense, is its chromatographic isolation in
the position of native DNA on methylated serum albumin columns
(Lerman, 1955; Mandell and Hershey, 1960; Sueoka and Cheng, 1962).
The most useful property of this absorbent in the present situation is its
strong binding of denatured DNA (i.e., primer), which is not eluted by
gradients up to 1 M NaCl, whereas native DNA, up to MW 130 < 10¢,
is eluted below 1 M NaCl (Mandell and Hershey, 1960). The column

TABLE 1
Clmouuoamar oF Namivi DNA axp Varlous CaLr THYMUS POLYMBRASE
Propucts on Mnum'mn ALBUMIN

Mid-point of elution?

Preparation chromatographeds (M Na(Cl)
DNA, native 0.60-0.62
DNA, denatured >1.0
Polymerase product; no sonication, heated primer 0.60
Polymerase product; 1-minute sonication, heated primer 0.4
Polymerase product; 10-minute sonication, heated primer 0.39
Polymerase product; 60-minute sonication, heated primer 0.39
Same as above, heat-denatured 0.55

# All preparations from same H. influenzae DNA '

¢ Samples chromatographed on 1 X 2 cm methylated albumin columns (Sueoka and
Cheng, 1962)mgahneargradxentfrom01 to 1.0 M NaCl at pH 6.7. Polymerase
products synthesized with various H. influensae primers and calf thymus polymerase
Fraction E (Bollum, 1981, unpublished).
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thus provides an analysis of the elution point of a polymerase p1.~oduct
with respect to that of the natfive primer, prior to its denaturation to
form primer. Any polymerase product appearing in the gradient elution
can be tested for its secondary structure by rechromatography after
hesting. Product peaks can also be analyzed directly for buoyant density
in CsCl and enough material for sedimentation and light-scattering may
be obtained from preparative columns, The results to date (Table I)
indicate the similarity of elution points of product and native DNA.

3. NEAREST-NEIGHBOR EXPERIMENTS

The incorporation of a single P32-deoxyribonucleoside 5’-triphosphate
in the presence of the three nonradioactive triphosphates, followed by
degradation of DNA polymerase product to 3’-mononucleotides, provides
the “nearest-neighbor” identification, This type of experiment, an exten-
sion of the “base incorporation ratio” studies (Lehman et al., 1958b),
repeated with all four combinations of one substrate labeled with P2
and three unlabeled, yields the data for computing dinucleotide frequen-
cies and for assessing the polarity of the strands of product DNA. The
analyses of Josse et al. (1961) and Swartz et al. (1962) on E. coli
polymerase products demonstrate the complementary and the antiparallel
nature of the newly synthesized strands. The results also indicate that
DNA’s of similar base composition may have different dinucleotide
frequencies. The complementarity observed is the most convincing
evidence that the polymerase product base order is specified by the base
order of the primer DNA.

B. Sonicated DNA—MW ~ 105

Physical studies by Doty et al. (1958) demonstrated that DNA de-
graded by sonic oscillation reaches a limiting molecular weight of about
3 X 10%. The fragments thus produced have a double helical configuration
like the native high-molecular weight material, indicating that frag-
mentation is produced by double-chain scission. That sonic fragments are
capable of primer function was implicit in the earliest papers on the
E. coli polymerase, since the crude sonic extracts of E. coli employed
contained primer (Korpberg et al., 1956a).

In an attempt to derive & more concise definition of the molecular
weight requirement for the partially purified calf thymus polymerase, s
series of sonicated preparations were examined for primer activity. The
DNA fragmente produced by sonic oscillation do not serve as primer for
this ensyme but the heat-denatured fragments exhibit priming activity
(Bollum, 1960a). These results thus not only confirm the native config-
uration of the sonic fragments, as first demonstrated by Doty et al.
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(1958), but also indicate that length is not a critical requirement in
primer for polydeoxyribonucleotide synthesis. While these experiments
did not define the minimum length for priming, several other interesting
results were obtained. The first is that most native DNA’s subjected to a
10-minute sonication followed by heat denaturation exhibit a 2- to 5-fold
increase in initial rate of synthesis (Table II). The second result, shown

TABLE II
Errrcer or SonrcatioNn ox INITIAL VELOCITY
DNA preparation Rate increase?®
H. influenzae 2.2,3.0
Calf thymus 2.5
E. coli 5.0
Micrococcus lysodeikticus 5.2

¢ Expressed as

moles AXMP%/15 minutes with 10-minute sonicated primer .
moles dXMP*/15 minutes with unsonicated primer ?

all primers heat-denatured before assay as required for the calf thymus enzyme.

in Table I, indicates that the chromatographic mobility of the preducts
formed by the calf thymus enzyme are related to the molecular weight of
primer, and that they have the “native” configuration. The interpretation
of the primer “activation” (Table II) observed in these experiments is
not immediately obvious since the results may arise from easier or more
complete denaturation, or from changed kinetic properties of the frag-
ments produced.

A more detailed analysis of the apparent “activation” of sonicated
primer is afforded by “primer” saturation curves obtained for a series of
sonicated (then denatured) H. influenzae DNA samples. A cursory anal-
ysis of the curves (Fig. 2) suggests that sonicates are better primers than
full length DNA, as noted in the previous paragraph. A more careful
analysis, however, leads to a somewhat different conclusion. Reciprocal
plots (1/V vs. 1/8) give a single V., for all sonicates and show that the
most marked effect of sonication is on K,. In this analysis, however,
substrate concentration is plotted as DNA phosphorous and, since there
are more polymer molecules in the sonicated samples, K,, appears to
be directly related to the number of primer molecules per mole of
DNA-P. The result is, therefore, much as anticipated (Table IIT) since
K decreases upon sonication by a factor of twelve and reaches a limiting
value in much the manner of the molecular weight decrease observed
upon sonication (Doty et al., 1958).
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HEMOPHILUS DNA - SONICATED
0.6 -
10
0.5
0.4+
T
w
<1 0.3
o
0.2 -
0
044
O T T T T Al
o] 5 {{e] i5 20 25

DNA -P (RELATIVE CONCN.)

Fia. 2. Substrate saturation curves for normal and sonicated H. influenzae
DNA. 0 is normal and 1’ and 10’ refer to the minutes of sonic degradation. A 60-
minute sample curve was identical to the 10-minute sample. 10 on the abscissa
corresponds to 7.32 mumoles DNA-P,

This analysis provides two further speculations. (1) An estimation of
molecular weight may be made from the determination of K, on the
basis of DNA-P. While alternative methods of molecular weight deter-
mination are available, the primer methed may yield number averages
instead of the weight averages obtained by the more readily available
methods. {2) Most work claiming an “activation” of primer may now
be interpreted on the basis of increasing the number of polymer particles

TABLE Il
KiNeETIC CONSTANTS—SONICATED PRIMERS

Minutes of Kn
sonication® Vmex (moles X 107%)

1] 0.91 199

1 0.72 46

10 0.83 17

60 0.83 17

¢ H. influenzae DNA was degraded in a Raytheon 9 KC magnetostrictive oscillator
at 4° to 6°, heat-denatured, and initial velocities measured as a function of DNA-P
concentration.
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per mole of DNA-P. Thus, enzymatic “activation” of primer (Bessman
et al., 1958, see also Fig. 3 and Section IV,D) is the early result of a

$
A DNA 20,000, 20,000
2.0 v °\° e )
[}
N
o~
'&- 1.5 -
3 i 28%4S
H 4
2 104
&
0.5 \
=T T T T T

10 20 36 40 50
TIME (he) AT 35°C

Fia. 3. Primer production by DNase II (spleen). Key: @, tested with the calf
thymus engyme before heat denaturation; O, tested with the calf thymus ensym
after heat denaturation. :

random degradation of polymer. Later stages of a random degradation
will probably produce lower molecular weight pieces having a low
affinity for the enzyme. The sonication process results in nonrandom
degradation (Freifelder and Davison, 1962) in which miost of the pieces
formed still have a high affinity for the enzymeé—largely because of the
fact that even the limit pieces are much larger than the enzyme.

It is also apparent that any random degradation process (endonucle-
ase) occurring in & DNA polymerase reaction will give false kinetics.
For example, a slow stage followed by an increasing rate of DNA synthe-
sis may well arise from the increase in number of primer molecules from
degradation, resulting in more effective “saturation” of the enzyme.

C. Degraded DNA—MW ~ 104

Apurinic acid tested with E. coli polymerase shows no priming ac-
tivity. Extensive digestion of DNA by DNase I produces material inac-
tive as primer for the E. coli polymerase (Lehman e al, 1958a). A
limited digestion, however, activates E. coli DNA and ealf thymus DNA
for the E. coli polymerase.

_ The priming aetivity of fragments of calf thymus DNA, produced by
slow digestion with DNase II (or DNase I), is shown in Fig, 3 and is



