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ABSTRACT

Significant DNA polymefase éctivity has been found in
cytoplaémic preparations from rat intestinal mucosa., The present
work involves a partial purification and a study of the general
properties of this cytoplasmic enzyme activity.

Crude cytoplasmic enzyme was.prepared by high-speed centri-
fugation of the homogenate of washed mucosal scrapings. A strong
inhibitor of DNA polymerase was sedimented by tﬁe high-speed centri-
fugation., The bulk of the enzyme activity was unadsorbed on DEAE-
cellulose, However, a minor portion of the enzyme was adsorbed, and
was eluted with 0,1 M KC1l. When crude cytoplasmic enzyme was chroma-
tographed by gel-filtration on Sephadex G-150, a single peak of
DNA polymerase activity was detected. By the use of protein markers
with known molecular parameters, the molecular weight of the DNA
polymerase fraction was estimated to be 101,000.

The enz&me required the presence of a DNA template and Mgt+
ions, Activity was only slightly enhanced by the addition of dithio-
threitol., For maximum activity, the presence of all four deoxy-
nucleoside triphosphates were required, Heat-denatured DNA was
preferred as primer, The optimum pH for this nzymatic activity was
" found to be 7.2 in potassium phosphate buffer, and 8.0 in Tris-
acetate buffer. Time course studies on the enzyme reaction indicated
that the reaction was linear with respect to incubation time for

at least 30 min, The DNA polymerase activity was stable up to 13 days

under temperature conditions of 4°C to -20°C, Glycerol in 20% to
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35% (v/v) concentrations was found to have both a stimulatory and a
stabilizing effect on the enzyme activity. Ethylene glycol at 20%
(v/v) concentration was also found to have a stimulatory effect on
the enzyme activity. The enzyme was strongly inhibited in the
presence of 0,10 M phosphate ions and activity was drastic#lly
reduced in phosphate ion concentrations of 0,20 M and above. The
product of the DNA polymerase reaction could be destroyed by DNase,
indicating that it was DNA in nﬁture.

The purpose of the present work was to determine whether the
DNA polymerase activity in the cytoplasmic preparation is actually
of cytoplasmic origin, or whether i£ is due to nuclear contamination,
The above results were compared with the results obtained by other
workers on the nuclear DNA polymerases., The evidence seems to
indicate that the cytoplasmic enzyme activity is not due to nuclear
contamination. The nuclear preparation contéined several DNA poly-
merases, while the cytoplasmic-preparation-contained a single major
DNA polymerase activity. This cytoplasmic activity resembled one
of the nucleér activities in many respects. The cytoplasmic prepara-
tion also contained a minor DNA polymerase acfivity which may be

mitochondrial in origin,
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INTRODUCT ION

Deoxyribonucleic acid (DNA) is believed to be the central
storehouse of genetic information in most cells. This genetic
information determines the biochemical specificity of the cell,
and is passed intact from parent to progeny on cell division;

The processes involved in DNA biogynthesis, especially those of
self-duplication, are therefore 6f great interest and have been
extensively studied.

On the basis of their structural model for complementary
‘double-stranded DNA, Watson and Criék (1) proposed that each
chain of the DNA duplex serves as £emplate for the synthesis of
a complementary chain, so that two replicés of the original double-
stranded structure are produced..Meselson and Stahl (2), in their
classical experiments with CsCl density gradient centrifugation of
N15/N14 hybrid E; coll DNA, demonstrated that this 'semi-conser-

vative' type of replication actually takes place in vivo.

Bacterial DNA polymerases

The first isolation of an enzyme involved in DNA
replication was from extracts of E. coli by A. Kornberg and
his associates in 1960 (3). This enzyme converts deoxynucleoside
polyphosphates into polymeric material, and was termed DNA
polymerase (EC 2.7.7.7 Deoxynucleoside-triphosphate: DNA
deoxynucleotidyltransferase)., The overall reaction catalyzed

may be described as follows:
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DNA polymerase is now known to catalyze the addition of -

mononucleotide units to the 3'-hydroxy1 terminus of a primer

_ DNA chain (4). Synthesis proceeds in the direction of 5' to 3'

o (Fig. 1).
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Fig. 1. Direction of chain growth catalyzed by

. DNA polymerase. (A, adenine; C, cytosine;
G, guanine; and T, thymine.) :

All four deoxynucleoside triphosphates are required;

the diphosphates are not polymerized. The overall reaction is

believéd}to be reversible, as incubation of DNA with high .

'“concent:ations of pyrbphosphate reéuits‘in a partial depolyi'

merization reaction., The reaction also requires the presencé



of a divalent metal ion, usually magnesium, and of a DNA primer;
The synthetic material resulting from the catalytic reaction

is shown to be a DNA with physical characteristies largely
resembling those of the primer;

Much work has been done on the DNA polymerase from
E; coli, sometimes referred to as 'the Kornberg polymerase';

This is found to be a versatile enzyme with many catalytic
properties. These include (4) : (a) the 5' » 3' growth of a DNA
chain by the polymerization of nucleotides; (b) hydrolysis of

a DNA chain in the 3* » 5' direction; (c) hydrolysis of a DNA
chain in the 5' » 3' direction; (d) pyrophesphorolysis of a DNA
chain from the 3' end; and (e) exchange of inorganic pyrophosphate
with the terminal pyrophosphate group of a deoxyribonucleoside
triphosphate,

Kornberg has presented a picture of several major sites
within the active center of the enzyme (4). These sites specifically
recognize and accommodate the template chain, the primer chain, |
the primer terminus, or an incoming triphosphate (Fig. 2). It
was proposed that the triphosphate is bound adjacent to the
3'-terminus of the primer, and oriented so that it can form a
base pair with the template. When a correct base pair is formed,

a nucleophilic attack by the 3'-0OH of the primer terminus on the
innermost phosphate of the triphosphate takes place., Through
movement of the entire chain relative to the enzyme, the newly
added nucleotide is shifted to the primer terminus site and is

then ready to attack another triphosphate and add the next



nucleotide. The specificity‘of DNA polymerase 1is proBably based on
its demand for one of the -four Watson-Crick base pairs, all of

which contain regions of identical dimensions and geometry and

are symmetrical (4).
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Fig. 2, Sites in the active center of DNA polymerase

Studieé on DNA binding tovDNA polymera;e indiéated that
1intact double-stranded DNA did not Bind to the enzyme. Only nicked,
denatured, or siﬂgle-straﬁded DNA's were‘bouﬂd’and reﬁlicated.

| This observation, together with the fact that.bNA polyme:ization
occurs onlj in the 5' ¥ 3 directioh. has caused some skepticism
about the phusibloéigalurole of the Kornberg enzyme:in replication.
S ;'  , Various schemes have been ﬁroposéd for thé ﬁnidirectional replicééi
tion.of a duplex ﬁNA chain, Replication is initiafed by the |
‘introduéfion of a 'nick', a'single break in one of the two DNA

'1strahds, at which DNA polymerase binds. Replication in the 5' » 3'



direction proceeds for some distance and then switches to_the
_complementary strand as.template to form a fork.vThe fork is

then cleaved by an endonuclease. Repetition of this process resulfs
in small pieces of DNA near the replicating fork which may be
linked up by a ligase, Okazaki and co~workers (5) have reported
: the isolation of small pieces of DNA at or near the nascent
replicating region. This hypothesis is not entirely satisfactory
as the replication is staggered, alternating from one strand.to
_the other, Examinafion of dividingibacteriaiby autoradiography
(6) or by gene duplication (7).have indicated that there is a

simultaneous sequential replication of both strands;

B o

P N N

. Fig. 3. Producfion of a 'nick® in DNA

The 5':5”5' nuclease activity associated with ﬁNA polymerase'
- readily removes non-base-paired segments;veg. thymine dimers,
suggésting a repair function for the enzyme in vivo. An endonuclease
‘ recognises a disordered region in the DNA, and produces a nick to

the 5' side (Fig. 3). Such dimer—specific endonucleases have been



identified and purified (8,9). DNA polyﬁerase acts at the nick
excising the damaged region, and simultaneously refilling the
resulting gap. Closure with a ligase completes the repair process.

That E, coli DNA polymerase may function in repair in vivo
is indicated by the UV sensitivity of mutants defective in the
enzyme. DeLucia and Cairns (10) have isolated an amber mutant of
E.iggll-containing less than 1% of the DNA polymerase activity
of the parent strain; This mutant; called pol A, was discovered
by assaying for the enzyme in extracts from a few thousand
individﬁal tlones of mutagenized E. coli. It has essehtially
nérmal growth characteristics but is sensitive to ultraviolet
irradiation and methylmethane sulfonate. Altogether six pel A
mutants (pol 1 - 6) have now been isolated (11). This discovery
of these mutants have strengthened the idea that E. coli DNA
polymerase does not participate in chromosome replication.

Various attempts have been made to isolate from the
Cairnsvmutant another enzyme which can replicate DNA, A membrane-
bound enzyme is now believed to be involved in replication in
pol Al., Knippers (12) has succeéded in solubilizing a DNA
synthesizing enzyme activiﬂy from a crude cell-free membrane
fraction, The enzyme has a molecular weight of between 60,000
and 90,000, and can synthesize DNA semi-conservatively for at
least 90 minutes. Unlike the Kornberg DNA polymerase, this
enzyme is strongly inhibited by mercuri-compounds and is resistant
to an antiserum which inhibits the Kornberg enzyme.

Independently, T. Kornberg and M. Gefter (13) reported



the isolation from the Cairns mutant of an enzyme which could
syrithesize DNA in vitro. This enzyme, which they call DNA
polymerase II, is apparently the same as Knipper's enzyme. It
works best with double-stranded DNA as template. It polymerizes
deoxynucleoside triphosphates in a 5' to 3’ direction; and -
requires a free 3'-hydroxyl group. The enzyme is not inhibited
by antisera against A, Kornberg's polymerase I,

Recent genetic experiments (14) indicate that polymerase I
together with an excision function, can edlt out pyrimidine dimers
induced by UV irradiation, It appears that in §; colil there are
two DNA repair mechanisms, only one of which involves polymerase I,
The Cairns mutants, although lacking the repair function which
involves polymerase I; can survive UV irradiation because the
second repair mechanism is functional. Gross and co-workers (15)
have also found that E. coli cells in which both repair mechanisms
are inactivated are inviable,

| That pdlymerase IT is the enzyme responsible for DNA
replication in vivo remains to be proven, Its discovery at
least demonstrates, however, that there may be several enzymes
in §; coli, all of which can polymerize DNA, although most of

them are not involved in DNA ‘duplication,



Mammalian DNA polymerases
A. Source

Shortly after the earlier reports on E. coli DNA poly-
merase; it became apparent fhat mammalian tissues also contéin
an enzyme that catalyzes a similar reaction. Such enzyme activities
were reported by Davidgbn et al (16) from E%rlich ascites.tumor,
by Bollum (17) from calf thymus gland, by Mantsavinos et al (18)
from regenerating rat liver, and by Leung and Zbarsky from rat
intestinal mucosa (19, 20). DNA polymerase activity has subsequently
been discovered in all animal cells which have been examined (11;

21).

B, Purification

Mammalian systems obviously offer a wider variety of
tissues for study, with the possibilities of clinical as well
as theoretical applications., However, the crude cell extracts or
homogenates require much purification before use, Possible factors
which might interfere with DNA polymerase studies include endo-
genous mononucleotides and nucleic acids, deoxyribonucleases
(DNases), phosphodiesterases, and triphosphatases. The enzymé from
calf thymus has been purified about fifty-fold wi%h respect to
protein in the crude extract (17) by acid precipitation,'ammonium
sulfate fractionation, and passage through DEAE-cellulose. It has

also been freed from DNase and phosphodiesterase a&ﬁivity by
chromatography on hydroxylapatite (22). In general, the techniques

of ammonium sulfate fractionation, and chromatography on DEAE-



cellulose or hydroxylapatite are used (23, 24), However, extensive
purification procedures are often not recommended as they may
result in a highly purified but 'non-native® enzyme (21). Gel-
filtration has been found to be a favorable fractionation technique

since it does not require wide fluctuations of pH and ionic strengthQ

C. Requirements

Conditions for optimal DNA polymerase activity have been
described for sevéral mammalian systems. There is an absolute
requirement for a divalent metal cation. Mg++ ions alone appear
to give the optimum response, although partial replacement of
Mg++ ions with Mn™ and catitons together has been observed (25).

DNA as primer or template is also required for the reaétion.
Ih most systems, denatured DNA is preferred over native DNA as
primer (23, 26, 27), although in some cases (25, 28) the preference
appears to be for native DNA, DNA activated by light treatment with
DNase often produces high.polymerase activity (28, 29, 30),
indicatingvthe ability of the enzyme to replicate at nicks.

Most animal cell DNA polymerases do not display a strict
requirement for all four deoxynucleoside triphosphates (21).

An exception is the Ehrlich ascites enzyme (29), which resembles
the bacterial and phage polymerases in that synthesis drops to
very low levels if one triphoesphate is omitted. Cultured human
KB cells (30) and sea urchin enzymes (28) can synthesize at

25 - 50% of the normal rate with only three triphosphates. The

common explanation for these observations has been contamination
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with terminal dedxynucleofidyltransferase.-This appears not to be
the case in the KB cell enzyme although the correct mechanism

remains unknown (30),

D;'Terminal transferase

Krakow et al (31, 32) were the first to report an enzyme
in calf thymus nuclei which catalyzed the incorporation of &
single deoxyribonucleoside triphosphate into terﬁinal positions
of DNA in the absence of the other three triphosphates. This
enzyme is referred to as the 'terminal transferase', to distinguish
it from the ‘'replicative' DNA polymerase; It requires heated
DNA primer, Mg++, and cysteine, The incorporation of mononucleo-
tidyl residues(is not stimulated, and is in fact inhibited, by
the addition of the other three deoxyribonucleotides to the
reaction mixture.

Using non-agueous preparations of calf thymus nuclei
and cytoplasm, Smith and Keir (33, 34) found that the nuclei
and cytoplasm each contained both replicative and terminal
transferases, the latter enzyme being about 1/27 as active as the
former,

Therterminal transferases from calf thymus have now been
further purified by Bollum (35). The molecular weight calculated
from equilibrium sedimentation is 32,600. In SDS-polyacrylamide
gels the protein dissociates into two subunits, Enzyme activity.
is inhibited by low concentfations of metal chelating agents

such as EDTA of o-phenanthroline, suggésting that the enzyme may
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be a metalloprotein (36). Further studies indicate that the
metal participates in the binding of oligodeoxynucleotide primer

rather than in the binding of the triphosphate.

E; Distinct DNA polymérases

Numerous attempts have been made to isolate the DNA
polymérase activities from animal cells. Animal cells infected
with Shope fibroma virus have been found to contain a distinet
polymerase activity, Infected rabbit kidney cells and rabbit
tumors both contain two polymerase activities which can be
distinguished by their behavior on phosphocellulose and reactivity
with specific antibedy (37, 38); the enzyme reacting with anti-
5ody is presumed to be induced by virus infection., A DNA polymerase
activity aséociated with hepatomas has been found which differs
from the polymerase of normal liver in its pfeference for
denatured over native templates (39, 40, 41),

A DNA polymerase associated with mitochondria has been -
found; and has been purified from rat liver mitochondria (42, h3,
44) and yeast mitochondria (45). These mitochondrial polymerases
have low specific activities, and differ from the nuclear enzyme
with respect to chromatographic properties, Mg*+ requirement,
template prefeience. solubility, and catalytic parameters.

The crude mitochondrial extracts are able to use both native
and denatured DNA, but the highly purified mitochondrial polymerase
freed from nuclease activity, preferred denatured rather than

native DNA,
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F, Intracellular location

DNA polymerases in mammalian tissues were originally
found to be more readily obtained: from soluble supernatant fractions
after high-speed centrifugation of disrupted cells; than from
nuclei and other intracelluléf particles (17, 24), This apparent
cytoplasmic location of the enzyme was unexpected since.DNA
synthesis was beliéved to occur ﬁithin the nueleus;-

Using a technique involving only non-aqueous organic
solvents, Keir et al (46) prepared nuclei and cytoplasm from
regenerating rat liver; DNA polymerase was then extracted from
these preparations with aQueous buffers. Much enZyme activity was
found in the nuclear fractlion and lower but appreciable amounts
in the cytoplasm, Similar results were obtained from non-agqueous
- nuclel and cytoplasm from rabbit and calf-thymus.

Catt ions appear to be an important factor in the extraction
of DNA polymerase in aqueous media; it is known that they are
necessary for isolation of nuclei in a morphologically undamaged
state (47)..It was found that, when extracted with an aqﬁeéus
medium containing 2mM catt ions, DNA polymerasg in rat thymus
tissue was evenly distributed between the nuclear aﬁd the
cytoplasmic fractions (48)., Similar distribution of enzyme activity
has been found in mouse embryo cells (49).

Loeb et al (50) have recently reported their findings in.
the early déveloping sea urchin embryos. Early development of
sea urchin embryos is characterized by exponential cell division,

accompanied by an exceptionally high level of DNA polymerase
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activity in vitro. The majority of the'polymerase activity was
bfound in the cytoplasm of the egg. As the embryo déveloped,
progressively more p;lymerase activity was found in the nuclear
fraction with a concémitant loss of activity in the cytoplasm,
. By the time of hatching, 95% of the polymerase activity was
recovered in the nuclei, The authors looked for, but could not
find, evidence for sélective synthesls of DNA polymerase; This
indicated that the translocation of pélymerase activity could
not have resulted from either a breakdown in the cytoplasm and
preferential synthesis of the polymerase in the nuclei, or an
extreme rapid turnover in the cytoplasm with some transfer to
thé nuclei. They concluded then that there is a migration of

a preformed enzyme from the cytoplasm into the nucleus,

Attempts to show‘differences between the nuclear and
cytoplasmic DNA polymerases have been unsuccessful so far,
Weissbach et al (51) recently reported the isolation of two
separable DNA polymerase activities from the nucleus of Hela
cells, and only one DNA polymerase activity in the cytoplasm.
The two nuclear enzymes differ in elution patterns on DEAE-
cellulose and phospho-cellulose, molecular weight estimafions,
optimum Mg++ ion concentrafion, optimum pH, high salt coencentration
inhibition, and primer activation, One of the nuclear enzymes
resembled the cytoplasmic enzyme in all these respécts. although
the actual relationship between the two enzyme activities remains
to be established, The relationship betweén the two nuclear

enzymes is also unclear; they may be distinct enzymes or they may
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share some common structural features, An identical patfern of
DNA polymerases has been found in the normél human lung diploid
line WI-38, which also has two separable activities in the
nucleus and only one detectable DNA polymerase actlvity in the

cytoplasm.,
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The present work

The present investigation is a continuation of the work
done by Leung and Zbarsky on raf intestinal mucosa (19, 20).

The intestinal tissue was chosen for study because of its high
mitotic rate and rapid replacement time for DNA, indicating
the possibility of high DNA polymerase activity (52, 53).

Both a replicative and.a terminal DNA nucleotidyl-
transférase were detected in extracts of nuclei. The replicative
enzyme could use either native or denatured DNA as primer,
while the terminal enzyme preferred heat-denatured DNA primers;
Results of chromatography on DEAE-cellulose and gel-filtration.

and sucrose denslity gradient centrifugation indicated that the

In a study of the intracellular distribution of the

DNA polymerﬁses, the amount of enzyme activity was compared

in nuclei isolated in the presence or absence of ca*t ions,.

knowﬁ to preserve nuclei in an undamaged state. The nuclei
isolated in the presence of ca*t ions retained a larger proporﬁion
of its piotein and corresponding DNA polymerase activity than
nuclei isolated in a medium without Cat* ioﬂs (54). This

indicated that there was some leakage of enzyme from the nucleus
to the cytoplasm during extraction. However, when nuclear and
cytoplasmic fractions were prepared in non-aqueous solvents:

from rapidly frozen and lyophilized tissue, enzyme activity was

detected in both fractions, although the nuclear fraction
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contained a highex total activity than the cytoplasmic fraction
(54); These observations were in agreement with the findings in
other mammalian systems in that DNA poiymerase activity was
present }n both fractions (55).

The present work involves a partial purification and
examination ofithe properties of the enzyme activity in the
cytoplasmic fraction. The ultimate goal of the investigation is
to determine whether the cytoplasmic enzyme activity is identical
with that found in the nuclei, or whether it is a distinct
enzyme; The following properties have heen found for the cytoplasmic
activity, and a comparison with the properties of the nuclear
activity is now awaited. |

The cytoplasmic DNA polymerase demonstrates§ an abseolute
requirement for_Mg++ ioﬁs and DNA primer. Dithiothreitol appears
to be dispensible. About 23% activity remained in the absence of
three of the four nuéleoside triphosphates, The optimnm H
for the enzyme was found to be 7.2 in phosphate‘buffer, and
8.0 in Tris-acetate buffer. Heated DNA is always preferred to
native DNA as primer. The product of the DNA polymerase reaction
can be destroyed by DNase, indicating thatbit is DNA in nature.
The enzyme appears falrly stable up to about two weeks.éEnzyme
activity is stimulated and stabiiized when 20%ito 35% glycerol
or ethylene glycol is added'to the enzyme preparation, The
crude enzyme has been purified about 42-fold by Sephadex gel-
filtration and about 5-fold by DEAE-cellulose chromatography,

with the removal of abqut 78% of the contaminating DNase activity:
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Purther purification on phospho-cellulose has not been successful,
however, possibly due to the strong inhibitory effect of phosphate

ions present in the elution gradients applied.
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MATERIALS AND METHODS

Af Preparation of crude enzyme extract

Generally four male Wistar rats, weighing about 185 to
200 gms each, were used per experiment. The rats were killed by
a blow to the head and were immediately decapitated. The small
intestine of eacﬁ was rapidly removed and its contenfs flushed
out with cold saline (0.9% NaCl). The entire length of the -
intestine was then everted as described by Perris (56). A 'sausage’
was then made by tying up one end of the everted intestine,
filling it with saline until the intestinal walls were fully
extended, and tyiﬁg up the other end of the intestine. The
sausage was washed by a modification of the method.of Perris (56);
Swirling was done first in ice-cold saline, twice in Krebs-
Ringer phosphate buffer, pH 7.4, containing 6% Dextran, and
finally in saline again, for periods of 2% min in each solution,
The washed intestine wasvslit open, and thqvmucosa was scraped
off by stroking gently with the edge of a glass slide. The
scrapings were then homogenized in 9 volumes of TKM buffer (0.05:M
Tris, 0,025 M KC1, 0.005 M MgClpi6 Hp0, adjusted to pH 7.4 with
HC1) containing 0.32iM sucrose. Homogenization was done in a
glass Potter-Elvéhjem homogenizer with a Teflon-tipped pestle.
‘The pestle was run electrically at a speed of 800 rpm, and five

complete passes, each consisting of an upward and a downward stroke;

were made. The homogenate was filtered through two layers of

nylon; and the filtrate was centrifuged 10 min at 700 x g , 15 min
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at 20,000 x g, and 1% hrs at 105,000 x g. The final supernatant
was saved and stored at -20°C. In some experiments, as will be
specified, giycerol was added to the final supernatant to a

‘concentration of 20% or 35% before storage.

B{ Column chromatography on DEAE-cellulose

About 20 gms of DEAE-cellulcse (diethylaminoethyl-
cellulose, Whatman DE 22) kere washed by decantation first with
0;5 N HC1 and thenzwith 0.5 N NaOH. The slurry was then washed
several times in TKM buffer. Fines were removed using the same
buffer. The slurry was de-aerated under vacuum in a dessicator,
and was packed under gravity at 4°C, into a 1.8 cm diameter
column up‘toAa height of 20 cm, The column was washed before use
with TKM buffer containing 20% (v/v) ethylene glycol. Baril et al
(57) have reported that ethylene glycol stabilized the activity
of crude and purified rat liver DNA polymerases for at least 3 weeks
at 4°C and at least 6 months at -20 C,

About 30 mg of protein were loaded onto the column, after
which the column was washed with 100 mls of TKMibuffer containing
1 mM dithiothreitol and 20% ethylene glycol. A stepwise gradient
resulting from increasing concentrations of KCl was applied to
the column. Fifty mls each of TKM buffer containing 1 mM dithio-~
threitol and 20% ethylene glycol and the following concentratioﬁs
of KCl were used: 0,10 M, 0.25 M, and 0.50 M, Three ml‘fractions
were collected by gravity. The gradient profile was followed

by measuring the conductivity of each fraction collected. The
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protein elﬁtion pattern was examined by measuring the absorbance
of each fraction at 280 nm. The DNA poiymerase activity of each
fraction was determined by the usual enzyme assay.

Iﬁ some experiments, a continuous gradient was used. A
DEAE-cellulose column was washed and equilibrated with 0,005 M
Tris-phosphate buffer, pH 8.0. The gradient consisted of 300 mls
of 0,05 M phosphate buffer, pH 8,0, containing 1 M Kci and
2 mM dithiothreitol, into 300 mls of 0,005 M Tris-phosphate buffer,
pH 8.0. Five ml fracfions were colleéted by gravity and each

fraction was examined in the manner already described.

C. Column chromatography on phosphocellulose
About 6 gms pf phosphocellulose (Bio-Rad cation exchange
cellulose. Cellex-P) were washed with glass~-distilled water to
remove fines. The slurry was then equilibrated with 0,05 M
potassium phosphate buffer, pH 6.8, containing 1 mM dithiothreitol
and 26% ethylene glycol, by washing six to seven times with the
buffer. The slurry was de-aerated under vacuum in a dessicator,
and was packed into a 1.2 cm diameter column up to a height of
18 em. The column was washed with the same buffer before use.
About 5 mg 6f protein were loaded onto the cplumn,vafter
which tﬁe column was washed with 75 mls of 0.05 M potassium
phospﬁate buffer, pH 6.8, containing 1 mM dithlothreitol and
20% ethylene glycol. A stepwise gradient resulting from increasing
concentrations of potassium phosphate was applied onto the column,

Fifty mls each of the followling concentrations of potassium
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phosphate buffer, pH 6.8, containing dithiothreitol and ethylene
glycol were useds 0.1 M, 0,2 M, and 0.5 M. Three ml fractions
were collecfed by gravity and each fraction was examined as
previously described. |

Another procedure has been used in which 17.5 mg of
- protein were allowed to sfir gently at 4°C in a slurry of phospho-
cellulose previously washed énd equilibrated in 0,05 M phosphate
buffer, pH 6.8, containing ? mM dithiothreitol and 20% ethylene
glycol; The entire slurry, with the adsorbed protein, was packed
into a 1.2.cm diameter column, and was washed with 60 mls of the
buffer;_A linear gradient resiilting from an increasing concentration
of phosphate was applied: one hundred mls of 0.50 M phoéphate
buffer, pH 6;8 was run into an equal volume of 0,05 M phosphate
buffer, pH 6.8, both buffer systems containing 1 mM dithiothreitol
and 20% ethylene glycol, The elution was followed by a final 60 mls
~of the 0;50 M phosphate buffer. Three ml fractions were collected;
and each fraction was examined as previously aescribed. Every
third fraction was then dialyzed overnight at 4c against TKM
buffer containing 1 mM dithiothreitol and 20% ethylene glycol

before being assayed for DNA polymerase activity.

D, Gel-filtration on Sephadex G-150

Forty gms of Sephadex G-150 (Pharmacia) were stirred
into 2 1. of either TKM buffer or 0.1 M phosphate buffer, pH 7.2,
and were allowed to swell, with occasional stirring, for 48 hrs

at 4°C, The slurry was de-aerated under vacuum, and was poured
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into a 100 cm column (2,5 cm diameter) according to the instructions
from Pharmacia. The prepared column was washed by upward flow
elution for 24 hrs with the original buffer containing 1 mM
dithiothreitol and 20% ethylene glycol, Fractions were collected

by upward flow elution, with a pressure head no greater than

30 cm,

Two mls each of a solution of Blue Dextran 2000 (Pharmacia)
and 3 M NaCl were run into the column for the determination of
void vplume and total volume respectively. The column was
calibrated with the standafd proteins chymotrypsinogen A (5 mg),
¥-globulin (5 mg), and bovine serum albumin (10 ng). In some
experiments hemoglobin (4 mg) was used instead of‘bovine serum
albumin,

To the calibrated column.'a 2.0 ml sample of the crude
enzyme preparation containing 10 to 42 mg protein was applied;
followed by the buffer system used, containing 1 QM dithiothreitol
and 20% ethylene glycol. Fra;tions of 2,0 of 3,0 mis were collécted.
The optical densi£y at 280 nm and the ﬁNA polymerése activity of

each fraction was determined.

Ef Enzyme assays

1. DNA polymerase assay
The activity of DNA polymerase was measured by the incor-
poration of a radioactively labeled deoxyribonucleoside triphosphate
into an acid-~insoluble product. The assay system used was similar

to that described by Chiu and Sung (58).
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The incubation mixture contained, in a total volume of

0.40 mls:
~ potassium phosphate buffer, pH 7.2 20 uymoles
MgClo Z‘Mﬁoles
dithiothreitol 2 pymoles
dATP, 4CTP, 4GTP, TTP 16 nmoles of each

[BH]-TTP (Schwarz-Mann, 17 C/mmole) 115 pmoles (2 mC)

~¢glf-thymus DNA (Armour Pharmaceu-
tical Co.), heat-denatured 40 pg

enzyme preparation 3 0.1 to 0.3 mg protein

In some experiments; 20 umoles of TKM buffer was used
in place of the 40 umoles of potassium phosphate buffer, pH 7.2.
In the earlier experiments, only OQSJUC of [3H]-TTP was used pet
assay. The amount of [BH]-TTP was later increased to 2 pC per
incubation mixture, in order to increase the number of counts
per minute observed, Heat~denatured DNA was prepared by heating
the DNA solution at 100°C for 10 min and then cooling it in an
ice-bath, In the preliminary experiments, the assay mixtures were
incubated in a water-bath at 37°C for 60 min; It was later found
that the reaction was linear with time for at least 30 min. The
incubation time for the assay mixturé was then cut back to
30 min.

After the tubes were incubated, they were rapidly cooled
to 0°C in an ice-bath, To each tube, 1 mg of bovine serum albumin
was added and mixed, followed by the addition of 2,5 ml of 10%

trichloroacetic acid (TCA) to precipitate the DNA and protein.
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After each tube was chilled for 10 min in ice, it was ceﬁtrifuged
for 5 min at top speed in a clinical centrifuge. The supernatant
was decanted,sand the pellet was washed by thoroﬁghly resuspending
it in 5.0 ml of 5% TCA. The suspension was re-centrifuged, and the
washing procedure was repeated twice. The final pellet was
disselved in 0.2 ml of a 1 M solution of hyamine hydroxylate in
ethanol, and was then mixed with 5.0 ml of scintillation solution
containing 15 gm of 2,5-diphenylaxazole, 150 mg of 1,4-~bis-(5-
phenyloxazolyl-2)benzene, and 240 gm of naphthalene in 3 1. of a
1:1:1 solution of toluene, dioxane, and 95% ethanol. Radiocactivity
was then measured in a Packard Tri-Carb liquid scintillation
spectrometer, model 314 AX, One unit of DNA polymerase ac_tivity
was defined as the amount of enzyme required to convert 1 pmole

of [BH]-TTP into the acid-insoluble product in 30 min under the

assay conditions described.,

2. Terminal deoxyribonucleotidyltransferase assay
The procedure used was a modification of that reported

by Krakow et al (31). The incubation mixture was identical with that
for the DNA polymerase assay except for‘the omission of 4ATP, 4CTP,
and dGTP, and the addition of 2,5 umolesséf cysteine. The procedures
of TCA precipitation, washing, and measuring of radioactivity were
the same as those for the polymerase assay. One unit of terminal
transferase activity was defined assthe enzyme required to convert

1 pmole of [?H]—TTP into the acid-insoluble product in 30 min under

the assay conditions described.
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3. DNase I assa&

The diffusion slide assay developed by Jarvis and Lawrence
(59) was used for the quantitative determination of DNase I'activity.
Concentrations of DNase down to 0.005 ug/ml could be measured with
high reproducibility by this method.

A hot solution of agar (2% w/v) containing 2 mg/ml calf
thymus DNA (Armour Pharmaceutical Co.) was mixed with~ah equal
volume of hot 0,1 M Tris-HC1l buffer, pH 7.8; MnCl2 was added to the
agar solution to a final concentration of 0,01 M, One ml of this
hot mixture was spread on a microscope slide over an area of 2 in;
by 1 in., which was outlined by means of cellulose tape. A hole 2;7 mm
in diameter was bored with a thin steel tube, and 0,004 ml of the
enzyme preparation was added to the well. The slides were placed
in a plastic box containing moist blotting paper and incubated at
37°C for 20 hrs, The slides were then dipped in 1 N HC1 for 15 secs,
washed with water, and the diameter of each of the zones of clear-
ing was read.

DNase I from bovine pancreas (Worthington Biochémical
Corporatioh) containing 2,300 Kunitz units per mg was assayed by
the method of Jarvis and Lawrence and the square of the radius
of the zone of clearing was calculated. In the present work, DNase
activities were assayed by the ﬁethod of Jarvis and Lawrence and
were then converted to Kunitz units, The assay method developed
by Kunitz was based upon the increase in UV absorption at 260 nm
observed during the course of depolymefization of DNA by DNase.

One Kunitz unit is that activity which causes an increase in absor-
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bancy of 0,001 per min per ml under the assay conditions at 25°C
(67).

i, Protein determination
Protein was estimated according to the method of Lowry

et al (60) with bovine serum albumin as a standard.
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_RESULTS _AND DISCUSSION

A, Preparation of crude enzyme

In a search for a cytoplasmic,.or extra-nuclear, DNA
polymerase, the following study was méde.
‘mucosal scrapings were suspended in 10 volumes of TKM
~buffer containing 0.32 M sucrose, and were homogenized
by 5 complete passes in a glass Potier-Elvehjem homo-
genizer with a Teflon pestle,
filtered through 2 layers nylon
filtrate |

‘centrifuged 10 min at 700 xg

¥ . - . a |
. supernatant : o ' pellet
centrifuged . | resuspended in 20 vol.
15 min, ' o - TKM buffer containing
20,000 x g ' ) ‘ 0,32 M sucrose; homo-
. v ' genized by 5 complete
supernatant (Si) _ o passes in the glass
. - » _ Potter-Elvehjem homo-
' centrifuged ‘ : genizer; further homo-
1% hrs, .. ‘ ‘ genized in omni-mixer
105,000 x g- ' , for 2% min, resulting in
C breakage of 50% of cells;
' : centrifuged 10 min at :
,supernatant pellet N 700 x g
EODENNCD b |
) R . ¥
supernatant (S,) pellet (P,)
: . (nuclei
centrifuged
1% hrs,
105,000 x g

~supernatant (825)
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For studies of nuclear preparations, pellet P2 could
be further homogenized using a Servall Omni-mixer, and the soluble
proteins could then be extracted.

As the present study involves the cytoplasmic preparations,
the supernatants Sl’ SZ’ and S2' were each assayed for DNA

polymerase activity, The results are tabulated below.

Table I, DNA polymerase activity of various supernatant
fractlions from rat intestinal mucosal cells.,

Enzyme Total activity Total protein Specific activity
preparation (units x 103) (mg) (units x 103 per
mg protein)

Sy 858 149 5.8
54" 8286 132 62.8
S, 710 320 2.2
S, 1588 190 8.4

Significant DNA polymerase aétivity was found in'the supernatants
34 and SZ‘ However, when 31 and 52 were centrifuged at high-~

speed, the total activities were increased app;oximately 10-fold
and 2-fold respectively (Sl' aqd Sz')f Corresponding increases

in specific activities were also observed. The supernatant Sl'

was of particular interest because -of the high total and specific
activities associatedlwith it. Other workers (61) have made similar

observations also with rat intestinal mucosa. They have found,that
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on further centrifuging the S,' fraction at 105,000 x g for

1
24 hrs, there was a further increase in the total DNA polymerase
activity in the supernatant obtained., It appears then that 81

may have contained a certain factor or factors which interfered
with DNA polymerase activity. If this inhibitoi was sedimentable
by high-speed centrifugation, an increase in total DNA polymerase
activity would be observed in the resulting supernatant S1°'.

This possibility was strengthened by the results obtained from
the following experiment,

Supernatant 51 was prepared as before, 81 was then centri-
fuged at 105,000 x g for 1% hrs, as before, and supernatant Sy’
and pellet Pl' were obtained., Py' was resuspended in TKM buffer
containing 0.32 M sucrose., Protein determination of each of the
fractions Si’ Sl', and Py' indicated that 18% of the protein'
present in 81 was pelleted, and that 82% remained in the superna-

tant Sq'. Each preparation was ihen assayed for DNA polymerase
| activity (Table II). Sq contained a low enzyme activity. The
pellet Py' was found to contain a total activity very much lower
.than that of S{. A large increase in bothvtotal and specific
activities was again obtained in 5;'. When the pellet Py' was
recombined with the supernatant Sl', the DNA polymerase activity
of the mixture was drastically reduced to a level not much higher
than that of Sq (Table II).‘These observations suggested that a
strong inhibitor of DNA polymerase was present in the supernatant

51, and was separated from the enzyme by sedimentation into Pi',

thus allowing an increase in DNA polymerase activity detected in
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Sl'. When the inhibitor was added back to the enzyme fraction,

enzyme activity was immediately inhibited again,

Table II, DNA polymerase activities from recembination
’ experiments with supernatant and pellet fractions
from rat intestinal mucosal cells,

Enzyme Total activity Total protein Specific activity
preparation (units x 103) (mg) (units x 103 per
mg protein)

54 2,33 o931 25

Sy 88,350 77.5 1140

Py 458 | 16.9 27
S1' + P, 2,922

It was ppssible that the observed inhibitory effect was
due to interference by DNase I activity present in the pfeparatidns
studied, DNase activity may have two effects on DNA polymerase
assays, Firstly, DNase activity may produce nicks in the DNA primer
strands, thus causing an activation of DNA polymerase activity.
Sécondly, DNase activity may cause the degradation of the newly-
synthesized DNA product of the polymerase reaction, thus intér—
fering with the DNA polymerase assay. Leung (54) had reported
that crude homogenate preparations of rat intestinal mucosal cells
contained a high DNase I activity. He found that when this crude

homogenate was centrifuged at high-speed, there was a decrease in
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the level of DNase I activity in the supernatant fraction; Leung
also observed that fractions which contained a high DNase I
activity generally showed a low DNA polymerase activity, indicating
the possible interference of DNase I with DNA polymerase assays
(54).

Each of the fractions Sl' Sl’, and Pl' were therefore
dssayed for DNase I activity. The reSﬁlts‘are shown in Table III,
Of the total original DNase I activity presént in Sl; 77% was
recovered in the supernatant Si'.‘and only 14% was sedimented with
the pellet Py', These results do not fit in with the proposed
sedimentation of the inhibitor with pellet Pi°'., Moredver, as will~
be discussed in a later section, the levels of DNase Ibactivity
detected in any of the fractions were not sufficient to cause
large effects on the DNA polymerase activities present (Table III),
Thus DNase 1 does not appear to be the cause of the inhibitory

effects observed in the DNA polymerase preparations.

Table ITII, DNase I activities in various supernatant
and pellet fractions from rat intestinal
mucosal cells, '

Enzyme preparation Total DNase I activity
(Kunitz units)

s 6,646
Sl' 5'108

Pyt : 923
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Due to limitations of time, the nature of the inhibitory
factor was not further invesﬂigated. In view 6f the high total
and.specific DNA polymerase activities obtainable with the S4°
supernatant, this preparation was chosen for further study; The
routine procedure for preparing this fraction is described in
the preceding section. This Sl' supernatant represents the first
wash of presumably intact cells. Further experiments were carried
out to determine whether this enzyme activity is of nucléar
origin, or whether it has properties differing from the nuclear

enzyme activity, indicating a possible cytoplasmic origin,

BV .Partial purification of crude enzyme

Ammonium sulfate precipitation has been used by Bollum
(17), by Shepherd and Keir (62), and by Furlong (63) to fractionate
DNA polymerase from tissue extracts. This procedure has also been
used by Leung (54)‘in the purification of the enzyme from the small
intestinal mucosa of the rat. The DNA polymerase activity was
recovered in the 60% ammonium sulfate fraction, but there was
a loss of up to 60% of the original enzymatic activity. This
result may have been due to the detriﬁental effects of high salt
concentration on the structural conformation of the mammalian DNA
poljmerases as described by Keir (21). In view of these observations,
ammomium sulfate fractionation was not used in the present work,
The methods of purification used included DEAE-cellulose chroma-
tography, phosphocellulose chromatography, and Sephadex gel-

filtration,
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1; Chromatography on DEAE-cellulose

The high-speed supernatant Sl', which will hereafter bex
referred to as the crude enzyme preparation, was chromatographed
on a column of DEAE-cellulose., The column was eluted with a
linear gradient in a Tris-HC1l buffer system as described previously,
and a typical elution profile obtained is shown in Fig, 4. A
single protein peak containing 2% of the total protein was
eluted before the gradient was applied., This protein peak, which
was apparently not adsorbed to the anion~exchanger, contained
about 92% of‘the total enzyme activity. The remaining 4% of the
activity was obtained as a small peak occurring immediately after
‘the start of the gradient. The 1§rge protein peak which was eluted

with the gradient was completely devoid of enzyme activity.

TaBle IV, Chromatography of crude enzyme on DEAE-
cellulose, Elution with Tris-HC1 buffer
system, with linear gradient of KC1.

Protein Total Yield Specific activity Purifi-
(mg) activity (%) of peak fraction cation
(units (units x 103 per
x 107) mg protein)
Applied in 48,0 12,696 100,0 282 1.0
crude enzyme
Enzyme peak I 20.9 11,638 91.7 1,239 b4
Enzyme peak II 0,5 529 L2 817 2.9

Total 21,4 12,167 95.9
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Table IV refers to the enzyme peaks labeled in Fig. 4,
and indicates that the purification of the enzyme actlivity in
peak I is between 4- and 5-fold. These protein and activity
profiles are consistently reproducible."

When the crude enzyme preparation was chrqmatqgraphed
on DEAE-cellulose using 5 stepwise gradient in a Tris-HC1l buffer
system; as described previousiy, a better proteln separation
was obtained. A large protein peak, with an overlapping smaller

peak, was agaln obtained before the start of the gradient (Fig. 5).

Table V, Chromatography of crude enzyme on DEAE-
cellulose. Elution with Tris-HC1l buffer
system, with stepwise gradient of KC1.

Protein Total Yield Specific activity Purifi-
activity ' (%) of peak fraction cation
(units (units x 103 per
x 103) mg protein)
Applied in cumds 31.1 37,800  100.0 1,214 1,0
crude enzyme
Enzyme peak I 14,0 30,186 79.9 3,367 2.8
Enzyme peak II 1.5 1,803 4.8 1,880 1.6
Total 15.5 31,989 84,7

Several major or minor protein peaks were obtained with each
stepwise increase in the gradient. About 5% of the enzyme activity

was again detected at the start of the gradient. The other protein



Conductivity (mmho)
g€

T T
o A
: A
0-8 A B -
Pl P [ c.
R P 'SE i
» ! g |
_ ] i X ;
S i Pl y A
: ' R i
N ) 5 “‘ E ‘l‘ E .=,¢—:—:—;-;__j : . 0.4—
< ins P b o
o-5 iVt P} ‘ e
. “\ "i‘.‘ r‘ ,: v I|,I|‘ . = :
:I \5."“: :\\ : )“ :‘\ :
b : v : .-"_ ——:-;-—f!' . “ : “‘ - —
ia Py 92
"-‘. ?: ‘l‘ .:, - AN . P ‘l' ‘~..~
," ~ma L
R S .~ Fraction No.

Fig. 5. Chromatography of crude DNA polymerase from rat
intestinal mucosa on DEAE-cellulosé. Elution gith TKM buffer
contdining 1 mM dithiothreitol and 20% ethylene glycol, with -
stepw1se gradlent of KC1. Dotted line represents absorption at 255
7280 nm; solid line represents units of DNA polymerase activity;

alternate dots and dashes represents elution gradient of KC1
(as 0,10 M, bs 0,25 M, e1 0.50 M)



36

v peaks eluted with the gradient were devoid of detectable enzyme
activity. As indicated in Table V, the purification of DNA
polymerase activity in peak I was about 3-fold.

Peak 1 from DEAE-cellulose chromatography of the crude
enzyme was assayed for DNase I and terminal transferase activities,
and the results were compared with those obtained with the crude

enzyme preparation (Table VI).

Table VI, DNase and terminal transferase activities
from crude and partially purified enzyme

preparations,
Total activity
DNase I Terminal transferase
(Kunitz units) (units x 103)
Crude enzyme 5,814 3,312
Peak I enzyme 1,261 1,944
Yield ' ©21.7% 58. 7%

When the crude enzyme preparation was chromatographed
on DEAE-cellulose, the DNA polymerase peak collected in the
peak of unadsorbed proteins'contained only 21.7% of the total
DNase activity applied onto the column, The terminal transferase
activity in the DNA polymerase peak was 58.7% of that in the
¢rude enzyme preparation applied.

DEAE-cellulose chromatography thereforeiprovided a
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simple and speedy procedure for partial purificétion‘of.DNA
polymerase. The bulk of the pblymerase activity was washed through
the column, leaving over 50% of the protein and about 78% of
the DNase activity adsorbed onto the DEAE-cellulose. In the
routine partial purification of the crude énzyme preparation,
the Sl'_supernatant was applied onto a DEAE-cellulose column
and was washed through with buffer, no gradiént being necessary;
The optical density at 280 nm was determined for each fraction
collected; Those fractions which constituted the first protein
peak contained between 80% and 92% of the DNA polymeraseb
activity, and these fractions were combined for further use.

In a study of rat liver DNA polymerases, Baril and
co-workers (57) chroﬁatographed_the ammonium sulfate fractibns
of nuclel, mitochondria, ribosomes, and smooth membranes on
DEAE-cellulose, The elution prpfiles of the enzymes from purified
nuclei and ribosomes appeared quite similar, Neither enzyme was
" bound to DEAE—qellulose.and all of the DNA poljmérase activity
appeared in the column wash, The column washes also contained some
nucleése and terminal transferase activity. The DNA polymerases
from both nuclel and ribosemes preferred native DNA as primer;
Chromatografhy of the mitochondrial fractions produced multiple
peaks of very low polymerase activity, most of which was eluted
with 0.1 M and 0.25 M KC1., The elution pattern of the smooth
membrane fraction was similar to that of the mitochondrial fraction,

but the polymerase activity was 15 to 20 times higher than that

in the latter., The elution profile obtained in the present work
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indicates that the enzyme in the high-speed supernatant from
rat intestinal mucosa was similar to those of the nuclear and
ribosomal fractions from rat liver., |

Previous stidles have been made by Leung and Zbarsky
(19, 20) on the soluble fractions extracted from the nuclei of
fat intestinal mucosa. Chiomatography of the nuclear extracts
on DEAE-cellulose produced three peaks of DNA poiymerase activity:
- The first enzyme activiﬁy was found to be assoclated with a peak
of unadsorbed protein andlnucleic.acid material, The two other
enzyme peaks were eluted with approximately 0.1 and 0.2 M KC1
solutions. Re-chromatography of the first unadsorbed enzyme
peak allowed the detection of a distinct peak of 'terminal’
enzyme activity. In contrast t6 the three separable DNA polymerase
activities found by Leung and Zbarsky (19, 20) in the nuclear
preparations, ihe cytéplasmic preparations contained only a major
‘and a minof enzyme activity peak. This major DNA polymerase peak
from the cytoplasmic preparation was similar in chromatographic
properties to one of the DNA polymerase peaks from the nuclear
preparations, i.e., it was not adsorbed onto DEAE-cellulose., A
similar pattern of distributioh of DNA polymerases has been
rgﬁbrted by Weissbach et al (51) in Hela cells and in normal
human lung diploid line WI-38, as has been discussed earlier, In
each case, no separable nuclear DNA polymerase activities and
only one cytoplasmic DNA polymerase activity were isolated. The
two nuclear enszymes differed in chromatographic and other properties

but the cytoplasmic enzyme resembled one of the nuclear enzymes in
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all respects. The actual relationship between the three.activities

remains unclear.

2. Column chromatography on phosphocellulose

Since the DNA polymerasevactivity under study was not
adsorbed onto the anion-exchanger DEAE-cellulose, it was hoped that
it might be adsorbed onto a cation-exchanger, such as phospho-
cellulose,

Fractions from the enzyme peak (peak I) from the DEAE-
cellulose column were combined and the solution was dialyzed over-
night at 4°c against 0,05M phosphate buffer, pH 6.8, containing
1 mM dithiothreitol and 20% ethylene glycol. The dialysate was
applied to a phosphocellulose column equilibrated with the same
buffer, The colimn was eluted with a stepwise gradient as described
in the preceding sectlion., A sharp protein peak was obtained with
each change in the gradient, giving a total of U4 peaks., Bach peak
was assayed for DNA polymerase, but no enzyme activity could be
detected. The final protein peak, ihat eluted with the 0.5 M
phosphate buffer, showed indications of a slight amount of activity.
Fractions from this peak were therefdre combined and the solution
was dialyzed against TKM buffer containing 1 mM dithiothreitol and
20% ethylene glycol. The dialysate was concentrated by further
dialysis against ice-cold sucrose, and was re-assayed. A low level
of enzyme activity was present, but the total activity yield was
less than 5%.

Another approach to phosphocellulose chromatography was
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used, Fractions from the DNA polymerase peak (peakI) from the DEAE-
cellulose column were combined and the solution was again dialyzed-
against TKM buffer containing 1 mM dithiothreitol and 20% ethylene
glycol., The dialysate was added to a prépared slurry of phospho-
cellulose and the mixture was stirred overnight at 4°C. The
slurry with the adsorbed protein was packed into a column (1.2 cm
diameter, 18 cm height) which was then eluted with a continuous
gradient as previously described. The elution profile indicated
that some protein did adhere to the cpiumn, but no sharp distinct
peak was eluted. Every third fraction wés dialyzed overnight against
TKM buffer containing 1 mM dithiothreitol and 20% ethylene glycol,
and>was then assayed for DNA polymerase activity. No enzyme activity
could be detected in any of the fractions.,
| The effect of phosphate ion concentration on DNA polymerase
activity was later examined. It was found that DNA polymerase acti-
vity was drastically inhibited af phosphate concentrations 6f 0;20 M
and above. At 0,10 M phosphate, the enzyme activity was reduced to
27% of that at 0.05 M phosphate. Since the phosphocellﬁlose columns
were run with gradients from 0,10 M to 0.50 M phosphate, it is
not surprising thét no enzyme activity could be detected in the
fractions, Dialysis of the fractions against TKM buffer seems to
be ineffective for the recovery of enzyme activity.

The ethylene glycol was added to the buffer systems to
prevent deterioration of enzyme activity, It does not appear to
haveeaﬁ&@détrimental effects on the DNA polymerase activities since

DEAE~cellulose columns eluted in the presence of 20% ethylene glycol
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allowed almost total récovery of enzyme activity.

In their work with rat liver DNA polymerases, Baril et al
(57)-ire~chromatographed the enzymé peaks from DEAE-cellulose chro-
matography onto phosphocellulose columns. The columns were eluted
by stepwise gradients of potassium phosphate buffer in concentra-
tions of 0,1 to 0.5 M, containing 1 mM dithiothreitol and 20%
ethyléne glycol, The collected fractions were dialyzed overnight
against TKM buffer containing 20% ethylene glycol before assaying.
The polymerase activity from the nuclear and ribosomal fractions
eluted at 0.5 M and that of the smooth membranes at 0.2 M phosphate
concentration. In the present work, the slight enzyme activity
detected at 0.5 M phosphate concentration again indicates a simi-

larity to the nuclear and ribosomal enzymes frem rat 1iver;

3. Gei-filtration on Sephadex G-150

Molecular-sieve chromatography, or ‘gel-filtration' was
used for the purification of DNA polymerase and for the estimation
of its melecular weight. Sephadex G-150 columns were prepared and
calibrated as described in the preceding section. A typical éalibra—
tion profile is shown in Fig, 6.

When crude enzyme preparation was chromatographed on the
column as previously described, elution with 0,1 M phosphate buffer
gave the elution profilé_shown in Fig., 7. However, no DNA polymerase
activity could be detected throughout the eluate. This result may
be attributed to the presence of phosphate ions in 0,1 M concentra-

tion, which was later found to have a strong inhibitory effect on
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. Fig, 6. Standard curve for the estimation
- of the molecular weights of protein sample
‘on the basis of their elution volumes from‘
~ gel-filtration on Sephadex G-150,-(V,
“elution volume of sample, V = void volume
- of column.)
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the enzyme activity.

The.experiment was therefore repeated in which the column
vwas equilibrated and eluted with TKM buffer instead of phosphate
buffer, In addition, the crude enzyme preparation was concentrated
4~ to 5-fold against polyethylene glycol before loading onto the
column, This concentration procedure led to. a 55% decrease in
specific activity. The elution profile obtained is shown in Fig; 8.
A single DNA polymerase peak was observed (elution volume Vo 90.65 ml).
The same column was calibrated using the markers -globulin ( M.W.
160,000; Ve 78.75 mls), hemoglobin (M.W. 65,000; Ve 101.25 mls),
and chymotrypsinogen-A (M.W. 25,0003 Ve 111.25 mis). The DNA poly-
merase detected was thus estimated to have a molecular weight of
101;000. Previous investigators (19, 20) have obtained multiple peaks
of DNA polymerase activity from Séphadex gel—filtration of nuclear
preparations of rat iniestinal mucosal extracts, and have obtained
molecular weight values from 25,000 to 300,000, Bollum et al (64),
using both a Sephadex G-100 and G-200 column, estimated the molecular
sizes of the calf thymus enzymes to be 110,000 for the replicative
and 37,000 for the terminal DNA nucleotidyl transferase.

The specific activity of the DNA polymerase in the peak
fraction was U2-times greater than that of the original crude
extract loaded onto the column (Table VII)., The yleld of total
activity recovered from the column was over 12 times that loaded .
onto the column, The cause of this large increase in total activiﬁy.
is unclear. An obvious possibility is the removal of a strong inhibi-

tory factor which differed in size from the DNA polymerase. As has
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been described earlier, the crude enzyme homogenate did contain a
strong inhibitory factor which was sedimentable by high~speed centri-
fugation. This indicated that the inhibitor differed in size from

the DNA polymerase. It is possible that a portion of the inhibitory

Table VII, Gel-filtration of crude enzyme preparation

on Sephadex G-150, Elution with TKM buffer
system,

Enzyme fraetion Total DNA poly- Yield Specific DNA poly- Puri-
merase actiyity merase activity fica-
(units x 103) (units x 103 per tion

mg protein )

Crude enzyme 4,730 112
applied

Peak enzyme 57,680 12-fold 4,719 L42-fold
eluted :

factor did not differ suffic&éntly from the polymerase to be
pelleted, but did differ sufficiently to be separated from the
polymerase by Sephadex gel—filtration..Removal‘of the strong
inhibitor would.result in a large increase 1n both total and

specific DNA polymerase activities.

C. General properties of the enzyme

1. Requirements
The requirements for the enzymatic reactlon catalyzed by

DNA polymerase were studied. 'Partially purified' DNA polymerase,
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“hereafter referring to the enzyme peak (peak I) from DEAE-cellulose

chromatography, was dialyzed against 0,05 M Tris-HC1l buffer, pH ?;6,

Table VIII, Requirements for DNA polymerase activities
from rat intestinal mucosal cells.

Crude enzyme Partially purified enzyme

units x 103 %activity units x 10§ %activity
Complete system 178 100.0 148 100,0
- DNA 15 8.3 0 0.0
- dATP, dCTP, dGTP 31 17.2 28 , 18.9
- dATP 57 32.1 38 25,7
- dCTP 86 48,1 59 39.9
- dCTP 70 39.2 49 33.1
- MgCl, 15 8.3 8 5.
- dithiothreitol 154 86.7 125 84,5
- enzyme 0 0.0 0 - 0,0
heated enzyme 1 0.6 - -

containing 0,025 M KC1l, The ‘crude' DNA polymerase preparation,
referring to the high-speed supernatant S;' of the homogenate, was
assayed without further purification, As shown in Table VIII, both
enz&me activities required the presence of a DNA template and Mg++
ions. Activity was only slightly enhanced by the addition of dithio-

threitol. Omission of one of the three unlabeled deoxynucleoside
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triphosphates led to a reduction of the enzyme activity to between
25% to 48%, depending on the particular nucleotide omitted. With
the omission of all three unlabeled triphosphates, the incorpora-
tion of [JH)-TTP was less than 20% of that obtained in the complete
system. Heating the enzyme at 100°C for 10 min resulted inidrastic

inactivation of the enzyme.

2, DNA primer preference

| DNA polymerase activity with heat-denatured DNA and native
DNA as primer was.studied. Heat-denatured material was obtained
by heating a solution of calf thymus ﬁNA at 100°C for 10 min; and
immediately cooling it to 0°C in an ice-bath, The DNA polymerase
activities from the crudé and the partially purified preparations
were all found to be several-fold higher with heated rather than
with native DNA as primer (Table IX). As has been discussed
@reviously, DEAE-cellulose chromatography of the crude cytoplasmic

extracts produced one large peak (I) containing 92% of the enzyme

Table IX, DNA polymerase activities with native
or heat:denatured DNA as primer,

Enzyme preparation Units activity x 103
: Native DNA primer Heat-denatured DNA primer

Crude enzyme 85 | 234
DEAE-cellulose peak I . 726 2,571

DEAE-cellulose peak II 183 ' 503
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activity, and a small peak (II) containing 4% of the enzyme activity.
These two peaks showed no differences in primer preference (Table IX);
Heat-denatured DNA was therefore used in all subsequent assays.

This preference for denatured DNA‘as primer has also been
reported by Bollum (55) in calf thymus DNA polymerése. and by
Shepherd and Keir (62) in Landschutz ascifes tumor cells, Leung
and Zbarsky (19, 20) observed that nuclear DNA pblymerase preparations
from rat intestinal mucosa demonstrated variations in their preference
for denatured or native DNA as primer, depending upon the enzymic

fraction tested;

3. Effect of pH

The effect of pH on DNA polymerase activity was examined.
Crude enzyme preparation was assayed in 0;05 M potassium phosphate
buffers from pH 6.0 to 8.0, and also in 0,05 M Tris-acetate buffers
from pH 5.0 to 9.5, The optimum pH values for the enzyme reaction
was found to be 7.2 in the phosphate buffer, and 8.0 in the Tris-
acetate buffer (Fig: 9)- |

Leung and Zbarsky (19) have reported pH optima of 7.4 in
phosphate buffer, and 8.0 in Tris-HC1l buffer for nuclear DNA poly-
merase in rat intestinal mucosa, Similar optimal pH values have
been reported by Zimmerman in bacterial tissues (65) and by
Mantsavinos in mammalian tissues (25) under similar conditions.,

In the present,work, potassium phosphate buffer, pH 7.2,
to a concentration of 0.05 M, was used in the routine assay proce-

dures,
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assayed in 0,05 M Tris-acetate buffers from
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phosphate buffers from pH 6.0 to 8.0.



51

4, Effect of varying amounts of radioactivity in assay

The effect of varying amounts of radloactivity on’DNA
polymerase was examined in an effort to determine the optimal
proportions of unlabeled and tritiated TTP to be used in the
assay mixtures. |

The effect of varying the total concentration of TTP
in the incubgtion mixture is shown in Fig, 10, Tritiated and
unlabeled TTP were mixed to give a 1.8 mM solution of LBH]-TTP
containing 9 uC of radiocactivity per ml., Varying amounts of this
solution were used in the incubation mixtures”for DNA polymerase
assay, The specific radioactivity, 1.6., the radioactivity per
mole of TTP, was therefore constant for &ll incubation mixtures,
‘The incorporation of PHI-TTP into DNA increased with increasing
amounts of the [3H]-TTP solution in the assay mixture, approaching
a maximum level at about 81 nmoles [3H]-TTP per assay (Fig, 10).

Another experiment.was carried out in which the specific
radioactivity in the assay mixture was varied, but the total.
amount of TTP present in each was kept constant., Each incuba-
tion mixture contained 16 nmoles TTP and varying Amounts of
radioactivity ranging from 0.2 to 2,0 mC, The incorporation of
[BH]-TTP into DNA increased linearly with inéreasing amounts of
radioactivity (Fig. 11). No tapering off of the increase in
activity was observed in the range studied.

In subsequent assays, 16 nmoles of a mixture of tritiated
and Uniabeled TTP, containing 2uC of radiocactivity, were used

per incubation mixture, as a suitably high level of DNA polymerase
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radicactivity in the incubation mixture for

the DNA polymerase assay, the total TTP
"concentration being kept constant, Varying

amounts ‘of a JH-TTP solution of 10 uC/ml
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negligible when compared with the 16 nmoles
unlabeled TTP present in the incubation
mixture,
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activity could be obtained with these amounts.

5. Effect of glycerol and ethylene glycol

Glycerol is commonly used in the storage of enzyme
preparations to reduce deterioration of enzyme activity. There-
fore when crude DNA polymerase preparations were stored, glycerol
was added to them in concentrationsvof 20% or 35%. The enzyme
solutions containing glycerol did not solidify even at tempera-
tures of -20°C.

Baril et al (57) have reported that ethylene glycol
stabilized the activity of crude and purified rat liver DNA poly-
merases for at least 3 weeks at 4°C and at least 6 months at —20°C.
In the present work, 20% ethylene glycol was therefore added to
the buffer systems used in the elution of chromatographic columns,

The effects of glycerol and ethylene glycol on DNA poly-
merase activity were therefore investigated. Surprisingly, it was
found that the presence of either glycerol.or ethylené glycol in
the enzyme preparétions led to an activationbof the enzyme activity
observed (Table X). When 20% glycerol was added to an enzyme
preparation immediately before assaying for DNA polymerase activity,
a 1,5—fold increase in the incorporation of radioactivity was
observed, Over 10-fold activation has been observed in certain
preparations, The level of increa;e in activity was the same in
20% or 35% glycerol. An increésed level of activity could be.observed
in enzyme preparations containing glycerol after at least 17 days

of storage at -20°C. In the case of ethylene glycol, a 2-fold
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Table X. Effect of glycerol and ethylene glycol on
DNA polymerase activity.

Enzyme preparation cpm Control preparation cpﬁ

Sq' 3,364 J Sl’ : 67

S1' + 20% glycerol 5,177 watet + 20% glycerol 79

Sy' + 20% ethylene 6,537 water + 20% ethylene 6l
glycol glycol

increase in DNA polymerase activity was observed when 20% ethylene
glycol was added t6 the enzyme preparation immediately before
assaying., Control samples were prepared in which enzyme was substi-
tuted by water, water containing ZO%Aglycerol, and water containing
20% ethylene glycol. These preparations were assayed in exactly -
the same manner as the enzyme preparations. The results show no
significant differencés in the counts per minute of tiitium incor-
porated, Similar stimulation of DNA polymerase activities in the
presence of 5% glycerol have been observed by other workers in rat
brain tissue (66). The cause of these increases in enzyme activity

is unclear.

6. Time-course of the reaction
The time-course for the incorporation of (HI-TTP into DNA
by the crude DNA polymerase extract was Studied. The crude enzyme

preparation was assayed both in the presénce and in the absence of
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35% glycerol. In both cases, the reaction was linear with respéct
to time for at least 30 min, as is shown in Fig. 12, A maximum
level of activity was reached in both cases after an incubation
time of about 60 min. The maximum level of activity reached by
the enzymeAcontaining 35% glycerol was much higher than that
reached by the enzyme in the absence of glycerol,

In view of these results, an incubation period of 30 min

was used in all subsequent assays for DNA polymerase activity;

7. Enzyme stability

The stability of the DNA polymerase activity upon storage
under various temperature conditions was studied. Under condition
A, a sample of crude eniyme preparation was. stored at 4°c, Ali-
quots were withdrawn from it for each aséay. Under condition B, a
sample of crude enzyme preparation was Stored frozen at —20°C.
This sample was thawed and aliquots were withdrawn frém it for each
assay, after which the sample was re;frozen and stored for further
use., Under condition C, several aliquots of crude enzyme preparation
were stored frozen at -20°C. Fresh aliquots were thawed for use
in each assay. Any remaining thawed enzyme preparation was discarded
and was not re-frozen for further use. Enzyme preparations stored
under each qf the three conditions were assayed at 1, 6, and 13
days after extraction., The results are presented in Table XI,

The DNA polymerase activities appeared to be stable for
at least 13 days. An increase in enzyme activity was observed on

day 6 under all three temperature conditions, the activity leveling
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Table XI, Stability of DNA polymerase under different
temperature conditions. (See text),

Number of days ' Units activity x 103 per ml enzyme

after extraction Condition A Condition B Condition C
1 60,0 60.0 60.0
6 97.0 94,5 93.5
13 67.0 : 106.5 80,0

off after 13 days, but remaining higher than the activity on day 1.
Under condition B, where the enzyme preparation was frozen and
thawed for use each timé, the activity continued to increase even
after 13 days. The observed increased in enzymeiactivity on storage
were repeatable, and were found to occur as early as day 3;

A possible explanation for these results may be the degra-
dation of an inhibitory factor present in the enzyme preparation,
As has been discussed earlier, a strong inhibitor of DNA polymerase
has been found to be present in the crudé cell homogenate., The
nature of the inhibitor is not known, but it was found to be
sedimentable by high-speed centrifugation. It is probable that some
of the inhibitor remained in the supernatant from the high—speed
centrifugation. i.e., in the crude enzyme preparation, If this
inhibitory factor is unstable and is degraded upon storage, an
apparent increase in DNA polymerase activity would be observed,

In the present work, crude enzyme preparations were used
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within one week after extraction.

8. Effect of phosphate ion concentration
An examination of the effect of phosphate ion concentra-
tion on DNA polymerase activity was prompted by the obserfation
- that elution of chromatographic columns with phosphate buffers

always resulted in a total loss of enzyme activity in the eluate..

Table XII. Effect of phosphate ion concentration on
DNA polymerase activity.

Phosphate ion conéentration Units activity x 103
of incubation mixture (average of two experiments)
0.05 M 972
0,10 M 262
0.15 M 116
0.20 M | 13
0.25 M _ 2

It was suspected that phosphate ions might exert an inhibitory
effect on the enzyme. Crude enzyme extraet was assayed in the
presence of increasing concentrations of phosphate ions, and the
results are shown in Table XII.

It can be seen that enzyme activity was drastically

inhibited at phosphate concentrations of 0.20 M and above, At
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0.10 M phosphate, the enzyme activity was reduced to 27% of that
at 0.05 M phosphate. This inhibitbry effect of phosphate ions on
DNA polymerase activity is believed to be the piincipal cause of
the failure to detect enzyme activity in the eluated of phospho-
cellulose and Sephadex columns eluted with phosphate buffers at

concentrations of 0,10 M or above,

9., Effect of DNase I

A study of the effect of DNdse I on the DNA polymerase
assay was made for two reasons, Firstly, Leung (54) had observed
that fractions which contained a high DNase I activity generally
showed a low DNA polymerase activity. He suggested the possible
interference of DNase I with DNA polymerase assays., Secondly;
the study was made in order to determine the nature of the product
formed from the DNA polymerase reactlon,

Crude enzyme preparation was measured in the presence or
absence of added DNase I. The DNase I was added either at ithe
beginning of the incubation period, i.e., at zero time, or after
30 min of incubation, after which the assay mixture was further
incubated for 30 min. The effect of RNase on the DNMA polymerase
assay was also briefly studied. The results are summarized in
Table XIII.

In the first case, crude enzyme ﬁas assayed in the absence
of added DNase I, with an incubation time of 30 min. When 10 ug
of DNase I was added to the assay mixture at zero time, and the

mixture incubated for 30 min, a slight increase in DNA polymerase
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Table XIII. BEffect of DNase I and RNase on
DNA" polymerase assay.

Enzyme RNase DNase I (2,300 Kunitz Incubation DNA polymerase
units per mg) time activity
(min) cpm units x 103

1" - ‘ - 30 1,799 181
Sl' - 10 ug, added at O time 30 1,912 194
5q° - 50 ug, added at O time 30 1,480 147
S¢" - 50 ug, added after 30 min 60 580 52
84! - ; 60 2,20é 224
- - - | & 0
- - - 60 8l 0
S1' 10 ug, added - 30 2,061 209
at 0 time

activity was observed.>This increase was probably due to nicking
of the DNA primer by the added DNase I, When the level of DNase I
addedﬁat zero time was increased to 50 ug and thé assay mixture
was incubated for 30 min, a 17% decrease ih the DNA polymerase
activity was observed., This indicated that the level of DNase I
present was probable high enough to cause breakdown of the DNA
prodﬁct formed from the polymerase reaction.

In the next case, the DNA polymerase assay mixture was
incubated for 30 min in the absence of DNase I. At this time, a

significant level of [BH]—TTP has presumably been incorporated
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into the newly-formed DNA (see first case, 1799 cpm). Fifty mg
of DNase I was added at this point and the assay mixture was further
incubated for 30 min. The DNA poiymérase activity observed was great-
ly reduced, indicating that a large ﬁortion of ﬁhe pre-formed
product of the polymerase reaction had been degraded by the DNase I.
This clearly demonstrated that the product formed by the DNA poly-
merase reaction was DNA in nature, When the crude enzyme was incu-
bated for 60 min without added DNase I, the DNA polymerase activity
was slightly higher than that after 30 min of incubation, confirming
that the loss in activity in the previous case wés not due to the
increase in incubation time. Blank samples containing no enzyme
gave identical results for both 30 and 60 min incubation periods;

A brief study of the effect of RNase on DNA polymerase
activity was made. Ten ug RNase was added to the assay mixture
at zero time and the mixture was incubated for 30 min, The level
of DNA polymerase activity obtained was slightly higher than that »
in the absence of RNase under similar conditlons. This indicated
that this level of RNase did not have any significant effect on

the DNA polymerase activity.
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SUMMARY

Previous studies have been made by Leung and Zbarsky
(19, 20) on the nuclear DNA polymerases from the small intestinal
mucosa of the rat. Significant DNA polymerase activity was also
found in the cytoplasmic fractions even under ﬁon—aqueous
separation conditions where leakage from the nuclei into the cyto-
plasm was minimizéd. The present work involves a partial purifi-
gation and a study of the general préperties of this éytoplasmic
DNA polymerase activity. The expe:iments done and the observations
made can be summarized as followst |
1, The crude cytoplasmic enzyme fraction studied was prepared
by high-speed centrifugation of the homogenate of washed mucosal
scrapings;
2, A factor which caused strong inhibition of DNA polymerase
activity was sedimented by the high-speed centrifugation of the
cell homogenate. The nature of this inhibitory factor remains
unclear,
3. On chromatography of the crude-cytoplasmic extract on DEAE-
ceilulose. over 96% of the DNA polymerase activity was found in
the fractions_representing unadsorbed material. Nevertheless, four-
fold purification of the DNA polymerase was achieved because 78%
of the contaminating DNase I activity was adsorbed onto'the DEAE-
cellulose,
L, A minor peak contiaining 4% of the tot&l DNA polymerase acti-

vity was eluted when a gradient of KCl was applied to the DEAE-



cellulose column, This enzyme activity was similar to that in

the major DNA polymerase peak in that both activities preferred
denatured DNA as primer.

5. The unadsorbed protein peak containing the bulksofilthem

DNA polymerase activity from thé DEAE-cellulose column was re-
chromatographed on a phosphocellulose column, No enzyme activity
could be detected in the eluate. The absence of detectable DNA
polymerase activity may have been due to the later discovered

strong inhibitory effect of phosphate ions on the enzyme. However,
no enzyme activity could be detected even after each fraction was
dialyzed overnight against a Tris-HCl buffer system.

6. - Crude cytoplasmic énzyme was also chromatographed by gel-
filtration on Sephadex G~150 columns, Several protein peaks were
eluted using a Tris-HCl buffer system, but only a single peak of
DNA polymerase activity was detected. The specific enzyme activity
was increased 42-fold and the total aétivity was increased 12-fold.
The reason for this latter increase in total activity is unclear.
The possible removal of certain inhibitory facters has been suggested.
7. By the use of protein markers with known molecular parameters,
the molecular weight of the DNA polymerase fraction was estimated
to be 101,000,

8. The aciivity of DNA polymerase was measured by the incorpo-
ration of [3H]—TTP into an acid-insoluble product, under suitable
éssay conditions, The enzyme required the presence of a DNA template
and Mg++ ions. Activity was only slightly enhanced by the addition

of dithiothreitel. For maximum activity, the pfesence of all four
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deoxynucleqside triphosphates were required. Only 25% to 48% of the
enzyme activity remained when either of the three unlabeled deoxy-
nucleoside triphosphétes were omitted from the incubation mixture,
When all three unlabeled triphosphates were omitted, the activity
was less than 20% of that obtained in the compléte system, indicating
primarily replicative rather than terminal addition activity. Heat-'
denatured DNA was preferred as primer. The optimum pH for this
enzymatic activity was found to be 7.2 in potassium phosphate buffer,
and 8,0 in Tris-acetate buffer, |

9. Time-course studies on the enzyme reaction indicated that
the reaction was linear with respect to incubation time for at least
30 ming

10, The DNA polymerase activity was stable up to 13 days under
temperature conditions of 4°C to -20°C,

11, Glycerol in 20% to 35% (v/v) concentrations was found to
have both a stimulatory and a stabilizing éffect on the enzyme
activity.

12, Ethylene glycol at 20% (v/v) concentration was also found

to have a stimulatory effect on the enzyme activity.

13, The enzyme was strongly inhibited in the presence of 0,10 M
phosphate ions and activity was drastically reduced in phosphate ion
concentrations of 0,20 M and above,

14, The product of the DNA polymerase reaction could be destroyed

by DNase, indicating that it was DNA in nature.
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CONCLUSION

The purpose of the present work was to determine whether
the DNA.polymerase activity in the cytoplasmic preparation is actually
of cytoplashic origin, or whéther it is due to nuclear contamination,
Work done by Leung and Z%arsky (19, 20) showed that the nuclear
preparations contained several DNA polymerase activities with mole-
cular weights ranging from 25,000 to 300,000, These enzyme activities
demonstrafed similar requirements and pH optima, but differed in
chromatographic properties and DNA primer preferences. The present
results indicatecthatithescytoplasmic preparation contained a single
major DNA polymerase activity with a molecular weight of about 101;000.
This activity resembled one of tﬁe nuclear activities in many respects;
i.e., requirements, pH optima, chromatographic properties on DEAE-
cellulose, DNA primer preference. As has been discussed earlier,
Weissbach et al (51) have reported a similar pattern of DNA
polymerases in Hela cells and in normal human lung diploid line WI-38,
In both these céses, two separable DNA polymerases were found in the
nucleus and only a single activity was detected in the cytoplasm,
the cytoplasmic enzyme resembling one of the nuclear enzymes in all
respects tested, »

The evidence indicates ihat the cytoplasmic enzyme activity
is not due to nuclear contamination, Firstly, the amount of enzyme
activity present in the cytoplasmic fraction is high compared with
that in the nuclear fraction, and appears difficult to be accounted

for by nuclear contamination alone., Secondly, the nuclear preparation



67

contained several distinct poiymerase activities, Had there been
nuclear contamination of the cytoplasm, one would expect to detect
several polymerase acti§ities in the cytoplasmic preparation, but
only a single major actlvity was observed,

Results from other workers (61) studying mitochondrial
DNA polymerases from rat intestinal mucosa suggest that the minor
polymerase peak eluted with 0.1 M KC1 on DBEAE-cellulose may be

of mitochondrial origin.,
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