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INTRODUCTION

The activity of 2 nonmitochondrial forms of DNA polymer
ase, designated DNA polymerases a and /3,was investigated
during liver regeneration in regimented rats. In accord with
Barbiroli and Potter, we observed that regimentation of rats
with respect to temperature, light and darkness, and availa
bility of food resolves the DNA synthesis response to partial
hepatectomy into 2 peaks, one occurring at a fixed time
after operation and the other entrained by the envinonmen
tal conditions. The peaks can be fused or separated depend
ing on the timing of the operation. For this study, operation
times were selected to give both patterns of DNA synthesis
as measured by the uptake of radioactive thymidine into
DNA. For both operation times, DNA polymenase activity in
the nuclear extract correlated temporally and qualitatively
with radioactive thymidine uptake into DNA. At the times of
maximal DNA synthesis and polymerase activity, the DNA
polymerase was purified from extracts of isolated nuclei.
DNA polymerase a represented 70% and DNA polymerase 1@
represented 30% of the recovered activity from the nuclear
extract. This is in agreement with the previous observation
in nonregimented rats that DNA polymerase a is the major
activity in nuclei during liver regeneration. For both opera
tion times, DNA polymerase activity in the postmicrosomal
fraction was sedimentable and increased 3 to 4 times above
the level observed with this same fraction from normal rat
liver. This activity was shown to be due to DNA polymerase
a only with this subcellulan fraction. DNA polymerase a

activity with this fraction peaked 4 to 6 hr after the time of
maximal radioactive thymidine incorporation into DNA.
DNA polymerase activity in the microsome fraction did not
change significantly after partial hepatectomy. This activity
has been shown to represent DNA polymerase 1@.Prior
administration of cycloheximide and actinomycin abolished
the rise in DNA polymerase a activity in the nucleus and
postmicrosomal fraction. Hydroxyurea did not prevent the
rise in DNA polymerase a activity with those subcellular
fractions but did inhibit over 90% of the uptake of radioac
tive thymidine into DNA. These data suggest, but do not
prove, that DNA polymerase a activity is induced in re
sponse to the stimulus(i) for liver regeneration.

1 This investigation was supported by USPHS Grants CA08800, CA11265,

and CA15360 from the National Cancer Institute and by the Duke Endowment
Fund.

2 This work is a part of the thesis submitted to Duke University in 1973 in
partial fulfillment of the requirement for the Ph.D. degree. Present address:
National Institute of Arthritis, Metabolism and Digestive Diseases, NIH, Be
thesda,Md. 20014.

3 Present address: The Worcester Foundation for Experimental Biology,

Shrewsbury, Mass. 01545. To whom requests for reprints should be ad
dressed.

ReceivedAugust6, 1975;acceptedOctober24,1975.

The presence of multiple forms of DNA polymerase in
eukaryotic cells is now well documented. The subcellulan
distribution, properties, and possible physiological function
of these enzymes have recently been reviewed (15, 17). Two
distinct nonmitochondrial DNA polymenases have been dem
onstrated in a variety of cell systems (3â€”6,8, 9, 26â€”29).
These enzymes, now designated as DNA polymenases a and
f3,4 are present in the nucleus and cytoplasm of proliferating

cells (4â€”10,26â€”29).The activity of DNA polymerase a is
temporally related to the period of DNA synthesis in regener
ating rat liver (4, 5) and in synchronized cells in culture (6, 7,
9, 10, 28). DNA polymerase 1@,however, does not respond to
stimuli for cell proliferation (4â€”10,28). This evidence is
suggestive that DNA polymenase a functions in DNA replica
tion and that DNA polymerase 1@has a constitutive function
in the cell.

The activity of partially purified DNA polymerase a has
been shown to increase during the 18- to 30-hr period of rat
liver regeneration (4). However, this was demonstrated in a
study performed with nonregimented rats and in which
detailed measurements of the DNA polymerase activity
throughout the period(s) of DNA synthesis were not made.
Barbiroli and Potter (2) have shown that regimentation of
rats with respect to lighting and availability of food resolves
the usual DNA synthesis response to partial hepatectomy
into 2 peaks. One peak occurs at a fixed time after hepatec
tomy, but the other is entrained by the conditions of negi
mentation. Thus, the controlled regimen enables one to
separate out the influences of environmental factors on
DNA biosynthesis during liver regeneration. In addition, by
the use of this system, it has been shown that the induced
activities of certain enzymes in response to partial hepatec
tomy are tightly coupled to DNA synthesis, whereas the
activities of other enzymes are not strictly related to DNA
synthesis (1, 13).

The present study was undertaken to measure DNA polym
erase activity in subcellular fractions after partial hepatec
tomy in regimented rats, which are more uniform biochemi
cally than are free-running rats (22). We wished to study the
coordination of DNA polymerase activity with the 2 patterns
of DNA synthesis observed by Barbiroli and Potter (2). We
also wished to determine whether the activity of 1 of the

4 The nomenclature for the DNA polymerases used here is in conformity

with the suggested nomenclature for eukaryotic DNA polymerases proposed
at the Asilomar Conference on Eukaryotic DNA Polymerases, held at Pacific
Grove, California, May 11 through 15, 1975. DNA polymerase a corresponds
to DNA polymerase II, and DNA polymerase 13corresponds to DNA polymer
see I in our previous publications (4).
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DNA Polymerase a during Liver Regeneration

DNA polymerases is actually induced in response to the
stimulus for cell proliferation.

MATERIALS AND METHODS

Chemicals. Nonnadioactivedeoxynibonucleosidetniphos
phates, NEM,5 phosphocellulose, and calf thymus DNA
were obtained from Sigma Chemical Co. (St. Louis, Mo.).
Pancreatic DNase was purchased from Worthington Bio
chemical Corp. (Freehold, N. J.); [3H}TTP and [3H]TdR were
obtained from New England Nuclear (Boston, Mass.); DTT
was from P-L Biochemicals (Milwaukee, Wis.); and Triton X
100, scintillation grade, was purchased from Eastman
Chemical Co. (Rochester, N. Y.). Cycloheximide, actinomy
cm D, and hydnoxyurea were obtained from Calbiochem
(LaJolla, Calif.). DEAE-cellulose (DE23) was purchased
from H. Reeve Angel & Co., Inc. (Clifton, N. J.). Activated
DNA was prepared by the method of Oleson and Korner
(20).

Animals. Male albino rats were bought from Charles Riven
Co. (North Wilmington, Mass.). They were housed in a
wi ndowless air-conditioned room with automatically con
trolled lighting to provide light between 8:30 p.m. and 8:30
a.m. Food was available only from 8 a.m. to 4 p.m.; water
was always available. The conditions duplicated as closely
as possible the regimen used by Banbinoli and Potter (2).
Animals were maintained under these conditions at least 2
weeks before use and were used when they weighed 220 to
250 g. Partial hepatectomy was performed according to the
procedure of Higgens and Anderson (12).

Thymidine Incorporation into DNA. DNA synthesisin vivo
was monitored by the rate of incorporation of [3HITdR into
DNA. At various times posthepatectomy, rats were given i .p.
injections of [3HITdR (20 pCi/100 g of body weight) in 0.9%
NaCi solution. One hour later, the animals were sacrificed
by decapitation. The regenerated liven was quickly re
moved, chilled,and rinsedin0.25M sucrose-BufferA [0.05
M Tnis-HCI (pH 7.5), 0.005 M magnesium acetate, and 0.001

M DII] kept at 4Â°. All subsequent operations were pen

formed at 0â€”4Â°.The tissue was blotted, weighed, minced
with scissors in 4 volumes of 1.0 M KCI, and homogenized
by 10 strokes with a loose-fitting Dounce homogenizer. DNA
was extracted from an aliquot of the homogenate by the
method of Schneider (23). Radioactivity in aliquots of the
acid-soluble and acid-insoluble fractions was determined in
a Beckman scintillation spectrometer in 10 ml of scintilla
tionfluidcontaining:2 volumes of toluene,1 volume of
Triton X-100, 4 g PPO pen liter, and 0.2 g POPOP per liter
(21). The fraction of total [3H]TdR uptake in liven that was
incorporatedintoacid-insolublematerialwas expressedas
a percentage and was taken as a measure of DNA synthesis
in vivo.

Tissue Fractionation. Normal and regenerating rat liver
was fractionated according to the procedure of Baril et a!.
(3, 4). Subcellulan fractions were isolated from the homoge
nate as previously described (3). DNA polymerase activity
was routinely assayed in the 1.0 M KCI extract of purified

S The abbreviations used are: NEM, N-ethylmaleimide; TdR, thymidine;

DTT, dlthiothreitol; TCA, trichloroacetic acid.
S E. KIem and E. Baril, manuscript in preparation.

nuclei, resuspended microsomes, and the resuspended
postmicrosomal pellet (3).

Purification of DNA Polymerase. DNA polymerase was
purified from isolated nuclei, microsomes, and the postmi
crosomal pellet of normal and regenerating rat liven by the
procedure of Banil et a!. (3). This procedure results in a
2000-fold purification of DNA polymerase 13(specific activ
ity, 1.75 nmole [3H]TMP incorporated pen mg pen hr) and
approximately 1000-fold purification of DNA polymerase a
(specific activity, 2.35 nmoles [3H]TMP incorporated per mg
pen hr). The partially purified enzymes are free of DNase
activities (4). The purified enzymes were stored at â€”20Â°.

DNA Polymerase Assays. Assays for DNA polymenase
were performed as described by Banil et a!. (3) except that
the final TCA precipitate was dissolved in 0.2 N NaOH, and
an aliquot was counted in Tniton-toluene. For assay in the
presence of NEM, DTT was eliminated from the incubation
mix.

Inhibitor Studies. Drug studies were conducted only after
the 1:30 p.m. operation. Actinomycin D, cycloheximide, and
hydnoxyurea were dissolved in 0.9% NaCI solution and in
jected i.p. The following dosage and injection schedules
were used: hydroxyurea, 500 mg/kg body weight, with the
1st dose given at 8:30 a.m. after the 1:30 p.m. operation and
repeated every 5 hr thereafter; actinomycin D, 1 mg/kg
body weight, given at 4 p.m. after the 1:30 p.m. operation;
and cycloheximide, 250 mg/kg of body weight, given at 8:30
a.m.afterthe1:30p.m.operation.The doseofhydroxyurea
used has been shown to reduce DNA synthesis by over 90%,
with little effect on RNA or protein synthesis (24). The doses
of actinomycin D (25) and cycloheximide (16, 30) that were
used inhibit RNA and protein synthesis, respectively, by
over 90%.

Other Determinations. Protein was determined by the
method of Lowry et a!. (18). DNA was measured by the Keck
(14) modification of the Ceniotti procedure.

RESULTS

Incorporation of [3H]TdR into DNA after Partial Hepatec
tomy. The results for [3H]TdR incorporation (Chart 1) are
substantially in agreement with those of Barbiroli and Potter
(2).

Subcellular Distribution of DNA Polymerase in Regener
ating Liver. The subcellular distribution of DNA polymerase
inregeneratingratlivenof regimentedratswas similarto
that previously reported for regenerating liver of nonregi
mented rats (4). Fifty to 60% of the DNA polymerase activity
was found in the cytoplasm when homogenates of negen
enating liven were fractionated by the procedure described
for nat liver (3). Virtually all of the cytoplasmic DNA polym
erase was sedimentable. It fractionated with the micro
somes and with a postmicnosomal pellet obtained from
centnifugation of the postmicnosomal supernatant solution
at 78,000 x gaverssefor 15 hr (3). The DNA polymenase ac
tivity that is present with the postmicnosomal pellet is DNA
polymenase a, and the sedimentable nature of the enzyme
is the same in the presence of low and high ionic strength
(0.5M KCI)buffers.

DNA polymerase a is a high-molecular-weight, greater
than 200,000 daltons acidic protein that is inhibited by thiol
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normal and regenerating rat liver. DNA polymenase activity
with microsomes from these tissues was inhibited less than
20% by 0.6 mM NEM. As shown in Chart 4, the proportion of
DNA polymerase activity in the nuclear extract that was
NEM sensitive was dependent on the time after operation.
The increase in DNA polymenase activity in the nuclear
extract after partial hepatectomy at both operation times
was almost entirely inhibited by NEM . DNA polymenase activ
ity in nuclear extracts from unopenated rats was inhibited
less than 20% by 0.6 mM NEM at all times of day tested.

Chromatography of DNA Polymerase from Postmicroso
mal Pellet and Nuclear Extracts. Nuclear extracts from rats
hepatectomized at 1:30 p.m. and sacrificed at 12:30, 1:30,
3:30, and 5:30 p.m. were pooled, and the previously de
scnibed purification methods (3) were applied. Of the DNA
polymerase activity recovered from the DEAE-celIulose col
umn, 30% eluted in the column wash was not inhibited by
NEM, and the 70% that eluted with 0.25 M KCI was inhibited
over 95% by 0.6 mM NEM. The latter activity was chromato
graphed on phosphoceilulose. The chromatographic prop
erties Of the enzyme are those of DNA polymerase a, since it
was eluted by 0.2 M potassium phosphate, pH 7.2.

For unoperated rats at 5:30 p.m. and for rats hepatecto
mized at1:30p.m. and sacrificedat8:30a.m. and 1:30,
5:30, and 7:30 p.m., postmicrosomal pellets from at least 8
rats were pooled, and DNA polymenase a was purified from
these samples. Recovery of enzyme activity was 30 to 40%
of the activity in the crude postmicrosomal pellets. The
purified enzyme had a molecular weight greater than 200,-
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Chart 1. Incorporation of [Â°HITdRinto liver DNA. Rats were given injec

tions of[3H]TdR (200@Ci/kg body weight), and 1 hr later theywere sacrificed.
At each peak, 3 livers from [3H]TdR-injected rats were removed, fractionated,
and purified nuclei and crude mitochondria were obtained. Acid-soluble and
acid-precipitable radioactivity was determined as described in â€œMaterialsand
Methods.â€•In each case, 97% or more of the acid-precipitable radioactivity
was with the purified nuclei. This is in accord with Nass's observation (19)
that, at the time of maximal total DNA synthesis, the specific activities of
mitochondrial and nuclear DNA are equal. Solid lines connect average per
centages of total radioactivity incorporated into DNA at each time point; each
symbol, [3H]TdR incorporation in a single liver. A, operation at 1:30 p.m. Â±30
mm; B,operationat6:30p.m.Â±30 mm.
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blocking agents at concentrations of 1 mM on less, and is
inhibited by salt concentrations greater than 50 mM. DNA
polymerase 13is a low-molecular-weight, less than 40,000
daltonsbasicproteinthatisnotinhibitedby thiol-blocking
agents at 1 mM concentration and by salt concentrations up
to200 mM.

DNA Polymerase Activity after Partial Hepatectomy. The
ti me-dependent rise of DNA polymerase activity in nuclear
extract and in postmicrosomal fraction after partial hepatec
tomy is shown in Charts 2 and 3, respectively. Also shown is
the DNA polymerase activity in these subceliular fractions
from unopenated rats at the indicated times; no significant
diurnal cycle was observed. DNA polymerase activity with
the postmicrosomai pellet peaked after [3HITdR incorpora
tion for both operation times (Charts 1 and 3). DNA polymer
ase activity in the nuclear extract correlated temporally and
qualitatively with incorporation of [3HITdR in vivo (Charts 1
and 2). DNA polymerase activity with the microsomal frac
tion is not shown; this did not change with time after opera
tion and was similar to activity observed in microsomes
from unoperatec rats.

NEM Sensitivity of DNA Polymerase Activities. NEM at a
concentration of 0.6 mM inhibited oven 90% of the DNA
polymenase activity with the postmicrosomal pellet from
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Chart 2. Activity of DNA polymerase in nuclear extract. The procedure for
fractionation and extraction of nuclei is given in â€œMaterialsand Methods,â€•
DNA polymerase was assayed at pH 8.0. Solid lines connect average specific
activities in nuclear extract from 1 hepatectomized rat (â€¢)or 1 unoperated
control rat (0). A, operation at 1:30 p.m. Â±30 mm; B, operation at 6:30 p.m.
Â± 30 mm.
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DNA Po!ymerase a during Liver Regeneration

it increased with time postoperation up to 28 hr (5:30 p.m.).
Moreover, the nuclear extract from hydroxyurea-tneated
rats displayed good activity at all time points tested, actually
exceeding the regenerating control at 5:30 p.m.

Cycloheximide (0.5 mg), actinomycin D (1 j.tg), and hy
dnoxyunea (1 mg), when added to the assay in vitro, in
hibited DNA polymerase activity in the subceliular fractions
from matliver less than 10%.

DISCUSSION

The results presented here confirm the original observa
tion of Banbinoli and Potter (2) that the first wave of DNA
synthesis during regeneration of rat liver can be resolved
into 2 peaks. This is accomplished by adapting rats to a
controlled feeding and lighting schedule and then control
ling the time of day of the surgery. One peak of DNA synthe
sis, as measured by thymidine incorporation in vivo, occurs
at a fixed time after the hepatectomy, but the other is
entrained by the conditions of the regimen.

DNA synthesis during the 1st 24 to 30 hr of liver negenera
tion with these regimented matsis restricted to parenchymal
cells (13). Hopkins et a!. (13) have suggested that the 1st
peak of thymidine incorporation may be due to the release
of a population of parenchymal cells from a G1block. They
propose that the 2nd peak is due to the release of other
parenchymal cells from G2 block on results from a delay in
their passage into S phase due to controls on mitosis and/or
G1. This suggests a synchronous division of 2 populations
of panenchymal cells.
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Chart 3. Activity of DNA polymerase in postmicrosomal pellet. The proce

dure for fractionation and assay for DNA polymerase is given in â€œMaterials
and Methods.â€•Solid lines connect average specific activities for each time
point. Each symbol, DNA polymerase activity in postmicrosomal pellet from 1
hepatectomized rat (â€¢)or 1 unoperated control rat (0). A, operation at 1:30
p.m.Â±30 mm; B,operationat6:30p.m.Â±30 mm.

000 daltons by gel filtration and was inhibited over 95% by
0.6 mM NEM. Table 1 demonstrates the qualitative come
spondence between DNA polymerase activity in the crude
postmicmosomal pellet and the purified enzyme activity.

Effects of Cycloheximide, Actinomycin D, and Hydroxyu
rca. Chart 5 shows the effect of these drugs on in vivo
incorporation of [3H]TdR into DNA (Chart 5A) and on DNA
polymenase activity in postmicrosomal pellet (Chart SB) and
nuclear extract (Chart 5C). Cycloheximide, given at 8:30
a.m., abolished the rise in both DNA synthesis and DNA
polymenase activity at 10:30 am. and 1:30 p.m. and was
lethal by 5:30 p.m. Actinomycin D, given 2 to 3 hr after
operation, delayed the rise in DNA synthesis. [3H]TdR incor
poration was virtually eliminated at 10:30 a.m. and 1:30
p.m. , but some recovery was seen at 5:30 p.m. The ex
pected rise in DNA polymerase was eliminated by actinomy
cm D. Hydnoxyurea greatly reduced [3H]TdR incorporation.
DNA polymerase activity with the postmicrosomal pellet
during regeneration was reduced 40% by hydroxyurea, but
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Chart 4. Inhibition of DNA polymerase activity in nuclear extract from
hepatectomized rats by NEM. Assays were performed at pH 8.0 in the pres
ence and absence of 0.6 mM NEM. Lines connect average specific activities
for each time point; each symbol, DNA polymerase activity in extracts of
nuclei from 1 rat. The chart shows activity in the presence of 0.6 mM NEM (0)
and NEM-sensitive activity, calculated by subtracting activity in the presence
of 0.6 mM from activity in the absence of NEM (U). A, operation at 1:30 p.m. Â±
30 mm; B, operation at 6:30 p.m. Â±30 mm.
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DNA polymerase activityâ€•in post
microsomal pelletDNA

polymerasea activ
ity,purifiednmoleHr

posthepatec [3H]TMPgtomycpm/mg
protein RatiobliverRatiob0

(unoperated,kill at4,000 (1,100) 11 .811730)195,600(1,600)

1.41.81247,000(1,350)
1.73.21.82812,300

(600) 3.14.92.73016,000(3,300)
4.010.1 5.6
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Table1

Purified DNApolymerasea from postmicrosoma!pellet
Operation was performed at 1:30 p.m. Â±30 mm. DNA polymerasewas purified and

assayedas described in â€˜â€˜Materialsand Methods.â€•

a Numbers in parentheses, S.D.'s.
b Ratio of DNA polymerase a activity measured in liver of hepatectomized to unoperated

controlrats.

DNA polymerase a activity should be related to both
peaks of thymidine incorporation observed during liver re
generation in adapted rats if the peaks are actually related
to the S phases of 2 synchronized panenchymal cell popula
tions. The results presented here do indicate a temporal
relationship of the activity of partially purified DNA polymer
ase a to both patterns of thymidine incorporation. An abso
lute proportional correspondence was not observed, how
ever, since after the 1 p.m. operation thymidine incorpona
tion was biphasic (Chart 1A) but the nuclear DNA polymer
ase activity was not completely resolved into 2 peaks. This
could result from a number of factors such as, for example,
a longer half-life of DNA polymenase a relative to other key
factors for DNA replication. The results do indicate, how
ever, that both peaks of thymidine incorporation probably
represent DNA replication in vivo.

DNA polymerase a partially purified at different stages of
liver regeneration was devoid of DNase activity. Also, mix
ing experiments with fractions of the partially purified en
zyme obtained at different periods of liver regeneration did
not indicate the presence of DNA polymerase inhibitors in
these fractions. Thus, it seems unlikely that the variation of
DNA polymerase a activity is due to DNA polymerase inhibi
torsorDNases.

DNA polymenase associated with the postmicrosomai pel
let is DNA polymerase a (3, 4). The DNA polymenase activity
with this subcellular fraction also increased during liven
regeneration. The presence of DNA polymerase a in the
cytoplasm may, in part, be an artifact of the fractionation
procedure.The resultsofrecentstudiesusingnonaqueous
systems indicate that, under these conditions, most if not all
of DNA polymerase a activity fractionates with the nuclei
(W. Lynch and I. Lieberman, personal communication).

The rise in both the cytoplasmic and nuclear activities of
DNA polymerase a during liver regeneration was prevented
by prior administration of actinomycin D on cycloheximide
at appropriate times. These drugs had no effect on the
activity of DNA polymerase f3 during liver regeneration. Hy
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Chart5. Effectofcycloheximide(CHX),actmnomycmnD(ACT),andhydrox
yurea(HU)on [3H]TdRincorporationandDNApolymeraseactivity.Assayfor
DNA polymeraseand procedures for subcellular fractionation are described
in â€œMaterialsand Methods.â€•Operation was performed at 1330; drugs were
administered (arrows) as indicated in â€œMaterialsand Methods.â€•Each sym
bol, the mean of at least 3 values for individual rats. The range of values from
rats not treated with any drug (â€¢)is shown in Chart 1. For animals treated
with cycloheximide (0), the range did not exceed 25%. For animals treated
with hydroxyurea (U), the range did not exceed 35%. Foranimals treated with
actinomycmnD (I2@),the range did not exceed 3@ , except for DNA polymerase
activity in nuclearextractat 1730,wheretherewas3-fold variation (range,
7.738 to 26,666). A, incorporation of[3H]TdR into liver DNA; B, activity of DNA
polymerase in postmicrosomal pellet; C, activity of DNA polymerase in nu
clear extract.
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DNA Polymerase a during Liver Regeneration

droxyurea, an inhibitor of DNA synthesis, had no effect on
the activities of DNA polymerase a and 1@.Thus, the increase
in DNA polymerase a activity may well be due to de novo
synthesis of the enzyme. Similar results have been demon
strated for the rise in the activity of DNA polymerase a
during S phase in synchronized HeLa cells (8). In both
cases, however, it appears that the activity of DNA polymer
ase a is not as tightly coupled to DNA synthesis as is histone
biosynthesis, since hydnoxyurea does not affect the rise in
the activity of DNA polymenase a but does inhibit histone
biosynthesis (11). It seems more probable that DNA polymer
ase a is induced as a part of the series of events leading to
DNA replication. Further experiments are required, how
ever, to establish that the increase in enzyme level repre
sents de novo synthesis rather than activation of preexisting
enzyme.

These results provide further suggestive evidence that
DNA polymerase a is involved in DNA replication and is
probably induced in response to stimuli for cell prolifera
tion.
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