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ABSTRACT 

male FischerExamination of the spleens of 3-month- and 25-month-o1d 

3 and y). which can be344 rats revealed three kinds of DNA polymerase (a, 

subcellulardetected and characterized by their molecular weights, 

specificities.localizations, chromatographic migrations and template 

are similarSpleen DNA polymerases from both young and old rats 
and also in theirin their elution patterns in ion-exchange chromatography 
Extracts fromsedimentation rates in sucrose gradient centrifugation, 

contained DNAthe cytoplasmic fraction of the young and old rat spleens 
However,polymerase a, 3 and y in approximately the same quantities, 

decreased in thepolymerases 3 and y were found to be significantly 
spleens, Partiallynuclear and large-particule fractions of the old rat 

showed similarpurified DNA polymerases from young and old rat spleens 
heat lability and in vitro replicational infidelity. 

from theWhen included in a DNA synthesis reaction, nuclei isolated 
incorporation

spleens of young rats showed a 1.2- to 1.5-fold higher dNMP 
exogenous DNA polythan did those from old arvimals. Upon addition of 

by the nucleimerase to the reaction mixture, the dNMP incorporation 
in the old thanenhanced and conversely became 3- to 4-fold higher 

Mild acid treatment of the nuclei further increased the 

was 

the young, 

to be moretemplate activity, in this respect, the young appeared 
that the relativelyresponsive than the old. Kinetic analysis revealed 

from old rats representshigh template activity of the spleen nuclei 
This largeincreased substrate sites for the exogenous DNA polymerase. 
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increase in template activity also occurs in mouse spleen nuclei 

rat liver or brain,during the aging process, but not in the nuclei from 

or from mouse liver. 
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CHAPTER 1 

INTRODUCTION 

Mammalian DNA Polymerase 

General Statement 

Until the late sixties, bacterial cells were thought to have only 

one DNA polymerase, Accordingly, the discovery of the multiplicity and 

variety of DNA polymerase in mammalian cells was not anticipated. 

has accumulatedDuring the past twenty years, considerable information 

mammalian cells.concerning the type and number of DNA polymerases in 

Now it is clear that numerous mammalian DNA polymerases are distinguishable 

the diversityaccording to their distinct biochemical characteristics, 

different functionsof their subcellular localization, and the presumably 

they catalyze. 

of dNTPsSince all DNA polymerases known catalyze the polymerization 

their catalytic activi-in the presence of a suitable "template-primer, 

incorporatedties are usually expressed as the quantity of nucleotide 

under defined reaction conditions. In earlyinto the "template-primer 

DNA and DNase-in vitro studies of DNA polymerase activity, denatured 

treated DNA were used as the template, Recently, synthetic DNA and RNA 

templates have been employed widely, as proper oligomer-homopolymer 

combination can be very effective in demonstrating DNA polymerase 

activity. 

1 
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polymeraseEarly attempts to purify and characterize mammalian DNA 

a 
were directed at the enzyme in calf thymus (1). Thymus possesses 

polymerizesparticular enzyme (called terminal transferase) that 

nucleotides without a template, In this article, however, we discuss 

of mammalian cells.only the replicative deoxynucleotidyl transferases 

DNA polymerases haveOther eukaryotic DNA polymerases and virus-induced 

5).been the subject of several recent reviews (2, 3, 4, 

The Multiplicity of Mammalian DNA Pol.ymerases 

in normalAt least four different DNA polymerases are present 

mammalian cells, Various names were used for these enzymes in different 

DNA polymerase heldlaboratories until at an international converence on 

organize the largein 1975, a uniform nomenclature was adopted to help 

The four dif-number of previous studies on mammalian DNA polymerase, 

and mitochondriaferent enzymes have been named polymerase a, 3, Y> 

DNA polymerase. 

The first mammalian DNA polymerase to be partially purified and 

It has been found in variousstudied was a-DNA polymerase (6). 

hamster (9), amongmammalian cells such as human (7), murine (8), and 

others. A characteristic property of the a-DNA polymerase is its 

reagents suchsensitivity to inactivation by sulfhydryl group blocking 
above 25 mM (1).as N-ethylmaleimide (10) and by salt concentrations 

to over 1,000,000The molecular weight of this enzyme ranging from 70,000 

Being muchwith S values of 5-12 being reported in several species, 

is often referredlarger than that of 3-DNA polymerase, a-DNA polymerase 



3 

Since this enzyme has ato as high-molecular weight" DNA polymerase. 

(11), it istendency to aggregate in solutions of low ionic strength 
variations, Indifficult to assess the significance of molecular weight 

activity, theaddition to its replicative deoxynucleotidyl transferase 

pyrophosphor-calf thymus a-DNA polymerase has been reported to catalyze 

olysis and pyrophosphate exchange (2). 

possessesIn addition, the possibility that the a-DNA polymerase 

et al. (12).3'- to 5'-exonuclease activity was indicated by Chang 

to homogeneity,However, since the a-DNA polymerase has not been purified 

an intrinsic propertyit is not clear whether the exonuclease activity is 

anyof this enzyme. In contract, the 6-DNA polymerase does not possess 

of the above-mentioned additional activities. 

"gapped"Template studies have shown that a-DNA polymerase prefers 
as

DNA such as activated" DNA (13), and synthetic DNA templates such 

as primer,poly(dA), with either oligoribo- or oligodeoxyribonucleotide 
(2).RNA, on the other hand, is a poor template for the a-DNA polymerase 

DNA poly-The B-DNA polymerase, also known as low-molecular-weight 
Whereas the a-DNA 

merase. is the major polymerase in the nucleus. 

cytoplasmic fractionpolymerase of various mammalian cells occur in the 

rather than the nuclear fraction (2). The activity of the 6-DNA poly-

cell; with the 
merase does not vary much with proliferative states of the 

a minor DNA polymeraseuse of activated calf thymus DNA, it is detected as 

6-DNA polymerase was firstactivity in rapidly proliferating cells, 

in 1971 (10, 14, 15).identified in HeLa cells, rat liver, and calf thymus 

(16) andThe enzyme has now been purified to homogeneity from calf thymus 
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human KB cells (17). The purified enzyme has a molecular weight of 

about 45,000 and shows a sedimentation value of 3-4 S. 

of sulf-g-DNA polymerase is not markedly inhibited by low levels 

ji-hydryl group blocking reagents such as £-chloromercuribenzoate and 

ethylmaleimide (18), which completely block the a-DNA polymerase activity. 

resistanceThe 6-DNA polymerase is, in general, an enzyme showing a high 

to a number of chemical agents; it is not inhibited by phosphonoacetic 

and Bollum haveacid (19), 5 M urea, 25% ethanol or acetone (16). Chang 

and 6-DNA polymeraseexamined the template-primer specificities of the a-

the a-DNA polymerase.(2, 20) and showed that the 6-DNA polymerase, but not 

can copy a poly(A) template, In general, however, 6-DNA polymerase is more 

with correspondingefficient with polydeoxyribonucleotide templates than 

polyribonucleotide templates. 

by ChangAn interesting study on the phylogeny of 6-DNA polymerase 

kingdom, but is(21) shows that this enzyme is ubiquitous in the animal 

absent in bacteria, plants, and protozoa. a-DNA polymerase, however, is 

present in all eukaryotes that have been examined. 
various mammalianAnother DNA polymerase that has been identified in 

cells is the y-DNA polymerase, This enzyme can be distinguished from the 

in 100-300 mM KCla- and 6-DNA polymerase by its high catalytic activity 

by the high saltand 50 mM phosphate. The a-DNA polymerase is inhibited 

diminishesconcentration, and the activity of the 6-DNA polymerase 

y-DNA polymerase canconsiderably in the presence of phosphate (12, 22). 

a variety ofcopy, in addition to natural or synthetic DNA templates, 

(22, 23).synthetic ribohomopolymers such as poly(A) and poly(C) 
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prefers aIn contrast to other DNA polymerases, the y-DNA polymerase 

Like the a-DNAribohomopolymer to deoxyribohomopolymer as template, 

heterogeneous inpolymerase, isolated y-DNA polymerase appears to be 
110,000 (24)molecular form. For example, molecular weights from 

multiple forms of theto 330,000 for the human y-DNA polymerase (22), and 

Again, the signifcalf thymus y-DNA polymerase have been reported (25). 
is difficult to assessicance of the diversity of form of y-DNA polymerase 

in solution of lowdue to the propensity of this enzyme to form aggregates 

ionic strength (26). 

liver (27),DNA polymerases isolated from the mitochondria of rat 
studied. Fry andHeLa cells (28), mice (29) and other mammals have been 

be identifiedWeissbach claimed that two DNA polymerase activities can 

in HeLa cell mitochondria (30). One of the enzymes has characteristics 

of aboutof y-DNA polymerase and the other enzyme has a molecular weight 

DNA polymerases.106,000 and is quite different from the other cellular 

cells used in theseIt was later shown, however, that the cultured HeLa 

enzymestudies were contaminated with mycoplasma and the 106,000-dalton 

Subsequently, Weissbachis probably derived from this contaminant, 

mycoplasma-free HeLareinvestigated the mitochondria isolated from either 

have found, in bothcells or rat liver for DNA polymerase activity and 

cases , a single DNA polymerase in the purified mitochondria, This 

mitochondrial associated enzyme closely resembled the y-DNA polymerase 

(31). The identityfound in the corresponding cytoplasm of these cells 
was soon furtherof y-DNA polymerase and mitochondrial DNA polymerase 

early workproved in chicken embryo (32) and rat brain (33). Although 
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betweenof Chang and Bollum (34) suggested a possible interrelationship 
is no structuralthese DNA polymerases, recent work indicates that there 

a- , B-, and y-DNA polymeraserelationship or polypeptide sharing between 

(11, 35, 36). 

Biological Role of DNA Polymerase 

the cells.Biochemical processes are often compartmentalized in 

Since chromosomal DNA is localized in the nucleus and replication of the 

to find enzymesDNA presumably occurs in the nucleus, one may expect 
However, earlyresponsible for DNA synthesis localized in the nucleus, 

DNA polymerases byworks on the analysis of localization of mammalian 

usuallygenerally acceptable procedures for subcellular fractionation 
activity wasshow that the major portion of the total DNA polymerase 

This has raised somefound in the soluble fraction of the cytoplasm, 

questions about the possible roles of these enzymes. 
of cells orRecently, techniques involving nonaqueous breakage 

of the total DNAdrug-induced enucleation have indicated that 80-90% 
(37, 38, 39).polymerase activity is, in fact, associated with nuclei 

procedures.During the isolation of subcellular fractions by common aqueous 

to an artifactualDNA polymerases may be released from nuclei and lead 
and cytoplasm.distribution of DNA polymerase activity between nuclei 

possible presence ofHowever, further proof is required for excluding the 

For example, leukemic cellsDNA polymerase activity in the cytoplasm, 
from that inappear to have a nuclear a-DNA polymerase that differing 

the cytoplasm (40). 
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mutantsSince direct correlation of an enzyme reaction with 

defective in a specific biological process is not generally possible with 

used to elucidatemammalian cells, several indirect approaches have been 

the biological roles of DNA polymerases, For example, it has been clearly 

demonstrated that the level of a-DNA polymerase varies according to the 

and Bollum foundrate of cell proliferation and DNA synthesis. Chang 

that when L cells are stimulated to divide, there is a rise in the a-DNA 

of the 3-DNApolymerase activity with little change in the level 

polymerase (12). Investigation of regenerating rat liver 30 hours after 

hepatectomy also gave a similar results (41). Spadari and Weissbach (42) 

measured the levels of DNA polymerase in the S phase of synchronized HeLa 

while the cellscells. They found a rise in the a-DNA polymerase activity 

DNA synthesis hadprogressed through the S phase, which continued after 

was notedceased. A concomitant increase in the y-DNA polymerase level 

in the early part of the S phase, whereas the 6-DNA polymerase levels 

remained constant throughout the S phase. Perhaps the most important 

is theindication of the physiological role of the a-DNA polymerase 

DNA synthesis (2).ability to use a DNA tempiate-RNA primer for in vitro 

hybridized to it,Employing HeLa DNA that had a short RNA primer molecule 

Spadari and Weissbach (43) found that only the a-DNA polymerase was able 

Once the RNA-DNA moleculeto synthesize DNA covalently bound to the RNA. 

be achieved by eitherwas formed, further extension of the DNA chain could 

Since short RNA molecules are generallya-, 6-, or y-DNA polymerase, 

assumed to serve as initiators during in vivo DNA replication (44,45), the 

of increased a-DNAresults from this study, together with the evidence 
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a-DNA polymerase ispolymerase activity during S phase, may imply that 

Whether 6- and y-DNAthe major polymerase involved in DNA replication, 

not clear although Mayerpolymerase are also involved in DNA replication is 

increase in humanet al. reported that all three DNA polymerase activities 

lymphocyte after phytohemagglutinin induction (46). The possibility that 

a such as the-DNA polymerase may form complexes with accessory proteins 

has been raisednucleic acid helix-"unwinding" proteins from calf thymus 

by Herrick et al. (47). The calf thymus unwinding protein (UPI) will 

not that of the B- orstimulate the activity of the a-DNA polymerase but 

y-DNA polymerase. This specific effect of the DNA-binding proteins on the 

about the participationa -DNA polymerase again provides suggestive evidence 

of a-DNA polymerase in in vivo replication. 

the stimulus ofThe relatively low response of 6-DNA polymerase to 

this enzyme iscell proliferation has led to the suggestion (41) that 

Stenstrom et al.involved in a constitutive process such as DNA repair, 

found that 1-3-D-arabinofuranosylcytosine triphosphate (ara-CTP) 

DNA synthesisdifferentially inhibits replicative-type and repair-type 

The Ki value for the inhibition ofin isolated hepatocyte nuclei (48). 

that of the replicativerepair-type DNA synthesis is 1000-fold higher than 

is more
type. Since a-DNA polymerase purified from human lymphocyte 

sensitive to ara-CTP than is the 3-DNA polymerase (49, 50), Stenstrom 

indicated that the 3-DNA polymerase might be responsible for DNA repair. 

In addition, Bertazzoni et al., in examining the variation in DNA poly 

merase activities during prolonged stimulation of human lymphocyte by 

of a-DNA polymerasephytohemmagglutinin (51, 52), observed that increase 
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activity parallels the increase of DNA synthesis rate following the 

reached itslectin stimulation, while the 3-DNA polymerase activity 

with ultraviolet-maximum peak at later time. In parallel studies done 

1ight-treated lymphocytes, using hydroxyurea blocking to measure repair-

type DNA synthesis, Bertazzoni et al. observed that the B-DNA polymerase 

activity seemed to correlate with the ability of the cells to carry out 

repair-type DNA synthesis. It is obvious that the evidence indicating 

circumstantialthe involvement of B-DNA polymerase in repair is even more 

than the evidence suggesting the involvement of the a-DNA polymerase in 

role of thereplicative type DNA synthesis. The actual physiological 

B-DNA polymerase is still unknown. 

revelation ofThe discovery of y-DNA polymerase was prompted by the 

the reverse transcriptase of RNA tumor viruses (53, 54). Since both 

reverse transcriptase and y-DNA polymerase use RNA templates efficiently, 

to the reverseit was suggested that the y-DNA polymerase may be related 

transcriptase and so reflect the presence of viral particles in cell. 

However, y-DNA polymerase has not been proven to be able to copy a natural 

RNA. Immunological studies indicate that blocking antiserum prepared 

against the reverse transcriptase of Rauscher leukemia virus. Woolly monkey 

virus, or feline virus RD-114 will not inhibit the human y-DNA polymerase 

virus-induced(24, 55). In addition, cellular y-DNA polymerase and 

reverse transcriptase can be clearly separated and identified in type C 

for thevirus-infected cells (56, 57). Thus, the original suggestion 

infection can not beinvolvement of y-DNA polymerase in RNA tumor virus 

supported by experimental data. The recent discovery of the identity of 
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to the suggestionY-DNA polymerase and mUdchondrial DNA polymerase leads 
DNA. Sincethat this enzyme is utilized in the synthesis of mitochondrial 

no more than 20-40% of the total y-DNA polymerase activity is present in 

havepurified mitochondria (31, 32, 33), the y-DNA polymerase might 

functions besides mitochondrial DNA synthesis. For example, Arens et a1. 

for the synthesis of(58) suggests that y-DNA polymerase is responsible 

adenovirus. 

Age-Associated Alteration of Nuclear 
DNA-Protein Information 

attention ofAlthough age-related dysfunctions have attracted the 

leading tobiologists for many years, the primary causative factors 

senescence remain unknown. Since it has been previously proposed (59) 

that accumulation of errors or damage of primary genetic material might 

gerontologicalrepresent initiating events in cellular aging, many 

of cellularinvestigators have investigated age-associated alterations 

information banks, that is, of DNA and DNA-protein complexes. 

in at leastIn the somatic mutation theory, errors in DNA can arise 

damaged DNA lefttwo ways: through miscoding in replication, or through 

unrepaired or repaired erroneously. DNA replication is a very accurate 

procedure, The in vivo error rate, as measured from mutation rate data. 

Since this high fidelityappears to be as little as one in one billion, 

difference in freeof DNA replication can not be explained solely by the 

(60), it hasenergy between complementary and noncomplementary base pairs 

role in amplifyingbeen suggested that DNA polymerase might play a key 
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could be anthe base selection (61), and the fidelity of DNA polymerase 

Indeed, altered a-DNAimportant factor in cellular aging (62, 63). 
have beenpolymerases in senescent culture chick embryo fibroblasts 

reported (64). In addition, Linn et al. have shown that the DNA 

fibroblast has decreasedpolymerase isolated from the late passage of human 

in vitro fidelity (65). 

Direct investigation comparing DNA repair efficiency and aging has not 

Normal fibroblasts and fibroblasts fromproduced consistent results, 

of UV-damaged DNA,xeroderma pigmentosum, which are defective in repair 

hand, cultures ofhave equivalent in vitro life spans (66). On the other 
from individualsfibroblasts that have a short in vitro life-span (67) 

aging) repair DNAwith progeria and Rothmund-Thomson syndrome (premature 

Cultured skin fibroblastsas well as do normal fibroblast cultures (68). 

(premature aging)from patients with Hutchinson-Guilford progeria syndrome 

(69). Epstein et al.are known to possess a shortened in vitro life-spam 

the rejoining of(70) used sedimentation in alkaline sucrose to study 

cells from a progeriodsingle-strand breaks in the DNA of gamma-irradiated 

of normal DNApatient and showed that the cells failed to show evidence 
of DNArejoining. However, Regan and Setlow reinvestigated the rejoining 

cell strains andsingle-strand breaks in four human diploid fibroblast 

indicated that there is no inherent defect in DNA repair in progeroid cells 

(71). Circumstantial evidence does indicate, however, a decreased repair 

function in aged cells. Using exogenous DNA polymerase. Price, Modak and 

brain, heart andMakinodan found the nuclear DNA in sections of fixed 

activity thanliver tissue from aged mice possessed a higher template 
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that from young mice, This result suggests a deficient DNA repair process, 

and "nicks" inwhich leads to the accumulation of single stranded-region 

is an age-relatedDNA (72, 73). In vivo study also showed that there 

rat liver DNA thatincrease in the incorporation of [H^] thymidine into 
In addition. Barton and Yangis independent of mitotic activity (74). 

for DNA repair,reported that 3-DNA polymerase, presumably responsible 

mouse spleen (75).is markedly decreased in the nucleus fraction of aged 

No doubt an event such as mutation that can alter the cellular genetic 

However,information must be regarded as changes in DNA composition, 

couldfunctional deterioration at the chromatin level without mutation 

genetic information.also prevent or slow down the expression of cellular 
the nucleo-For example, higher temperatures are required to dissociate 

Such an increase inprotein complex with increasing age (76, 77, 78). 
disturb metabolismthe association of DNA with protein could potentially 

Indeed, a reducedin aged cells by interfering with the function of DNA. 

of nucleoproteinRNA content of chromatin and a reduced effectiveness 

from old animals as template for RNA polymerase have been reported (79, 

complex80). Another circumstantial evidence for nuclear DNA-protein 

deterioration is the decreased proliferative capacity or ability to 

Such observations have been made forsynthesize DNA with increasing age. 

(81) and of humanproliferation of mouse antibody-forming cells in vivp_ 

fibroblasts in vitro (82, 83). In addition, following the induction of 

isoproterenolDNA synthesis by partial hepatectomy in rat liver or 

of DNA synthesisadministration in the salivary gland of mice, measurement 

with increasingrate show progressive lags in initiation of DNA synthesis 

age (79, 80). 
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Scope of the Present Study 

follows:The scope of the present study can be summarized as 

in rat1. Identification and characterization of DNA polymerases 

of DNAtissue. The purpose of such a study is to recognize the kinds 

properties inpolymerase in a rat system and to compare the polymerase 

The biochemicalthis system with those of other mammalian DNA polymerases, 

characterization of rat DNA polymerases and the comparison of DNA poly 

merase activities in tissues of various mitotic index should provide an 

studies of DNAexperimental foundation for subsequent age-related 

biological functions ofpolymerase and possibly give some insight into the 

these enzymes. 

2. Quantitative and qualitative comparison of DNA polymerases from 

alterations ofyoung and old rat tissue. Since there are age-associated 

to examineDNA polymerases in some mammalian systems, it is worthwhile 

in the rat. Awhether such alterations occur in the aging process 

explain the changefinding of alterations in DNA polymerase activity may 

of DNA metabolism and accumulation of mutations in aging. 

of young and3. Comparison of the structure of DNA from the tissue 

alterationold rats. A correlation between a quantitative or qualitative 

may suggest a cause-of DNA polymerase and a structural alteration of DNA 

effect relationship between these two aging phenomena. 

some insight intoThe primary objective of this research was to gain 

the understanding of the molecular genetics of aging. 



CHAPTER 2 

PARTIAL PURIFICATION AND CHARACTERIZATION 

OF THREE DNA POLYMERASES ISOLATED 

FROM RAT SPLEEN 

Summary 

of threeWe describe the partial purification and characterization 

rat. These threeDNA polymerases isolated from spleens of Fischer 344 

by their chromatoDNA polymerases can be distinguished from one another 

pH and salt concengraphic migrations, template specificities, optimal 

sedimentationtration for enzyme activities, divalent cation requirements, 

On the basis of thevelocities, and sensitivities to specific inhibitors, 

two of thesecriteria for the nomenclature of eukaryotic DNA polymerases, 

enzyme resemblesenzymes are clearly a- and 3-DNA polymerase; the third 

and optimalthe y-DNA polymerase in the aspects of template specificity 

salt concentration for enzyme activity. 

Introduction 

polymerasesHigher eukaryotic cells contain at least three DNA 

which have been named DNA polymerase a, 3, and y (86). In general, these 

by variousDNA polymerases can be distinguished from one another 
localization andparameters including molecular weight, subcellular 

Weissbach (5)].enzymatic characteristics [reviewed by Bollum (2) and 
in theHowever, examination of literature often reveal variations 

14 
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characteristic properties of the three polymerases, presumably due to 

different animal origins or due to different isolation procedures, In 

our research on DNA polymerases in relation to the aging process of 

in the spleenmammals, three DNA polymerase activities can be detected 

of Fischer 344 rats. The present study was undertaken to compare the 

the same Fischerproperties of the three DNA polymerases isolated from 

currently used344 rat spleens and assess the applicability of criteria 

for the identification of eukaryotic DNA polymerases. 

Materials and Methods 

Materials and Equipments 

from Reeve Angel,Whatman phosphocellulose grade P-1 was obtained 

method of Yoneda andClifton, New Jersey, and was precycled following the 

Boll urn (87). Hydroxyl apatite, Hypatite C, was purchased from Clarkson 

poly(dT),Chemical Company, Incorporated, Williamsport, Pennsylvania; 

Laboratories, Kankakee,poly(rA), and poly[d(A-T)] were obtained from Miles 
were obtainedIllinois; {dT)g and all other synthetic template-primers 

Native calffrom P-L Biochemicals, Incorporated, Milwaukee, Wisconsin, 

Biochemicalthymus DNA and DNase I were purchased from Worthington 

Nonradioactive dNTPs (deoxynucleotideCorporation (Freehold, New Jersey), 

Radioactively labeledtriphosphates) were products of P-L Biochemicals. 

Boston, Massa-dNTPs were obtained from New England Nuclear Corporation, 

chusetts. Sucrose of RNase free grade was obtained from Schwarz/Mann, Inc. 

(Orangeburg, New York), All centrifugation was performed in the RC-2 

and RC-2B (Ivan Sorvall, Inc., Newton, Connecticut), and all 
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ultracentrifugation in the Model L or Model L2-65B (Beckman Instruments, 

Inc., Palo Alto, California). 

Rats 

the BiologyPathogen-free male Fischer 344 rats were raised in 

Division, Oak Ridge National Laboratory, Spleens which were tumor free 

and of normal size were removed from young adult (three months old). 

and then storedTissue not immediately used was frozen in liquid nitrogen 

at -70°C. 

Preparation of Tissue Extracts 

rapidly, minced,Thirty-five grams of frozen rat spleens were thawed 

M sucrose containingand then homogenized in four volumes (v/w) of 0.25 

and 3 mM0.05 M TrisCl(pH 7.6 at 22°C), 0.025 M KCl, 1 mM dithiothreitol 

The homogenate wasMgCl2 using a teflon pestle and glass homogenizer. 
and centrithen adjusted to contain 0.5 M KCl for polymerase extraction 

The supernatantfuged at 165,000 X g for 60 minutes in a 50 Ti rotor. 

fraction was used immediately for further purification by column chroma-

tography. All steps were performed at 0-4°C. 

Isolation of a, g, and y-DNA Polymerases 

The enzyme extract was adjusted to contain 0.02 M KPi (pH 7.5 at 

column equilibrated22°C) and applied to a 1.6 cm x 14 cm Hydroxyl apatite 

with 0.5 M KCl containing 0.02 M KPi, 1 mM dithiothreitol, 10% glycerol. 

The column was washed with 60 ml of equilibrating bufferand 3 mM MgCl2-
and then eluted with 500 ml of 0.02 to 0.08 M linear KPi gradient. 
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of 1 ml/minute.Fractions of 10 ml were collected with a flow rate 

Active fractions containing polymerase activity were pooled, diluted to 

and thencontain 0.1 M KCl, 10% glycerol, 0.01 M KPi, 1 mM dithiothreitol , 

cm) that was equilibabsorbed on a phosphocellulose column (1.6 cm x 14 

1 mM dithiothreitol.rated with 0.1 M KCl, 10% glycerol, 0.01 M KPi, and 

and eluted withThe column was washed with the starting gradient buffer a 

of 500 ml).linear KCl gradient of 0.1 to 0.6 M KCl (total volume 

of 0.5 ml/minute.Fractions of 10 ml were collected with a flow rate 

was diluted toThe break through from the hydroxyl apatite column 

dithiothreitol, andcontain 0.23 M KCl, 10% glycerol, 0.01 M KPi, 1 mM 

then absorbed to a separate phosphocellulose column (1.6 x 18 cm) that 

M KPi, and 1 mMwas equilibrated with 0.23 M KCl, 10% glycerol, 0.01 

dithiothreitol. The column was washed with the starting gradient buffer 

M KCl (total volumeand eluted with a linear KCl gradient of 0.23 to 0.6 

were pooled,of 700 ml). Active fractions containing polymerase activity 

and then concendiluted to contain 0.1 M KCl with the buffer solution, 

column (intrated by rechromatography in 1.5 ml size phosphocellulose 
with the samea disposable tuberculin syringe) using one step elution 

or 1.0 M KCl (0.33 Mbuffer solution containing 0.5 M KCl (0.22 M peak) 

and 0.43 M peaks), The final pooled enzymes were divided into aliquots 

in vials, DNA polymerases were stored in 50% glycerol at -20°C. All 

steps were performed at 0-4°C. 

Sucrose Gradient Centrifugation 

a Spinco SWSucrose gradient centrifugation was performed by using 
on

56 Ti rotor. Partially purified DNA polymerase (60 yl) were layered 
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gradient, 10 mMtop of 3.8 ml solution containing 10-25% sucrose linear 
in polyallomerTrisC1(pH 8.0 at 22°C), 0.25 M KCl and 1 mM dithiothreitol 

at 4°C.
tubes. Centrifugation was performed at 50,000 rpm for 20 hrs 

of the tube, PortionFractions of 0.13 ml were collected from the bottom 

activity, Sedimenta-of each fraction (5 yl) was assayed for polymerase 

were estimatedtion coefficient and molecular weight of the DNA polymerases 

standard:by the method of Martin and Ames (88) using the protein 

(M.W. 67,000),chymotrypsinogen a (M.W. 22,000), bovine serum albumin 

and glucose oxidase (M.W. 153,000). 

Determination of Polymerase Activity 

of radioDNA polymerase activity was measured by the polymerization 

active dNTP into acid-insoluble form in the presence of template-primer 

complex. Reactions were carried out in the following standard system 

unless otherwise indicated. Appropriate amounts of enzyme protein (within 

the range where protein concentration is linear-related with DNA synthesis) 

was added to the reaction mixture to a final volume of 50 yl which contains 

20 mM TrisC1(pH 8.0 at 22°C), 5 mM dithiothreitol, 0.17 mg/ml bovine 

2+ 
serum albumin, 25-200 mM KCl, appropriate concentration of Mg and/or 

2+ 
Mn , 60 yM of appropriate dNTP including [^H]dTTP or [^H]dGTP at 17.5 

yCi/ml, 0.02 mg/ml of synthetic template-primer complex or 0.1 mg/ml 

activated DNA. After incubation in a water bath at 37°C for 15 minutes, 

form was measured byincorporation of radioactivity into acid insoluble 

disk (Whatman 3 MM),pipetting the reaction mixture onto a filter paper 

scintillationwhich was subsequently washed and processed for liquid 

counting (89). 
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Activated DNA was prepared by DNase I digestion of calf thymus DNA 

wasaccording to the procedures of Adams et al. (90). Poly(rA)‘polyC dT) 

and 0.2 mg/ml ofprepared by mixing an equal volume of 0.4 mg/ml poly(rA) 
then slowly coolingpoly(dT) in 10 mM NaCl at 45°C for ten minutes and 

prepared byover the next three hours to 23°C. Poly(rA)•(dT)g was 
ratio of 5:1. All

simply mixing the poly(rA) with (dT)g in H2O at a base 

template-primer complexes were stored at -20°C. 

Protein Determination 

al. (91).Protein was determined by the method of Bramhall et 

Results 

Hydroxyl apatite and Phosphocellulose 
Chromatography of DNA Polymerase 

When the spleen extract was chromatographed in hydroxyl apatite 

poly(rA)•poly(dT)-column using the condition described, almost all the 

through thedependent DNA polymerase activity in the extract passed 

dependent DNA polymerasehydroxyl apatite column whereas most activated DNA 

eluted as a singlewas absorbed and, with the use of a KPi gradient, was 

peak at 0.035 M KPi (Figure 2.1). 

activity wereThe fractions containing the activated DNA-dependent 

pooled, adjusted to contain 0.1 M KCl, and then chromatographed in a 

was obtained at 0.22phosphocellulose column. A single peak of activity 

Since this DNA polymerase canM region of the KCl gradient (Figure 2.2). 
as templateuse activated DNA as template efficiently but use poly(rA) 

poorly, we assigned this DNA polymerase as a-DNA polymerase. 
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Figure 2.1. Hydroxyl apatite column chromatography of rat 
spleen extract. 

0 0 poly(rA)*poly(dT) as template 

A A activated DNA as template 

elution,The preparation of enzyme extract, chromatography, 
asand determination of DNA polymerase activity was performed 

each fractiondescribed under "Materials and Methods." Five yl of 
The incubationwas used for teh assay of DNA polymerase activity. 

time for polymerase activity assay was 1 hr. 
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of pool IIFigure 2.2. Phosphocellulose column chromatography 
Figure 2.1.from the hydroxyl apatite column elution as shown in 

A A activated DNA as template 

0 0 poly(rA)-poly(dT) as template 

elution, andThe preparation of enzyme extract, chromatography, 
as describeddetermination of DNA polymerase activity was performed 

II

under "Materials and Methods, Five yl of each fraction was used 
The incubation time forfor the assay of DNA polymerase activity, 

polymerase activity assay was 1 hr. 
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column wereThe breakthrough fractions from the hydroxyl apatite 

to a separatepooled, adjusted to contain 0.23 M KCl and applied 

phosphocellulose column, Two peaks of activity were obtained at 0.33 M 

The polymerase ofand 0.43 M regions of the KCl gradient (Figure 2.3). 
asthe first peak can use both poly(rA)•poly(dT) and poly(rA*(dT)g 

of the second peaktemplate-primer efficiently, whereas the polymerase 

These two peaks werecan use only poly(rA)•poly(dT) as template-primer. 

apparently not the two forms of a same enzyme in equilibrium with each 

showedother, since respective rechromatography in phosphocellulose 
As we willelution of single activities at the same KCl concentration, 
distinct fromshow later, the polymerase in these two peaks are certainly 

each other. The polymerase in the second peak is a 3-DNA polymerase, 

peak) is similar towhereas the polymerase in the first peak (0.33 M KCl 

y-DNA polymerase in many respects. 

Template Specificity 

variousThe three isolated DNA polymerases were examined with 
2+ 

The reaction mixtures contained either 0.5 mM Mntemplate-primers, 

pi us 1.5 mM Mg 
2+ 

. Under these conditions the polymerases showed no 

acid precipitablesignificant incorporation of deoxyribonucleotide into 

the reaction mixtureform when the template-primer complex was omitted in 

(Tables 2.1, 2.2 and 2.3). 

efficientActivated DNA can be used by a-DNA polymerase as an 

differentAll four nucleotides were incorporated although intemplate. 

rates. Synthetic DNA template-primer complex, especially poly(dA)--
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The level of , can also be used by a-DNA polymerase efficiently.(dT) 12-18 

of poly(dA)‘-deoxynucleotide incorporation was higher in the presence 
than in reactions containing(dT)i2_i8 poly(dC)• (dG)^2_^g 

None of the RNApoly(dA)-poly(dT), poly(dC)-polyCdG), and poly[d(A-T)]. 
We alsotemplates tested can be used by a-DNA polymerase efficiently, 

use RNA initiatorstested the ability of all three DNA polymerases to 

The results showed that poly(rA), withwhen DNA was used as template. 

poly(dT) as template, is effective initiator of polydeoxynucleot ide 

both DNA polymerasereplication catalyzed by a-DNA polymerase. Although 
system, their effiB and DNA polymerase y can use this template-primer 

(Table 2.4).ciency is much lower than that of a-DNA polymerase 
however,B-DNA polymerase can also use activated DNA as template, 

compared withthe rate of deoxynucleotide incorporation is much lower 

that catalyzed by a-DNA polymerase, B-DNA polymerase can use DNA templates 

and thesuch as poly(dA), poly(dC), and poly[d(A-T)] very efficiently, 
rate of deoxy-length of the DNA primer does not seem to change the 

nucleotide incorporations, Poly(rA)*poly(dT) is most effective among all 

the RNA template-DNA primer being tested by B-DNA polymerase, RNA 

complextempiate-RNA primer, however, is not an effective template-prime r 

for this enzyme. 

activated DNAY-DNA polymerase, like B-DNA polymerase, cannot use 

as well as a-DNA polymerase, This enzyme shows four to five times more 

and sixactivity with poly(rA)-polyldT) than with poly(dA)•poly(dT); 

times more activity with poly(rA)•(dT)g than with poly(dA)•(dT)^ 2_ig 

natural or
This preference for synthetic ribohomopolymers rather than 
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TABLE 2.4 

ACTIVITY OF DAN POLYMERASES WITH poly(clT)-polyCrA) 
AND poly(dT)-poly(dA) AS TEMPLATES^ 

DNA 

Polymerases 

Activity with 
poly(dT)*poly(dA) 

pmol of dAMP 
incorporated 

Activity with 
po1y(dT)*poly(rA) 

pmol of dAMP 
incorporated 

Relative Activity 

poly(dT)*poly(rA 
poly(dT)*poly(dA 

a 5.36 15.46 2.88 

B 60.40 2.85 0.05 

Y 8.94 4.05 0.45 

for a-, 3-,^Reaction mixture contained 25 mM, 100 mM. 200 mM KCl 
0.5 mM Mn wereand y-DNA polymerase, respectively. 1.5 mM Mg2+ and 

under standardpresent in reaction mixture. Assays were performed 
Methods."assay conditions as described under "Materials and 
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synthetic DNA templates is a characteristic property of y-DNA polymerases, 

as human tissueas reported for those isolated from other sources such 

(23) and wheat embryos (92). Poly(dC), however, is an effective template 

for rat spleen y-DNA polymerase. One of the striking template specificity 

of y-DNA polymerase is its ability to use RNA template-RNA primer for 

deoxynucleotide incorporation, while a-, and 3-DNA polymerase cannot. 

isolated from mouseWilson et al. has also reported that y-DNA polymerase 

complex very effi-myeloma can use poly(rA)•(rU)^^ as template-primer 
ciently (26). However, it should be cautious to imply that y-DNA 

‘ 

since we havepolymerase might be involved in RNA tumor virus replication 

not been able to show that murine leukemia 70S viral RNA can be used as 

template by this enzyme. 

Optimal pH, Optimal Salt Concentration, and 
Divalent Cations Requirement in Reaction Mixture 

bySince poly(dC)•(dG)12-18 can be used as efficient template-prime r 

forall three DNA polymerases, we choose to use this template-primer 

testing the effect of pH and salt concentration on enzyme activity of 

The results showed that a-DNAthese partially purified DNA polymerases, 

whereas thepolymerase has optimal activity at pH 7.8 (TrisCl buffer) 

alkaline regionsoptimal pH for 6- and y-DNA polymerase fall in more 

(Figure 2.4). 

It has been reported that a-DNA polymerase is inhibited by salt 

concentrations above 25 mM (1). We are able to confirm this and show 

almost 100% whenthat the a-DNA polymerase enzyme activity is inhibited 

the salt concentration is raised to 150 mM. 3-DNA polymerase exhibit 
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Figure 2.4. Effect of pH on rat spleen DNA polymerase activity. 

bufferReactions were carried out in the presence of 30 mMpJrisHCl 
4 mM Mg were includedat various pH, 0.02 mg/ml poly(dC) •(dG)i2_-]g and

in each reaction mixture. The salt concentration was 25 mM, 100 mM, and 
200 mM for a-, 6-, and y-ONA polymerase. 

A A a-DNA polymerase 

0 0 3-DNA polymerase 

• y-DNA polymerase 
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150 mM. The enzymeoptimal activity at salt concentrations of 100 mM to 

activity then decreased sharply in higher salt concentrations, The 

and still retainsactivity of yONA polymerase is optimal in 200 mM KCl 

as 500 mM. The effect75% activity when the salt concentration is as high 

of salt concentration on DNA polymerase activity is shown in Figure 2.5. 

The activity of DNA polymerases is known to depend upon the presence 

of divalent cations in the reaction mixture, In Table 2.1 (p. 24) we have 

addition ofshown that when Mg^^ is present in reaction mixture, the Mn 
2+ 

may increase or inhibit the DNA polymerase activity depending on the kind 

of template-primer utilized. Divalent cations requirement seemed to 

mixture, Fordepend primarily upon template-primer used in the reaction 
2+ 

of both Mg (1.5example, all three DNA polymerases prefer the presence 

mM) and Mn^''
2+ 

(0.5 mM) when poly(dA)• (dT) is used as template-primer
12-18 

while the presence of Mg 
2+ 

alone is preferred when poly(dC)•poly(dG) is 

used as template-primer. However, the optimal concentration of divalent 

We found that whencations might also depend on the DNA polymerase used, 

poly(dC)*(d6) is used as template-primer, all three DNA polymerases.
12-18 

2+ 
of Mg forespecially B- and y-DNA polymerases, require the addition 

optimal enzyme activity. Optimum Mg 
2+ 

concentration was 2 to 8 mM for 

both a- and 6-DNA polymerases and 16 mM for y-DNA polymerase. When poly-

cations is also(dA)-(dT)12-18 is used as template-primer, divalent 
2+ 

0.5 mM Mn enhances the enzymerequired for optimal enzyme activity, 

cation concentraactivity of all three DNA polymerases, and the optimal 
2+ 

tion is 0 to 4 mM Mg 
2+ 

plus 0.5 mM Mn (Figure 2.6). 
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Effect of KC1 concentration on DNA polymerase 
activity. 

as described 

Figure 2,5. 

Assays were performed under standard assay conditions 
asunder "Methods" except the concentration of KCl varies 2+ 

4 mM Mg andshown in the figure. The reaction mixture contains 
0.02 mg/ml poly(dC)•(dG) 12-18-

A A a-DNA polymerase 

0 0 3-DNA polymerase 

• y-DNA polymerase 
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Effect of divalent cations on a-, 6-, and y-DNAFigure 2.6. 
polymerase activity. 

as describedAssays were performed under standard assay conditions 
was varied asunder "Methods" except the divalent cation concentration 

mM, 100 mM, 200 mMshown in the figure, and the KCl concentration is 25 
for a-, 6-, and y-DNA polymerase respectively. 

A a-DNA polymerase 

B 6-DNA polymerase 

C y-DNA polymerase 

I I was used as templatepoly(dC)-(dG) 12-18 

A A used as template with 0.5 mMpoly(dA)*(dT)^2-18 ^as
Mn2+ in reaction mixture. 

A A was used as template with 0.1 mMpoly(dA)•(dT)]2-18
Mn2+ in reaction mixture. 

0 0 poly(dA)*(dT)^2-l8 template 
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Inhibition of DNA Polymerase by Ethidium 
Bromide, N-ethylmaleimide, and Phosphate 

Ethidium bromide is known to inhibit the activity of a-DNA polymerase 

ethidium bromide is(93). The sensitivity of 6- and y-DNA polymerase to 

different investigators.not clear due to the different results reported by 

We found that all three DNA polymerases are inhibited by ethidium bromide 

The y-DNA polymerase is morealthough to different extents (Figure 2.7). 

resistant than a- and B-DNA polymerase. 

its sensitivityA characteristic property of the a-DNA polymerase is 

while theto sulfhydryl group blocking reagent such as l^-ethylmaleimide, 

groups and is relativelyB-DNA polymerase has no requirement for sulfhydryl 

Here we found thatinsensitive to sulfhydryl group blocking reagent (2). 

a-DNA polymerase activity is completely blocked when 1 mM l^-ethylmaleimide 

are rela-is present in reaction mixture while B- and y-DNA polymerases 

Both B- and y-DNA polymerase stilltively insensitive to f[-ethylmaleimide. 

included in theretain 20% of the activity when N-ethylmaleimide is 

reaction mixture at a concentration of 10 mM (Figure 2.8). 

stimulated by 50Knopf et al. have reported that y-DNA polymerase is 

polymerase activity ismM phosphate in the presence of KCl, whereas B-DNA 

22). We have testedconsiderably inhibited under the same condition (12, 

the effect of phosphate on rat spleen B- and y-DNA polymerase activities 

The results showed thatby using poly(dC)*01igo(dG) as template-primer. 

y-DNA polymerase was stimulated only 20% in the presence of 20 mM KPO^ 

B-DNA polyand was inhibited by concentrations above 40 mM KPO^ while 

merase activity was inhibited 20% in 20 mM KPO^ (Figure 2.9). 
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Figure 2.7. Inhibition of DNA polymerase activity by ethidium 
bromide. 

asAssays were performed under standard assay conditions
of ethidiumdescribed under "Methods" except the concentration 

used wasbromide varied as shown in the figure. The^templateThe template 
mM, the saltpoly{dC)*(dG)T, the concentration of Mg^+ waspoly{dC)*(dG) iQ, 4 

y-DNAconcentration'^ai^25 mM, 100 mM, 200 mM for a-, and 
polymerase respectively. 

A A a-DNA polymerase 

0 0 6-DNA polymerase 

• y-DNA polymerase 
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Figure 2.8. Inhibition of DNA polymerase activity by 
N-ethylmaleimide. 

describedAssays were performed under standard conditions as 
in reactionunder "Methods" except the dithiothreitol was omitted 
concentrationmixture. The template used was poly{dC)• (dG)-|2-i8> 

mM, 100 mM, andof Mg2+ was 4 mM, the concentration of salt was 25 
200 mM for a-, B-, and y-DNA polymerase respectively. 

A A a-DNA polymerase 

0 0 B-DNA polymerase 

• y-DNA polymerase 
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Figure 2.9. Inhibition of DNA polymerase activity by phosphate. 

mM KCl andPoly(dC) • (dG)-i2-'i8 ^as used as template, with 100 
under standard4 mM Mg2+ in reaction mixture. Assays were performed 

conditions as described under "Methods." 

0 6-DNA polymerase 

• y-DNA polymerase 

0 
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al. who test the effectSimilar results have been obtained by Weissbach et 

of phosphate on rat liver y-DNA polymerase (31). 

Sucrose Gradient Sedimentation 
Analysis of DNA Polymerase 

Another way of identifying DNA polymerases is the molecular weight 

determination. Since eukaryotic DNA polymerases are known to aggregate 

of the partiallyreadily in solutions of low ionic strength (4), analysis 

m KCl) by using 10purified polymerase was performed in high salt (0.25 
All three partially purifiedto 25% linear sucrose gradient sedimentation. 

respectivelyDNA polymerases exhibited single enzymatic peaks sedimenting 

7S (a-DNA polymerase)at 3S (3-DNA polymerase), 4S (y-DNA polymerase), and 

to be 130,000(Figure 2.10). The apparent molecular weight was estimated 
and 63,000 for y-DNAfor a-DNA polymerase, 30,000 for 3-DNA polymerase, 

polymerase. 

Discussion 

of three DNAThe present report describes the partial purification 

Characterization of these enzymes indicatepolymerases of rat spleen. 

that they are distinct DNA polymerases. 

DNA polyThe template utilization and preference of the cellular 
and examined in themerases have been used for identification purposes 

enzymes, For example.hope of gaining some insight into the role of these 

DNA tempiate-RNAwe are able to show that the a-DNA polymerase can use 

(Table 2.4, p. 31).primer more efficiently than 3-, and y-DNA polymerase 
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Figure 2.10. Sucrose gradient sedimentation analysis of DNA 
polymerase. 

Sucrose gradient centrifugation and enzyme assay were performed 
with 4 mMunder "Methods." Poly(dC)*(dG),p was used as template,

reaction mixtureMg2+ in reaction mixture. The iaTi;“concentration in 
was 25 mM, 100 mM, 200 mM for a-, 6-, and y-DNA polymerase respectively. 

A A a-DNA polymerase 

0 0 3-DNA polymerase 

i y-DNA polymerase 
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Similar results had also been obtained by Bollum (2), showing that a-DNA 

as template, whilepolymerase can use oligro(rA) as primer and poly(dT) 

3-DNA polymerase cannot, This template-primer specificity implies that 

can use RNA primersprobably a-DNA polymerase, but not 6-DNA polymerase, 

in vivo, This isprovided by some RNA polymerase for new DNA synthesis 

polymerase variescompatible with the finding that the level of a-DNA 

synthesis while theaccording to the rate of cell proliferation and DNA 

level of B-DNA polymerase remains relatively stable. 

beforeParameters in reaction condition should be well defined 

templates,assaying the activity of DNA polymerases on various For 

have a dramaticalexample, concentrations of divalent cations and salt 

In addition.effect on DNA polymerase activity upon various templates, 

for a-, B-, andthe Km value of templates and nucleotides may differ 

y-DNA polymerases. 

Since none of these three DNA polymerases have been purified to 

characteristics wehomogenous form, it is conceivable that some of the 

enzyme, Nonetheless,described may not be the intrinsic property of the 

we found most of the characteristics of rat spleen a-, B-, and y-DNA 

used for identification ofpolymerase fit in well with the criteria 

eucaryotic DNA polymerases. The only exception is y-DNA polymerase. 

poly(rA) templateAlthough the y-DNA polymerase of rat spleen utilize 

by 150-300 mMmore efficiently than poly(dA) template, and is stimulated 

can stimulate theKCl, we cannot confirm the fact that 50 mM phosphate 

In addition, the sensitivity of y-DNAactivity of y-DNA polymerase, 

B-DNA polymerase.polymerase to ^-ethylmaleimide is similar to that of 



47 

cells haveMost of the t-DNA polymerase isolated from other mammalian 

The y-DNA polymerase wemolecular weights range from 150,000 to 300,000. 

isolated from rat spleen has an estimated molecular weight of only 63,000. 

is similar to the ratNonetheless, we found the rat spleen y-DNA polymerase 

who found that theliver y-DNA polymerase described by Weissbach (31) 
or identical to themitochondria DNA polymerase is closely related to, 

We do not know whether the rat spleen y-DNA polymerasey-DNA polymerase, 

but by commonwe described is identical to the mitochondria DNA polymerase, 

differential centrifugation procedures, only 10% of rat spleen y-DNA 

subcellular fractionpolymerase activity can be located in mitochondrial 

cytosol, In addition.while 70% of y-DNA polymerase activity is present in 

in more mito-
we found higher activity of y-DNA polymerase was present 

The subcellular distribution and highertically active tissue (94). 

suggest that thisactivity in mitotically active tissue of y-DNA polymerase 

DNA synthesis.enzyme may have a wider role in addition to mitochondria 
the eulary-The current criteria used for classification has divided 

and y. However, sinceotic DNA polymerase into three namely 6,groups, a, 

the DNA polymerases might diverse greatly in different eucaryotic cells, it 

is sometimes difficult to assign a name to certain DNA polymerase. For 

fit in too well withexample, the y-DNA polymerase of rat spleen does not 
is the finding ofthe current criteria of nomenclature; another example 

nucleus resembles the a-DNA polymerase butDNA polymerase located in 

possesses distinct enzymatic characteristics (95). 

of eukary-It should be emphasized that the number of DNA polymerase 

Furthermore, nomenclature based onotic cell could be greater than three, 

in vitro enzymaticbiological function shall be more proper than on the 
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characteristics. Further genetic and biochemical studies may 

enzymes inelucidation of the possible in vivo roles of these 

tion and repair. 

inhelp us 

DNA replica 



CHAPTER 3 

AGE-ASSOCIATED DECREASE OF RAT SPLEEN 

DNA POLYMERASE ACTIVITY 

Summary 

adult (3 months)The DNA polymerase activity in the spleens of young 

examined, Comparisonsand old (25 months) male Fischer 344 rats have been 

were a-, 3-, and y-DNAmade by sucrose gradient sedimentation analysis of 

The a-DNA polymerase activity.polymerases in subcellular fractions, 

in the spleens ofdemonstrated only in the cytosol fraction, was similar 

young and old rats, 3-DNA polymerase activity was decreased in the spleens 

of old rats; the decreased activity was detected most markedly in the 

nuclear and mitochondrial fractions of the spleens, y-DNA polymerase were 

found to be present predominantly in the cytoplasm of spleen cells, and 

mitochondrial, andthere is a decrease of its activity in the nuclear, 

rats,microsomal fractions of the spleen cells of the old Stepwise 

consistent resultsextractions with increasing KCl concentrations showed 

without revealing difference in extractability of DNA polymerase from the 

rat spleen cells,particulate subcellular components of young and old DNA 

rats are similar inpolymerases prepared from spleens of young and aged 
and in vitrochromatographic migration, sucrose gradient sedimentation, 

brains and liversheat lability. The DNA polymerase activities in the 

were also examined. Only 3-DNA polymerase was detectable in rat brain; 

also observed in thisage-related decrease in DNA polymerase activity was 

49 
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None of the three DNAtissue but to a less extent than in the spleen, 

in the liver of the old rats.polymerases activities was found to decline 

Introduction 

have been madeMany studies concerning molecular mechanism of aging 

at the DNA-chromatin level (78, 96). One phase of DNA metabolism which 

has been reported to be altered with aging is DNA replication, For 

spleen cells toexample, the in vitro proliferative response of mouse 

decrease (97).phytohemagglutinin stimulation showed a marked age-related 
was also notedA delayed response of DNA synthesis and cell proliferation 

in the salivary glands of old rats after injection of isoproterenol (98). 

is theAnother example of age-related alteration in DNA replication 

from aging humandecreased fidelity of DNA polymerase activity isolated 

fibroblast (65). 

the age-In view of the role that DNA polymerases may play in 

we 
as sociated structural and metabolic alterations of DNA-chromatin, 

to the aginginitiated studies on these enzyme activities in relation 

process of the animal. Quantitative activity and qualitative properties 
in the tissueof the three DNA polymerases (a-, 3-. and y-DNA polymerase) 

of young and old rat were compared. 

Materials and Methods 

Materials and Equipments 

Illinois,Poly(rA) was obtained from Miles Laboratory, Kankakee, 
were purchased from P-L Biochemicals, Incor-(dT)g and poly(dA)*(dT)-j2_ig 

Native calf thymus DNA and DNase I wereporated, Milwaukee, Wisconsin. 
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Freehold, New Jersey.obtained from Worthington Biochemical Corporation, 

were products of P-LNonradioactive dNTP (deoxynucleotide triphosphates) 

from New EnglandBiochemicasl. Radioactively labeled dNTPs were obtained 

Sucrose of RNase free gradeNuclear Corporation, Boston, Massachusetts, 

All centrifu-was obtained from Schwarz/Mann, Inc. (Orangebur, New York). 

Inc Newtown,• 3gation was performed in the RC-2 and RC-2B (Ivan Sorvall, 
L or Model L2-65BConnecticut), and all untracentrifugation in the MOdel 

(Bechman Instruments, Inc., Palo Alto, California). 

Rats 

the BiologyPathogen-free male Fischer 344 rats were raised in 

Division, Oak Ridge National Laboratory, Spleens and other tissues which 

were tumor free and of normal size were removed from young adult (3 months 

Tissue not immediately used wasold) and senescent (25 months old) rats, 

frozen in liquid nitrogen and then stored at -70°C. 

Preparation of Tissue Extracts 

in fourTissues were quickly thawed, minced, and then homogenized 
at 22°C),volumes (v/w) of 0.25 M sucrose containing 0.05 M TrisCl(pH 7.6 

a teflon pestle and0.025 M KCl, 1 mM dithiothritol, and 3 mM MgCl2 using 
g (av.) for tenglass homogenizer. The homogenate was spun at 800 x 

of homogenizingminutes and the pellet was washed once with four volumes 

nucleus pellet,medium by suspension and centrifugation to obtain the The 

8000 x g (av.) for 15first supernatant fraction was sequentially spun at 

two pelletsminutes and 198,000 x g (av.) for 60 minutes to obtain 

Each of the(mitochondrial and microsomal) and a supernatant fraction, 
was suspended inthree pellets obtained by differential centrifugation 

tissue weight byfour volumes of homogenizing medium per original wet 
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The individual subcellular fractions were used forDounce homogenizers. 

final concentrations ofextraction of polymerase activity by adding KCl to 

and 0.35 M0.5 M for cytosol, microsomal, and mitochondrial fractions, 

for nuclear fraction. The mixtures were then spun at 198,000 x g (av.) for 

immediately for60 minutes. The supernatant fractions were then used 

polymerase assay by sucrose gradient centrifugation. 

Sucrose Gradient Centrifugation 

Spinco SW 56 TiSucrose gradient centrifugation was performed in a 

young androtor. DNA polymerase extracts (same amount of protein for old) 

to 25% sucrose linearwere layered on top of 3.8 ml solution containing 10 

and 1 mM dithiothrei-gradient, 10 mM TrisCl(pH 8.0 at 22°C), 0.25 M KCl, 

tol in polyallomer tubes. Centrifugation was performed at 50,000 rpm for 

of the20 hrs at 4°C. Fractions of 0.19 ml were collected from the bottom 

activity.tube and 5 yl of each fraction was assayed for polymerase 

Determination of Polymerase Activity 

of radioDNA polymerase activity was measured by the polymerization 

active dNTP into acid insoluble form in the presence of template-primer 

where
complex. Appropriate amounts of enzyme protein (within the range 

the concentration of protein is linear-related with DNA synthesis) were 

containing 20 mMadded to reaction mixture to a final volume of 50 yl 

bovine serumTrisCKpH 8.0 at 22°C), 5 mM dithiothreitol, 0.17 mg/ml 
2+ 2+ 

of Mg and/or Mn • ,albumin, 20-200 mM KCl, appropriate concentrations 

0.02 mg/ml of60 mM of appropraite dNTP including [^H]dTTP at 17.5 yci/ml, 

The concentrationsynthetic template-primer or 0.1 mg/ml activated DNA. 
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template-primer beingof divalent matal in reaction mixture depends on the 
2+ 2+2+ and 0.5 mM Mn forfor activated DNA, 1.5 mM Mgused: 8 mM Mg 

After incubation in a water bathpoly(dA)-(dT) 12-18 and poly(rA)*(dT)g. 
into acid insolubleat 37°C for two hours, incorporation of radioactivity 

onto a filter paperform was measured by pipetting the reaction mixture 

and processed fordisk (Whatman 3 MM), which was subsequently washed 

liquid scintillation counting (89). 

of calf thymus DNAActivated DNA was prepared by DNase I digestion 

according to the procedures of Adams, et al. (90). Poly(rA)•(dT)g was 
a baseprepared by simple mixing the poly(rA) with (dT)g in H2O at 

ratio of 5:1. 

Heat Inactivation of DNA Polymerase 

activitiesSucrose gradient fractions with highest DNA polymerase 

and incubated atwere adjusted to contain 1 mg/ml bovine serum albumin 

43°C or 50°C for the indicated periods of time. Aliquots were with 

drawn at various time intervals and assayed for DNA polymerase activity. 

Protein Determination 

al. (91).Protein was determined by the method of Bramhall et 

Results 

Comparison of DNA Polymerase Activities 
in Subcellular Fractions of Young and 
Aged Rat Spleens 

is a 40% decreaseSince our preliminary results indicated that threr 

of 3-DNA polymerase activity and 20% decrease of y-DNA polymerase activity 



54 

shown), it was ofin aged rat spleen by column chromatography (data not 
decreasedinterest to determine the distribution of the age-related 

Extracts of the subcellularenzyme activity in subcellular fractions, 

wet weight werefractions from young and old rat spleens with the same 

3.1). For theanalyzed by sucrose gradient sedimentation (Figure 

identification and differentiation of a-, 6-, and y-DNA polymerase activi-

template-primerties in the sucrose gradient analyses, three different 

Activated DNA with final salt concentration of 25 mMcomplexes were used, 

in reaction mixture was used for measurement of a-DNA polymerase activity. 

Poly(dA)*(dT) 12-18 
with final salt concentration of 150 mM in reaction 

activity. Since themixture was used for measurement of 3-DNA polymerase 

in 150 mM KCla-DNA polymerase activity is almost completely blocked 

solution, and the efficiency of y-DNA polymerase to use poly(dA)*(dT)^2-i8 
by the use of polyis fairly low (94), the polymerase activity detected 

(dA)-(dT) template-primer should represent predominantly the 3-
as a

12-18 

DNA polymerase activity. Poly(rA)*(dT)g was used for measurement of y-
can only be used by y-DNA polymerase activity since this template-primer 

KCl) for thisDNA polymerase (94). Optimal salt concentration (200 mM 

was usedenzyme was included in the reaction mixture when poly(rA)•(dT)g 

as template-primer. 

polymeraseThe results showed that similar quantities of the a-DNA 

old rats, With theactivity were detected in the spleens of young and 
be detected in theprocedures used for this study, this enzyme can only 

cytosol fractions, 8-DNA polymerase, which can be detected in all four 
in the nuclearsubcellular fractions, was found to be lower in activity 

than the corre-and mitochondrial fractions of the spleens of old rats 

spending of It was also found that y-DNA polymerasefractions the young. 
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344 male rats.fractions from the spleens of young and aged Fischer 
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A A po1y(dA)*(dT) 12-18 

and Methods. 
tl 

Assays were performed as described under "Material
activated DNA is25 mM KCl is included in the reaction mixture when 

mixture whenused as template. 100 mM KCl is included in the reaction 
poly(dA)-(dT)i2_i8 is used as template. 200 mM KCl is included in the^

Solid linereaction mixture when poly(rA)•(dT)g is used as template. 
young, dashed line = old 



56 

and micro-showed decreased activities in the nuclear, mitochondrial, 

somal fractions of the old. It was considered that the DNA polymerase 

tissue; however,might not be completely extracted from the aged splenic 

re-extraction with increasing salt concentration (up to 1.0 M KCl) yielded 

The results obtained fromnegligible additional polymerase activity, 

subcellularsucrose gradient analyses of DNA polymerase activities in the 

and 29 old ratsfractions of spleens pooled respectively from 35 young 

the basis ofare summarized in Table 3.1; comparison was made on wet 

These datatissue weight as well as protein contents of the extracts, 

showed that the 6-DNA polymerase specific activity in the spleen nuclear 

rat; the 3-DNA polyfraction of aged rat is 48% of that of young adult 

merase specific activity in the mitochondrial fraction of aged rat is only 

Such decrease results in a 33% age-34% of that of the young adult rat. 

in whole cellrelated decrease of 6-DNA polymerase specific activity 

3 to 7 oldextract. In another four separate experiments, each including 

decreased 37% torats, the spleen B-DNA polymerase activity of old rats 

to 70% of young in the60% of young in nuclear fraction and decreased 55% 

mitochondrial fraction. 

microsomal, andThe Y“DNA polymerase activity in the mitochondrial, 

nuclear fractions was also found to be decreased in the old rat spleen. 

However, since most of the yDNA polymerase activity was present in the 

young and the old,cytosol fraction, which showed no changes between the 

extract was aboutthe total content of this polymerase in the whole cell 

23% lower in the old than in the young. 
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Examination for Presence of Inhibitors 

have resultedThe observed decrease of DNA polymerase activity might 

the aged rat spleen.from the presence of inhibitors in the extracts from 

One method of examining this possibility was to use the peak fractions 

extracts andfrom sucrose gradient analyses of young and aged spleen 

If no inhibitor wasassayed separately and in a 1:1 ratio mixture, 

intermediate betweenpresent, the enzyme activity in the mixture would be 

Results of such tests are shownthat of the young and old spleen extracts. 

mixed
in Figure 3.2. In these experiments, the polymerase activity in the 

and old extract poly-sample was intermediate between the individual young 

merase activity. Furthermore, no difference in the reaction time course 

old rat. 
curve was observed between the enzymes extracted from young and 

These results indicate that the observed decrease in polymerase activity 

presence of inhibitorof aged rat spleen cannot be explained as due to the 

in the old rat spleen extract. 

Comparison of Enzyme Stability 

in activity ofAnother possible explanation of the observed decrease 

enzyme from the senescent rat could be the difference in the stability of 

To test thisgroups,the DNA polymerase from the spleens of the two age 

sucrose gradients ofpossibility, peak fractions of 6-DNA polymerase from 

at 43°C, the rateyoung and aged spleen nuclear fractions were incubated 

of loss of enzyme activity were then measured. Figure 3.3 shows that the 

fractions have equal3-DNA polymerases from young and old spleen nuclear 

in vitro stability.stability, suggesting that both enzymes possess similar 
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Figure 3.2. Assay of extracts of spleens from young and aged 
rats. 

Peak fractions from sucrose gradient analyses were assayed alone 
and in a 1: 1 mixture. 25 yl of each sample (12.5 yl from young and 

0.25 ml reaction12.5 yl from old for 1: 1 mixture) was assayed in a 
ml was measuredvolume at 37°C. Radioactive incorporation in a 0.05 

fractionsat different time intervals. (A) 6-DNA polymerase peak 
used as template.of nuclear fraction extracted. Poly(dA)'{dT),2_]o was 

fracti on(B) 6-DNA polymerase peak fractions of mitochondrial 
(C) yO^Aextracted. Poly(dA)• (dT),2_io was used as template.

polymerase peak fractions of microsomal fraction extract. 
Poly(rA)*(dT)g was used as template. 

A ▲ Young adult 

A A Old 

0 0 Mix. 

Reaction conditions as described in "Material and Methods. 
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polymerasesFigure 3.3. Comparison of the stability of the DNA 
344 rats.isolated from the spleen of young and aged Fischer 

used as enzymePeak fractions from sucrose gradient analyses were 
or 50°Csources. Enzymes were incubated at 43°C (3-DNA polymerase) 

a 0.01 ml(a- and y-DNA polymerase) and at different time intervals
ml reactionsample was removed. This sample was assayed in a 0.05 

of cytosol extract.volume at 37°C. (A) a-DNA polymerase peak fraction 
Activated DNA was used as template-primer. (B) B-DNA polymerase peak 

as template-fraction of nuclear extract. Poly(dA)• (dT)-i2-i8 used 
extract. Poly-primer. (C) y-DNA polymerase peak fraction of cytosol 
young adult(rA)*(dT)9 was used as template-primer. Closed symbols; 

rat: open symbols: aged rat. 
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wereSince the a-DNA polymerase and y-DNA polymerase activities 

either undetectable or low in all other subcellular fractions except in 

the cytosal fraction, peak fractions of a- and y-DNA polymerase from 

were used to 
sucrose gradients of young and old spleen cytosol fractions 

The results, as shown in Figure 3.3, didcompare the enzyme stability, 

the enzymes fromnot reveal any significant stability difference between 

young and aged spleens. 

DNA Polymerase Activities in Young and 
Old Rat Brains and Livers 

were observed inSince age-related decreases in polymerase activities 

as well, Lessrat spleen, it was of interest to examine other tissues 

were examined, Themitotically active tissues such as livers and brains 

analyses were ashomogenization, enzyme extraction, and sucrose gradient 

described. The comparisons are presented quantitatively in Tables 3.2 

the a-and 3.3. In brain cells, only 3-DNA polymerase can be detected, 

or present in veryDNA polymerase and y-DNA polymerase are either absent 
in

low quantities, We found that the 3-DNA polymerase activity decreased 

rat brain, andcytosol, mitochondrial, and nuclear fractions of old 
in the wholeresulted in a 32% decrease of polymerase specific activity 

cell extract. In rat liver cells all three DNA polymerase activities 

activity are muchcould be detected, although the a- and y-DNA polymerase 

lower than that observed for the spleen. None of the three DNA polymerase 

rats.activities was found to decline in livers of the old 
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Discussion 

is present in atOur experimental results show that 3-DNA polymerase 

it has been suggestedleast three tissues of both young and aged rat, while 

DNA synthesisthat a- and y-DNA polymerase are directly related to in vivo 

cannot be detected in(12, 41), it is not surprising that a-DNA polymerase 

Failure to detect y-DNA poly-post-mitotic cell population such as brain, 

between this enzyme andmerase in brain cells also suggests a relationship 

DNA replication. 

activityIt is apparent from the data presented that 3-DNA polymerase 
of aged rat spleen.was decreased in nuclear and mitochondrial fractions 

in the cytosol, nuclear.Such decrease in enzyme activity was also observed 

In both tissues, there isand mitochondrial fractions of aged rat brain, 

activity in whole cellan approximately 33% age-related decrease of enzyme 
markedly in mitoextract. The y-DNA polymerase activity also decreased 

Theserat spleen,chondrial, microsomal, and nuclear fractions of aged 

be explained as theobserved decreases in DNA polymerase activities cannot 

young and ageddifference in extractability of the DNA polymerase from 

tissue since stepwise extractions with increasing salt concentration 

always gave consistent different results. 
soluble inhibitor in theThe mixing experiments failed to reveal any 

indicated that noextract, and the comparison of reaction time course 
However, possibilitiesinhibitor was reversibly bound to the polymerase, 

of inhibitors and/or activators which co-migrate with theof the presence 
be ruled out

polymerase during sucrose gradient centrifugation ca-not 
both young and agedbecause activators or inhibitors might be present in 
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difference and cannotcell extract without any quantitative and qualitative 

In addition, it is still possiblebe revealed by mixed-enzyme experiments, 

other than 3-that the protein decreased in aged rat spleen is something 

It could be some DNA binding protein that formand y-DNA polymerase, 

function of the DNAcomplex with polymerase and facilitate the enzymatic 

polymerase. 

of heat-Although it has been reported that there is an accumulation 

the final stages oflabiled enzymes in human diploid fibroblasts during 

did nottheir in vitro life span (63), heat inactivation experiments 

polymerases from thereveal any difference in enzyme stability between the 

two age groups. Also, none of the three DNA polymerases of aged rats 

of column chromatog-exhibit any aberrant behavior on sucrose gradients 

in DNA
raphy. All these results suggested that the age-related decreases 

amount of enzyme.polymerase activities are the result of a decreased 

This conclusion could be substantiated if one could obtain an antibody 

the antibodypreparation against the DNA polymerase, by comparing 

extracts, one mightinhibition of DNA polymerase in young and aged tissue 

determine whether there is an accumulation of cross-reactive, enzymati-

ally inactive material in the extracts of aged tissue. 

rats is observedSince the decrease in DNA polymerase activity in aged 

others, this autoin certain subcellular fractions and not observed in 

distribution ofmatically indicates a change in the relative subcellular 

However, it is known that certain cell fraction-DNA polymerase activity, 

of DNA polymeraseation procedures may lead to an artifactual distribution 
decrease in enzymeactivity (37, 39), it is hard to conclude whether this 
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in the cell duringactivity is accompanied with redistribution of enzymes 

the aging process. 

old rat brain (oneAlthough decreased enzyme activity was observed in 

rat spleen, weexperiment involving 10 old rats) in addition to old 

livers of 25-month-olddetected no decrease in DNA polymerase activity in 

This led us to tentativelyrats (one experiment involving five old rats), 

conclude that age-related deterioration of 6-DNA polymerase-asso ciated 

than others (e.g.,function may occur earlier in one organ (e.g., spleen) 

liver) in the rat. It would be interesting to study the DNA polymerase 

of further decrease inactivity of rats older than 25 months; observation 

betweenDNA polymerase activity might indicate a positive relationship 

Previous studies in our laboratoryenzyme decrease and aging process, 

remarkedly in thehave shown that 3-DNA polymerase activity was decreased 

nuclear fraction of aged BALB/c mice (75). This observation, together 

with the present study on Fischer 344 rats, led us to the suggestion that 

be a generalage-related decreases in certain DNA polymerase activity might 

phenomenon in mammalian cells, Investigation on other mammalian species 

might substantiate this suggestion. 

decreased DNAThe biological significance and functional effect of 

present time, largelypolymerase in aged mice and rats are not clear at the 

due to the fact that the precise role played by 3- and y-DNA polymerase 

in vivo have not been elucidated. Since B-DNA polymerase activity remains 

relatively constant in cells at different phases of cell cycles (42), it 

is reasonable to speculate that B-DNA polymerase is responsible for DNA 

repair or other editing functions. We are currently trying to verify this 
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strand breaks withspeculation by investigating the accumulation of DNA 

increased age in rat spleens and brains. 



CHAPTER 4 

STUDIES ON FIDELITY OF DNA POLYMERASE FROM SPLEENS 

OF YOUNG AND OLD FISCHER 344 RATS 

Summary 

were conductedComparison of the in vitro replicational infidelity 

from the spleenswith partially purified a-, 3-, and y-DNA polymerase 

of young and old Rischer 344 male rats, No significant difference in 

from the two agefidelity was found between the DNA polymerases isolated 

groups. 

Introduction 

The genetic information in DNA is transmitted from parental cells to 

proposed by Watsondaughter cells with high fidelity. The DNA structure 

of DNA is mediatedand Crick (99) suggested that the faithful duplication 

by hydrogen bonding.primarily through deoxynucleotide base interaction 

interaction and theHowever, analysis of the free energy involved in the 

for DNA polymerase inrate of spontaneous mutation indicates that a role 

(60). Homogeneousaugmenting correct base selection appears mandatory 
an associated 3'- toDNA polymerase from bacteria and bacteriaphage have 

5'- exonuclease activity which has been suggested to serve in a "proof-

reading" capacity (100). Such proofreading exonuclease activity does not 

(95, 101).appear to be an integral part of eukaryotic DNA polymerase 

However, purified eukaryotic DNA polymerases still copy polynucleotides 

72 
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in vitro with high precision, For example, the 6-DNA polymerase purified 

from calf thymus, which has been shown to be totally lacking in exonuclease 

nucleotide incorporactivity, will make only one error for every 100,000 

in base selection.ations (101). Thus, DNA polymerase must participate 

that alteraIn view of the predictions made by a number of authors 

tions in the fidelity of DNA polymerase could be an important factor in 

fidelities of DNAcell aging (62, 63, 102, 103), we have compared the 

polymerases isolated from the spleens of young and aged rats. 

Materials and Methods 

Materials and Equipments 

were obtained fromSynthetic polynucleotides and polydeoxynucleotides 

Inc • 9Miles Laboratories, Kankakee, Illinois and P-L Biochemicals, 

Milwaukee, Wisconsin. Oligodeoxynucleotides were products of Collabora 

tive Research, Inc., Waltham, Massachusetts and P-L Biochemicals, Inc. 

Inc. and radio-Nonradioactive dNTPs were products of P-L Biochemicals, 

Nuclear Corporation,actively labeled dNTPs were obtained from New England 

Boston, Massachusetts. Bovine serum albumin was purchased from Worthing-

ton Biochemicals Corporation. 

Rats 

the Oak RidgePathogen free male Fischer 344 rats were raised at 

National Laboraotry, Oak Ridge, Tennessee. The spleens which were tumor 

free and normal size were removed from young (3 months old) and senescent 

(25 months old) rats, Tissues not immediately used were frozen in liquid 

nitrogen and stored at -70°C. 
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Tissue Homogenization and the 
Isolation of DNA Polymerases 

wereTissue homogenization and the isolation of DNA polymerases 

previously described (94). 

DNA Polymerase Activity 

is copied weTo measure the fidelity with which synthetic template 

incorrect nucleotidemeasured the incorporation of correct nucleotide and 

and Mn 

in separate assays, The two simultaneous assays were identical with 

respect to the following components and reaction conditions: a standard 

reaction mixture of 50 pi contained 5 pi DNA polymerase, 20 mM 

TrisCl(pH 8.0), 5 mM dithiothreitol, 0.17 mg/ml BSA, 25 mM KCl, 0.04 

2+ 2+ 
of Mg ,mg/ml synthetic template and appropriate concentration 

pM of incorrect60 pM of correct doexynucleotide triphosphate and 60 
2+ 2+ 

were includeddoexynucleotide triphosphate. Mg (1.5 mM) and 0.5 mM Mn 

in the reaction mixture when poly(dA)•(dT) 12-18 
or poly(rA)'polyCdT) was 

mixture whenused as template. Mg^^ (4mM) was included in the reaction 
was used as template. The onlypoly[d(A-T)] or poly(dC)•(dG) 12-18 

that in one reactiondifference between the two simultaneous reactions was 

the correct nucleotide was radioactively labeled (0.3 Ci/mmole) and the 

reaction containedincorrect nucleotide was unlabeled whereas the second 

nucleotide beingthe unlabeled correct nucleotide with the incorrect 

The incubations were carried outradioactively labeled (1.2 Ci/mmole). 

for subsequentfor 2 hrs at 37°C. The processing of reaction mixture 

scintillation counting was described previously (89). 
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Results 

Examination of the Infidelity of In Vitro 
DNA Synthesis by the DNA Polymerases of 
Young and Aged Rat Spleen 

DNA synthesisFor comparisons of the fidelity function of in vitro 

at approximately thethe polymerases isolated from each tissue were used 

same amount of enzyme activities, With various template-primers, the 

same except thereaction conditions for the polymerase were all the 

The experimentalconcentrations of divalent cations in the reaction. 

for the DNAprotocol for the determination of the level of infidelity 
The level of infidelity is expressedpolymerase is shown in Table 4.1. 

per X pmol ofas the incorporation of 1 pmol of incorrect nucleotide 

correct nucleotide, The results of such analyses on a-, B-, and y-DNA 

4.3, and 4.4.polymerase are presented respectively in Tables 4.2, As 

can be seen in all three tables, the polymerases from young and aged rat 

Although aspleen possessed essentially the same levels of infidelity. 
on template-small difference in infidelity can be observed depending 

old DNA polymeraseprimers being used, the difference between young and 
error.never exceeded 25% and can be explained as due to experimental 

different DNA poly-However, there are differences in fidelity between 

For example, a-DNA polymerasemerases, depending on the template-primer, 

poly(dA)*-showed a higher fidelity than 3- and y-DNA polymerase when 

While all three DNA polymeraseswas used as template-primer.(dT) 12-18 

was used asshowed relatively similar fidelity when poly(dC)*(dG)i2_i3 

template-primer, The significance of these differences are not clear. 

fidelity withbut it seems that the y-DNA polymerase showed higher 
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than the less-efficient template-primer such as poly(rA)*poly(dT) 

efficient template-primer such as poly(dA)*(dT)i2_i3-
nucleotideWe also compared the kinetics of correct and incorrect 

incorporation catalyzed by B-DNA polymerase isolated from young and old 

spleen. The results in Figure 4.1 and Figure 4.2 showed that when 

in the reactionpoly[d(A-T)] was used as a template-primer, no difference 

time course curve was observed between the young and old enzyme prepara 

tions. 

between DNAOne method of amplifying the infidelity difference 

in the reactionpolymerases is to omit one of the correct nucleotide 

reactionmixture, For example, dTTP, but not dATP was included in the 

The rationale is that thewhen poly[d(A-T)] was used as template-primer, 

because the nextreaction should stop after incorporation of a dTMP 

which is omitted innucleotide incorporation requires the presence of dATP 

the reaction mixture. However, if a dTMP mispair with the dTMP on the 

the reaction willtemplate due to the infidelity of the DNA polymerase, 

continue on for the next nucleotide incorporation, Thus, the effect of 

correct incorporation.misincorporation will be amplified by the subsequent 

The result of such an experiment is shown in Figure 4.3. Again, we 

time course curvewere not able to detect any difference in the reaction 

between the B-DNA polymerases prepared from spleens of young and old rats. 

Discussion 

base-selectionThe production of altered DNA polymerase with faulty 

in turn couldproperty could explain alterations in the genome which 
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Figure 4.1. Comparison of the time course of the correct dTMP 

rat spleen.incorporation by 6-DNA polymerase from young and aged 

dATP, dTTP* (0.3 Ci/mmol), and dGTP were included in the 

conditions werereaction mixture. The assay procedure and reaction 
the template-described in "Material and Methods." Poly[d(A-T)] was 

primer, Some amount of enzyme protein isolated from spleens of 

young and old rats was used in each reaction. 

• young 

A A old. 
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Figure 4.2. Comparison of the time course of the incorrect dCMP 

and aged ratand dGMP incorporations by 3-DNA polymerase from young 
spleen. 

weredATP, dTTP, and dGTP* (0.3 Ci/mmol) or dCTP* (0.3 Ci/mmol) 
included in the reaction mixture, The assay procedure and reaction 

Poly[d(A-T)]conditions were as described in "Material and Methods, 
isolated fromwas the template-primer. Same amount of enzyme protein 

spleens of young and old rats was used for each reaction. 

• dCMP incorporation by B-ONA polymerase of young spleen; 

0 0 dCMP incorporation by B-ONA polymerase of old spleen; 

A i dGMP incorporation by B-ONA polymerase of young spleen; 

A A dGMP incorporation by B-ONA polymerase of old spleen. 
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during aging.result in generating errors in RNA and protein synthesis 

passages ofLinn et al., (65) purified a-DNA polymerase from different 

Theirhuman fibroblasts and studied the fidelity of DNA synthesis, 

in senescentresults suggest the presence of mutagenic DNA polymerases 
find no

fibroblasts. In our analysis on the fidelity of DNA synthesis, we 

from youngsignificant difference between the ability of DNA polymerases 

and old rat spleen, In addition, we cannot detect differences in the 

kinetics of correct and incorrect nucleotide incorporations catalyzed 

The incorrectby the 3-DNA polymerases from young and old rat spleen, 

incorporation withnucleotide incorporation paralleled correct nucleotide 

were not due torespect to time suggests that the error incorporations 
transferase, Anterminal addition catalyzed by the contaminated terminal 

(e.g., A*C)interesting feature is that purine-pyrimidine mispairing 
A*G) or pyrim-occurred at a higher frequency than purine-purine (e.g., 

idine-pyrimidine (e.g., C*T) mispairing. 

alterations inAlthough our data failed to indicate the age-related 

the possibility thatthe fidelity of DNA polymerase, we cannot rule out 

alterations in the fidelity of DNA polymerase could be an important factor 

in cell aging, The sensitivity of our assay is obviously limited. For 

contaminated withexample, the labeled incorrect nucleotide might be 

correct nucleotide and the difference in DNA synthesis fidelity would be 

product may verifymasked. Analysis of nucleotide composition of the DNA 

this point, The overall machinery for DNA replication is certainly far 

The level of infidelity observedmore complex than the in vitro system, 

mutation rate ofin our assay (10“^ to 10"^) is much higher than the 
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an "editing"mammalian cells, and it is reasonable to assume that 

in the in vivoassociated with certain enzyme(s) must be involved 

synthesis. 

function 

DNA 



CHAPTER 5 

AGE-ASSOCIATED CHANGE OF IN VITRO DNA SYNTHESIS 

IN RAT SPLEEN NUCLEI 

Summary 

FischerNuclei isolated from spleens of young adult and senescent 

in an in viti^344 male rats were examined for DNA synthesis activity 

dTTP. Low butreaction mixture containing [^HjdATP, dGTP, dCTP and 
form was observed.significant dNMP incorporation into acid precipitable 

1.2- to 1.5- foldThis in vitro DNA synthesis activity was found to be 

those from the old.higher with nuclei preparation from the young than 
the dNMPUpon addition of exogenous DNA polymerase in the reaction, 

and converselyincorporation into DNA of the spleen nuclei was enhanced 
The enhancedyoung.became 3- to 4-fold higher with the old than with the 

was also observedin vitro DNA synthesis by added exogenous DNA polymerase 

the age-associatedwith nuclei preparation from liver and brain; however, 

with the brainincrease in the nuclei from the old was only slight 

Kinetic analysispreparations and not present with the liver preparations, 
of the old rat spleenrevealed that the relatively high template activity 

exogenous DNA poly-nuclei represents increased substrate sites for the 
activity of 

merase Mild acid treatment further increased the template 

responsive than thenuclei; in this respect, the young appeared to be more 
was also observed inold. This increased template activity of the nuclei 

mice.the spleen, but not in the liver, of senescent BALB/c 

87 
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Introduction 

DNA repairThere appears to be correlation between the capability of 

mechanism and the life span of vertebrates, Hart and Setlow (104) grew 

species andprimary fibroblast cultures out of the dermis of several 

these cells to ultrameasured the DNA repair activity after exposure of 

were found in theviolet irradiation. The most active repair activities 

cell cultures of human, elephant, and cow. They were nearly five times as 

active as the fibroblasts of rats and mice. 

The results from direct investigations comparing DNA repair efficiency 

(66, 69,and aging have been conflicting among different investigations 
system changes with70, 71). Whether or not the efficiency of the repair 

age is still an open question, In all repaired systems, the DNA strand 

an DNA polymerasewhich is injured is first identified and excised, then, 

will come to fill the gap by using information on the complementary strand 

to guide the repair, We have previously reported the decreased 8-DNA 

mammalian cell, inpolymerase, presumably responsible for DNA repair in 

In reportthe spleen of senescent Fischer 344 rat (94). this we will 

relationship betweenrepresent findings which may suggest a cause-effect 
in the DNAthe decrease of DNA polymerase activity and the alterations 

of certain cell populations of old rat. 

Materials and Methods 

Materials and Equipments 

BiochemicalNative calf thymus DNA were obtained from Worthington 

Corporation, Freehold, New Jersey. Poly(dA)•(dT)i2_ig» (dT)g, non-
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and denatured DNAradioactive dNTPs (deoxyribonucleotide triphosphates), 

Radioactively labeled dNTPscellulose were products of P-L Biochemicals. 

Massachusetts. 
were obtained from New England Nuclear Corporation, Boston, 

PR-6 and allCentrifugation was performed in the International Model 
Model L2-65B (Beckmanultracentrifugation was performed in the Model L or 

transcriptaseInstruments, Inc., Palo Alto, California), AMV reverse was 

obtained from the National Cancer Institute. 

Animals 

mice were raisedPathogen-free male Fischer 344 rats and male BALB/c 

Spleens and otherin the Biology Division, Oak Ridge National Laboratory, 

removed from youngtissue which were tumor free and of normal size were 

and mice (20adult (3 months old) and senescent rats (25 months old) 

months old). 

Isolation of Nuclei 

(94).The isolation of spleen nuclei was described previously The 

method of Blobel andisolation of liver and brain nuclei was done by the 

con-
Potter (105). The nuclei were then suspended in homogenizing buffer 

After 30 minutes at 4°C, the suspension wastaining 0.2% Triton X-100. 

homogenizingspun at 800 g for 10 minutes and the pellet was rewashed with 

of 10% glycerol inbuffer twice and the pellet was suspended in 4 volumes 

mM dithiothreitol per0.05 M KCl, 3 mM MgCl2, 0.05 M TrisCKpH 8.0), and 1 
After Triton X-100 treatment, portion of theoriginal wet tissue weight, 

nuclei was treated with 0.01 N HCl (20 minutes, room temperature) in order 

in 4 volumes ofto denature DNA, and rewashed twice before suspended 

homogenizing medium. 



90 

Purification of DNA Pol.ymerase 
From Rat Spleen 

rat spleen wereThe isolation and purification of DNA polymerase from 

The B-DNA polymerase was further purified bypreviously described (94). 

affinity column.Sephadex G-lOO gel filtration and denature DNA cellulose 

Sephadex G-lOO, equilibrated with 0.5 M KCl, 10% glycerol, 1 mM 

was used to preparedithiothreitol, 3 mM MgCl2, and 0.02 TrisCl at pH 8.0 
The denatured DNA cellulosea column (5 x 68 cm) for gel filtration, 

a column (0.5 x 9suspension stored at -20°C was thawed and packed into 

10% glycerol, 1 mMcm). The column was washed with 50 ml of 1 M KCl in 

and then equilibrateddithiothreitol, 3 mM MgCl2 and 0.02 TrisCl(pH 8.0) 
with 0.15 M KCl in the buffer. 

Determination of DNA 
Polymerase Activity 

enzyme fraction,A standard reaction mixture of 50 yl contained 5 yl 

BSA, 25 mM KCl, 6020 mM TrisCl(pH 8.0), 5 mM dithiothreitol, 0.17 mg/ml 
(0.3 Ci/mmol),yM of appropriate dNTP including [^H]dTTP at 17.5 yCi/ml 

0.1 mg/ml activated0.02 mg/ml of synthetic template-primer complex or 
Poly(dA)*(dT) 12-18DNA, and appropriate concentration of Mg^^ and Mn . 
activity. Poly-was used as template for the assay of B-DNA polymerase 

polymerase acti(rA)*(dT)g was used as template-primer for assay of y-DNA 
2+ 

(1.5 mM) and 0.5 mMvity and AVM reverse transcriptase activity. Mg 
2+ of AVM reverseMn are included in the reaction mixture for the assay 

Activated DNA (0.1 mg/ml)transcriptase and y-> 3-DNA polymerase activity. 
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a-DNA
and 8 mM Mg 

2+ is included in the reaction mixture for the assay of 

After incubation in a water bath at 37°C for a periodpolymerase activity, 

paper diskof time, the reaction mixture was pipetted onto a filter 

dNMPs incorpora(Whatman 3MM) for further processing and measurement of 

tion as previously described (89). 

Estimation of In Vitro DNA Synthesis 

mixture of 105 piIsolated nuclei were incubated in a basal reaction 

0.17 mg/ml BSA, 8 mMcontaining nuclei ( 5 to 150 pg DNA), 25 mM KCl, 

60 pM of each ofMgCl2. 5 mM dithiothreitol, 35 mM TrisCKpH 8.0), and 
In addition to thethe four dNTPs including [^H]dATP at 1.2 Ci/mmol. 

DNA polymeraseendogenous DNA polymerase present in the nucleus, purified 
After incubation in a water bath atmay be included in some reactions. 

pipetted a37°C for various period of time, the reaction mixture was onto 

washed and pro-filter paper disk (Whatman 3MM), which was subsequently 

cessed for scintillation counting (89). In all experiments, the synthesis 

at zero time.of DNA in vitro have been corrected for the incorporation 

incorporated versusThe DNA synthesis is expressed as picomoles of dNMP 

amount of nuclei, expressed as pg of nuclear DNA. 

DNA Determination 

and Rosen (106)DNA was extracted from nuclei by the method of Ogur 

and then determined by the diphenyl amine method (107). 
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Results 

Further Purification of 6-DNA Polymerase 

(94) was3-DNA polymerase purified from phosphocellulose column 

dialyzed against 50% glycerol, 0.5 M KCl, 1 mM dithiothreitol, 3 mM MgCl2, 

The concentrated 3-DNA polymerase was thenand 0.02 M TrisCl at pH 8.0. 

(see Materialsloaded on a Sephadex G-lOO column previously equilibrated 
equilibrate theand Methods) and eluted with the same buffer used to 

The active fractions were pooled andSephadex column (Figure 5.1). 
DNA celluloseadjusted to 0.15 M KCl in buffer and loaded on a denatured 

The flow rate of the columncolumn equilibrated with 0.15 M KCl in buffer, 

After loading the column was washedwas adjusted to 0.2 ml per minute, 

were eluted with awith 100 ml of 0.15 M KCl in buffer, and the proteins 

The total volume oflinear KCl gradient in buffer from 0.15 M to 0.68 M. 
at about 0.57 Mthe gradient was 100 ml. The 3-DNA polymerase was eluted 

The active fraction isKCl and the elution profile is shown in Figure 5.2. 

mM KCl, 1 mMconcentrated by dialyzing against 50% glycerol, 25 

at pH 7.5.dithiothreitol, 3 mM MgCl^, and 0.01 M phosphate buffer 
The 

use.dialyzed enzyme fractions were stored at -20°C before 

In Vitro DNA Synthesis Activity of 
Isolated Young Rat Spleen Nuclei 

of dNMPIn the absence of exogenous DNA polymerase, the incorporation 
least a range of 

was proportional to the levels of spleen nuclei over at 
Since our previous experiments30 to 150 yg of nuclear DNA (Figure 5.3). 

in the nuclei of ratshowed that the major DNA polymerase activity present 
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Figure 5.1. Gel filtration (Sephadex G-100) column chromatog-
raphy of the 3-DNA polymerase fraction of rat spleen purified by 
phosphocellulose chromatography. 

II 
MaterialsAssay of the polymerase activity was as described in 

and Methods. 
II 

Reaction time was 1 hr. 
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DNA-cellulose affinity chromatography of the B-DNAFigure 5.2. 
polymerase fraction purified by Sephadex G-100 chromatography. 

Enzyme assay conditions were as described in "Materials and 
II

Methods. Incubation was carried out for 30 min. 
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Figure 5.3. In vitro DNA synthesis activity of nuclei isolated 
from young rat spleen. 

and Methods.Reaction conditions were as described in "Materials 
n 

were expressedIncubations were carried out for 15 min. Incorporations 
6-DNA polymeraseas picomoles of dNMPs. Eighteen units of purified rat 

One urnt ofwas included in each reaction as exogenous DNA polymerase._ 
300 picomoles ofenzyme activity is expressed as the incorporation of 

dNMP in 1 hr under the condition as described in "Materials and 

Methods. 
II 
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responsible for thespleen is 6-DNA polymerase (94), this enzyme should be 

With the addition of purified rat spleendNMP incorporation observed. 

and the rate of DNA3-DNA polymerase, the dNMP incorporation increased 
although thesynthesis seemed to follow the Michaelis-Menten equation 

the presence of 135 ygmaximum DNA synthesis rate has not been reached in 

The calculation of dNMPnuclear DNA included in the reaction mixture, 

of incorporationincorporation is based on the assumption that the amount 

of all 4 dNMPs is the same, The results showed in Figure 5.3 were obtained 

When [^H]dTTP was used asby using [^H]dATP as the labeled substrate, 
isolated nuclei werelabeled substrate, the levels of incorporation by the 

the same as with [^H]dATP (data not shown). 

In Vitro DNA Synthesis Activity of Mild 
Acid-Treated Nuclei of Young Rat Spleen 

proportionalAs shown in Figure 5.4, the incorporation of dNMP was 

the absence ofto the levels of mild acid-treated spleen nuclei in 

The in vitro DNA synthesis activity of mildexogenous DNA polymerase, 

nuclei (compareacid-treated nuclei is higher than that of the untreated 

Obviously the 3-DNA polymerase activity inFigure 5.3 with Figure 5.4). 
treatment, It is notthe nuclei was not completely inhibited after acid 

nuclei increasedclear why the in vitro DNA synthesis activity of spleen 

after acid-treatment. It is possible, however, that after acid-treatment, 

more DNA polymerase and/or other nuclear protein has dissociated from 

non primer ends of-active sites in the nuclei and then attached to the 

facili-
nuclear DNA. These relocations of nuclear proteins would in turn 

tate the subsequent DNA synthesis. Another possibility is that DNA was 
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Figure 5.4. In vitro DNA synthesis activity of mild acid treated 
nuclei of young rat spleen. 

and Methods. 
II 

Reaction conditions were as described in "Materials 
wereIncubations were carried out for 15 min. The incorporations 

units of purified ratexpressed as picomoles of dNMPs. Eighteen 
DNA6-DNA polymerase was included in each reaction as exogenous 

as the incorpolymerase. One unit of enzyme activity is expressed
condition asporation of 300 picomoles of dNMP in 1 hr under the 

described in "Materials and Methods." 

• without exogenous DNA polymerase 

0 0 with exogenous DNA polymerase 
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available for DNAfragmented during acid treatment and more primer ends 

One should also consider, however, that acidsynthesis were produced, 

serve as a bettertreatment might denature the nuclear DNA which could 

template for DNA synthesis. 

Kinetics of dNMP Incorporation by.Young 
Rat Spleen Nuclei in the Presence of 
Exogenous B-DNA Polymerase 

The kinetics of DNA synthesis by spleen nuclei in the presence of 

The dNMP incorporationexogenous e-DNA polymerase is shown in Figure 5.5. 

whereupon the rateswas at nearly linear rates for the first 15 minutes, 

is used as template.fell off, especially when the untreated nuclear DNA 

better template thanAgain, the acid-treated nuclear DNA served as a much 

the untreated nuclear DNA. 

Effect of Addition of Various Amounts of Exogenous 
Rat B-DNA Polymerase on In Vitro DNA Synthesis 
Activity of Nuclei Isolated from Spleens of Youns 
and Old Rats 

nuclei ofFigure 5.6 shows the dNMP incorporation by the untreated 
amounts ofyoung and aged rat spleen in the presence of different 

In the absence of exogenous DNA polymerase.exogenous B-DNA polymerase, 

those of the oldspleen nuclei of the young incorporate more dNMP than 
However, as more exogenous(0.80 pmol/yg DNA versus 0.58 pmol/yg DNA). 

DNA synthesis becameB-DNA polymerase was included in the reaction, the 
than those of theconversely higher in spleen nuclei of the aged rat 

young. 
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and Methods.Reaction conditions were as described in "Materials 
II 

nuclear DNA.Incorporations were expressed as picomoles of dNMP/yg
included in eachEighteen units of purified rat 6-DNA polymerase was 
as the incorporationreaction. One unit of enzyme activity is expressed 
as described inof 300 picomoles of dNMP in 1 hr under the condition 

II in each reaction.Materials and Methods." 30 to 50 yg DNA was included 

• untreated nuclei 

0 0 mild acid treated nuclei. 
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Effects of Exogenous DNA Polymerase on In Vitro, 
DNA Synthesis Activity of Nuclei Isolated from 
Spleen, Liver and Brain of Young and Old Rats 

by the nucleiTables 5.1, 5.2 and 5.3 show the dNMP incorporations 

The incorporations occurredisolated from spleen, brain, and liver of rat. 

in the presence ofeither in the absence of exogenous DNA polymerase or 

y-DNA polymerase and AMVvarious DNA polymerases (purified rat a-, 3-, 
from the 

reverse transcriptase). At least three points can be drawn 

results shown in Tables 5.1, 5.2 and 5.3. (1) In the absence of 

the untreat-
exogenous DNA polymerase, the dNMP incorporation is higher in 

0.54 pmol/pg nucleared young spleen nuclei than that of old (0.81 versus 
be observed in the liver and brain.DNA). Although such phenomenon can 

the differences were smaller than in the spleen (0.75 versus 0.7 and 0.66 

respectively). Inversus 0.61 pmol/yg nuclear DNA for brain and liver, 

the dNMP incorporationsthe presence of various exogenous DNA polymerases, 
nuclei, Thus, thebecame conversely higher in the untreated aged spleen 

untreated young anddifferential effects of exogenous DNA polymerase on 

B-DNA polymeraseaged rat spleen nuclei can be demonstrated by employing 
Although the dNMP incor-(Figure 5.6) as well as other DNA polymerases, 

of aged brains and liverporation also increased in the untreated nuclei 
the dNMP incorporawhen the exogenous DNA polymerases were added (except 

the increasetion of liver nuclei in the presence of y-DNA polymerase), 
higher fornot as remarkable (an average of 1.29-fold and 1.12-fold 

DNA polymerases used) 

was 

the aged brain and liver nuclei in the presence of 4 

as that of spleen (an average of 4.05-fold higher in the aged nuclei). 
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of young and(2) Acid denaturation increased the template activities 
The nuclear DNA of young tissueaged nuclear DNA in all three tissues, 

In the presence of exogenouswas more responsive to the acid-treatment. 

as a betterDNA polymerase, the aged spleen nuclear DNA still served 
the averagetemplate than that of young after acid treatment, however, 

dropped from 4.05-increase in template activity of aged spleen nuclei 

Such effects can also befold to 2.16-fold after the acid treatment, 

nuclear DNA, whichobserved in other tissues. The aged brain and liver 

not as efficientserved as better templates before acid treatment, were 

AMV reversetemplates as that of young brain and liver except when 

transcriptase were used as exogenous DNA polymerase. 
to acid(3) Different tissues seemed to respond differently 

For example, in thetreatment in the aspect of template activation. 

in template activitypresence of exogenous a-DNA polymerase, the increase 
> brain, In theafter acid treatment is in the order of spleen > liver 

activity ofpresence of other exogenous DNA polymerases, the template 

brain nuclear DNA did not increase as much as that of spleen and liver 

after acid treatment. 

Comparison of In Vitro DNA Synthesis Activity of 
Nuclei Isolated from the Spleen and Liver of Young 
and Aged Mice 

BALB/cNuclei isolated from tissues of 3-month and 20-month-old 

increase of in vitromice were used to verify whether the age-associated 

the mouse, The resultsDNA synthesis in spleen nuclei can be identified in 
DNA polymerase, thein Table 5.4 showed that in the absence of exogenous 
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higher in the youngDNA synthesis of isolated mice nuclei from spleen was 
included in thethan in the old. When exogenous DNA polymerases were 

The average age-associatedreaction, the difference became reversed, 

exogenous DNA poly-increase in vitro DNA synthesis in the presence of 

merase is 2.6-fold, Nuclei isolated from livers of two groups of young 

studies; in theand two groups of aged mice were used for the similar 

significant differencepresence of the four exogenous DNA polymerases, no 

was observed. 

Kinetic Analysis of Substrate Activity 
of Rat Spleen Nuclear DNA 

under differentThe substrate activities of rat spleen nuclear DNA 

Same amount of exogenous 6-DNA polymeraseconcentrations were analyzed, 

were included in each reaction. Figure 5.7 showed that the nuclear DNA 

the Km values,of young and aged spleen have the same Vmax value whereas 
be estimated to be 70 yg/mlexpressed by the nuclear DNA content, can 

young rats.and 330 yg/ml with the spleen nuclei of the old and 

DNA Synthesis of Nuclei Isolated from 
Mixture of Young and Aged Rat Spleen 

in vitroThe observed increase of exogenous DNA polymerase-catalyzed 

rate of release andDNA synthesis may have been resulted from a faster 
rats than in theaction of deoxyribonuclease in the spleens of the aged 

In view of this possibil-spleens of the young rats during the isolation, 
for the

ity, spleens from both young and aged rats were pooled together 

The isolated nuclei from mixed young and agedsubsequent nuclei isolation, 

in the presence ofspleens were then assayed for in vitro DNA synthesis 
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Figure 5.7. Kinetic analysis of substrate activity of rat spleen 
nuclear DNA. 

Concentration of nuclei was expressed as yg DNA/ml, dNMPs _ 
per minincorporation was expressed as cpm (3H-dATP) incorporated

in Materialsof incubation. Reaction conditions were as described 
Eighteen unitsand Methods." Incubation was carried out for 15 min. 

reaction. Theof exogenous B-DNA polymerase was included in each 
polymerase isdNMPs incorporation in the absence of exogenous DNA 

of exogenoussubtracted from the dNMPs incorporation in the presence 
DNA polymerase. Nuclei preparations were isolated respectively from 

spleen pools of four young and four old rats. 

I old 

0 0 young 
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Km = TO /i.g /ml Km = 330 ug/ml 
12 18 24 300 6 

1 /S ml X 10^ ) 

Figure 5.7 



no 

The rationale is that if deoxyribonucleaseexogenous 3-DNA polymerase, 

was released from the old spleen cells during isolation procedure, the 

DNA. If this wereenzyme should also act on the young spleen nuclear 

in the mixed nucleitrue, we should expect the amount of DNA synthesized 

Table 5.5 shows theto be similar to that in the aged spleen nuclei. 

and three aged ratresults of an experiment which involved three young 

in the
spleens. The in vitro DNA synthesis activity of mixed nuclei 

presence of exogenous 3-DNA polymerase, was found to be approximately in 

between those individual nuclei preparations, Thus, the explanation that 

the increased in vitro DNA synthesis associated with aged rat spleen nuclei 

due to faster rates of release and action of deoxyribonuclease duringwas 

mixed experiment.the isolation was not supported by the results of the 

Effect of ATP on the In Vitro DNA 
Synthesis of Rat Spleen Nuclei 

for the enzymeAlthough purified DNA polymerases do not require ATP 
found that ATP canactivities (108, 109, 110), Stenstrom et al. (Ill) 

stimulate in vitro DNA synthesis of nuclei isolated from regenerating rat 

liver. 

In this experiment, we examined whether ATP will stimulate the 

presence of exogenousin vitro DNA synthesis of rat spleen nuclei in the 

Table 5.6 showed that in the presence of 2 mM ATP,3-DNA polymerase. 

(13% and 2% forslight stimulation of DNA synthesis can be observed 
The in vitro DNA synthesis was consider-young and aged, respectively), 

present orably higher in the aged rat spleen nuclei whether ATP was not. 
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Discussion 

that the rateBurnet's theory of intrinsic mutagenesis (112) argued 
characteristics ofof mutation which leads to aging is determined by the 

information, Those
key enzymes involved in the transmission of genetic 

ligase,key enzymes include replicative and repair DNA polymerases, 
In our laboratory, we havedeoxyribonuclease, and restriction enzymes, 

of rat DNA polymera-studied the quantitative and qualitative alterations 

ses We found that 3-DNA polymerase activity,during aging process (94). 

in the agedpresumably responsible for DNA repair function, decreased 

rat tissue. 

a cell wouldThe rate of accumulation of aging injury to DNA within 

rate of its removal,be a function of the rate of its occurrence and the 

If one assumes that at any one time a cell carries a burden of potentially 

such damage wouldrepairable but at that moment unrepaired aging damage, 

accumulate with time at a constant rate. If the repair system itself 

the mutation ratebecomes less efficient during the aging process, then 

Assuming decreasedwill increase in the latter part of the life span. 

repair function,B-DNA polymerase activity does lead to a less efficient 

might be critical tosuch decreases, especially in the aged spleen cells, 

in the cell systemthe aging process because accumulation of mutation 
autoimmunity suppres-responsible for immunity could lead to the loss of 

there is a 
Sion. Our attempt in this experiment was to examine whether 

B-DNA polymerasebiological significance of the previously observed 
words,decrease during aging process of aged rat. In other a 
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activity and therelationship between the decrease of DNA polymerase 

alteration in the DNA. 

radioactively-When isolated rat spleen nuclei were incubated with 

to the nucleilabeled dNTP, the in vitro DNA synthesis is proportional 

DNA polymerase, theincluded in the reaction. Upon addition of exogenous 

the ability ofdNMPs incorporation by the nuclei was enhanced indicating 

sites of nuclear DNA.the exogenous DNA polymerase to act on the substrate 

After acid treatment of the nuclei, the in vitro DNA synthesis was further 

and/or the nuclearincreased due to either the activation of nuclear DNA 

5.1 (p. 102)proteins. The results in Figure 5.6 (p. 100) and Table 
the dNMPsshowed that in the absence of exogenous DNA polymerase, 

apparently reflectingincorporation is higher in the young spleen nuclei, 
spleen observedthe decreased 6-DNA polymerase activity in aged rat 

The data also revealed that the difference between the youngpreviously, 

of exogenousand the old in DNA synthesis was converted upon addition 

the spleen nuclearDNA polymerase, indicating higher template activity of 

the spleenDNA of aged rat. Kinetic analysis of the substrate activity of 

value wasnuclear DNA [Figure 5.7 (p. 108)] showed that the apparent V 
max 

value is much smallerthe same for both the young and the old while the Km 

This result indicated that thefor the nuclear DNA of old rat spleen, 

DNA representshigher template activity associated with aged rat spleen 

increased substrate sites, Since all the DNA polymerases require a primer 

template for DNAwith free 3'-OH end in complex with the single stranded 

in the nuclei ofsynthesis, we suggest that such structures are present 
It is conceivable that some DNA breakage andyoung and aged rats. 
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of nuclei, Anotherdenaturation might be introduced during the isolation 

consideration is that the increased template activity of aged rat spleen 

To our knowledge,may simply reflect an increased mitotic activity, 
In addition, oursuch phenomenon has not been observed and reported, 

equivalent a-DNAfindings that both young and aged rat spleen possess 

the proliferation ratepolymerase activity (94), which is proportional to 

of cells, does not support this possibility. 

aged ratIt is possible that the increased template activity of 

DNA either duringspleen nuclei is due to an increased denaturation of 
If this is the case.aging process or during the isolation of the nuclei, 

similar in boththe levels of incorporation would be expected to be 

However, after acid treat-and old nuclei after acid denaturation.young 

higher amounts ofment, the nuclei of senescent spleen still incorporate 
treatment had adNMPs than those from young although such denaturation 

nuclei, Similargreater template activation effect on the young spleen 

observation has been made by O'Meara et al. (79). They studied the 

for RNA polymeraseability of mice liver chromatin to serve as template 
was dissociatedand found that template activity increased as the protein 

At low salt concentrations, chromatin of old mice showedby the salt, 

animals, Theseless template activity than the chromatin from young 

may be lessstudies suggested that at least some nuclear proteins 

readily removed from old chromatin. 

nuclei ofThe dNMPs incorporation also increased in the untreated 

DNA polymerase,aged brain and liver upon the addition of exogenous The 

1.12-fold
increase was not as remarkable (an average of 1.29-fold and 
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of four DNAhigher for the aged brain and liver nuclei in the presence 
nuclei).polymerases used) as that of spleen (4.05-fold higher for aged 

although notThe increase in template activities seemed to correlate 
in nucleusperfectly with the decrease of 3-DNA polymerase activity 

39%, 0% decreasefraction of various tissue previously observed (60X, 

liver, respectively).of 6-DNA polymerase activity for spleen, brain, and 
activity alsoSince it has been reported that the 3-DNA polymerase 

but not in liverdecreased remarkably in the aged BALB/c mice spleen, 

and liver nuclei(75), the in vitro DNA synthesis of BALB/c mice spleen 
addition ofwas also measured in this experiment. Again, upon the 

incorporatedexogenous DNA polymerase, the nuclei of senescent spleen 
young and agedhigher amounts of dNMPs than those from young while both 

(Table 5.4, p. 106).liver nuclei incorporated similar amounts of dNMPs 
nick in DNA canAlthough it is not clear whether the single strand 
and Chang (113,be used as an initiation site by DNA polymerase; Boll urn 

use nicked DNA as114) have shown that calf thymus DNA polymerase can 

template, In addition, Modak and Price (72) have shown that x-ray 

not strand separationirradiation, which induce single-strand breaks but 

of mice brain nucleiin DNA, will cause the increase of dNMP incorporation 

Our results suggest thatupon incubation with calf thymus DNA polymerase. 
and single-strandduring the aging process, DNA single-strand breaks 

which render moreregions accumulated in certain tissues (e.g., spleen) 
by DNA poly-sites become available for the dNMP incorporation catalyzed 

template 
merase. Price, Modak and Makinodan (72, 73) have studied the 

labeled dNTPactivity of DNA with calf thymus DNA polymerase and 
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from young and oldin sections of fixed brain, liver, and heart tissues 

to be higher inmice. Following autoradiograph, grain counts were found 

cells, and heartthe nuclei of old mouse neurons, astrocytes, Kupffer 

of DNA strandmuscle fibers. They concluded that there is an accumulation 

breaks with aging, However, their studies on lymphatic tissue showed 

not be observed due toextremely high activity that age differences could 

do suggest that therethe high background. On the other hand, our results 
tissue of rat duringis accumulation of DNA strand breaks in the lymphatic 

of rat
aging, We would like to further propose that DNA repair function 

function of the B-DNAcell depends on, in addition to other factors, the 
decrease

polymerase, Decreased B-DNA polymerase activity may lead to the 

unrepaired.of DNA repair capacity and more DNA damage were left 



CHAPTER 6 

GENERAL DISCUSSION 

in the presentIn summary, three major observations have been made 
(a-, 3-, andstudy. First, three distinctive DNA polymerase activities 

eukaryotic cells)y-DNA polymerase according to current nomenclature for 

can be identified in the rat cells, Second, the 3-DNA polymerase activity 

shows a considerable decrease in the spleens of the aged Fischer 344 male 

There is norat, particularly in the nuclear fraction of the cells, 
infidelitydifference in heat lability and in in vitro replicational 

rat spleens. Third,between DNA polymerases purified from young and old 

vitro DNA synthesiswhen mixed with exogenous DNA polymerases in an in 

template activityreaction, nuclei of old rat spleen possess an increased 

as compared with those of young. This phenomenon also occurred in aged 

BALB/c mouse spleen. 

by autoThe DNA replication in eukaryotic cells have been studied 
of newly syntheradiographic technique (115) and sedimentation analysis 

indicate that theresized DNA (116). The results of these investigations 
that DNA synthesis 

are a large number of replicons in eukaryotic cells, and 

in steps involvingin the chromosome is discontinuous and may proceed 

which are eventuallyformation of relatively small discrete pieces of DNA 

The precise role of thejoined to form the completed chromosome fibers, 
to be determined.cellular DNA polymerases in the DNA replication remains 

that theStudies with cells actively synthesizing DNA have shown 

Changlevels of DNA polymerase a is correlated with DNA production. 

118 
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a stationary to aand Bollum (12) showed that L cells, shifting from 

level within 48 hours,dividing state, exhibit a rise in a-DNA polymerase 
Baril et al. (41) observedwith no change in B-DNA polymerase activity. 

liver 18-30 hoursa rise in a-DNA polymerase levels in regenerating rat 
the levels of DNApost hepatectomy. Spadari and Weissbach (42) measured 

They observed a risepolymerase activities in synchronized HeLa cells, 
S phase, and a steadyin y-DNA polymerase levels in the early part of the 

S phase, and no changerise of a-DNA polymerase activity during the entire 

A common conclusion drawn from these studiesin B-DNA polymerase levels, 

in the cellular DNAis that a-DNA polymerase is one of enzymes utilized 

In our studies of the DNA polymerase activities of ratreplications, 

activity appeared tospleen, liver and brain, both a- and y-DNA polymerase 
tissued while B-correlate with cellular proliferation state of various 

can be readily detectedDNA polymerase activity is relatively constant and 
This result further supports the previousin the spleen, liver and brain, 

and DNAstudies on the correlation between DNA polymerase activities 

are importantproduction and suggests that both a- and y-DNA polymerases 

in replicative DNA synthesis. 

search for DNATemplate-primer studies have also been used in the 

polymerase function, Chang and Bollum (20) tested a series of oligoribo-' 

that oligo-adenylatesand oligodeoxyribonucleotides as primers and found 
but not for B-DNA 

are effective primers for calf thymus a-DNA polymerase 
and Weissbach (43)polymerase. With the HeLa cell polymerase, Spadari 
all the DNA polyfound that oligo-adenylate would act as a primer for 

DNA covalently boundmerases, but only a-DNA polymerase could synthesize 
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to a natural RNA primer, If RNA primers are necessary to initiate DNA 

from the abovesynthesis in the nucleus (45), then one would suppose, 
at thementioned studies, that a-DNA polymerase would be required 

However, after the formation of the firstbeginning of DNA replication. 

DNA synthesisDNA chains covalently bound to the RNA primers, further 

In fact, Spadari andcould be carried out by 6- or y-DNA polymerase. 

formedWeissbach (43) found that once a RNA-DNA primer molecule was by 

could be achieved bya-DNA polymerase, further extention of the DNA chain 

In our studies of the template-either a-, 3-, or y-DNA polymerase, 

utilizesprimer specificity of rat spleen DNA polymerases, a-DNA polymerase 

3- or y-DNA poly-a DNA template-RNA primer much more efficiently than 
othermerase does, This result reconfirms the previous observation by 

involved in the initialinvestigators and suggests that a-DNA polymerase is 

step of DNA replication. 

Since DNA-repair function is required in both proliferative and 

DNA polymerase respon-post-mitotic tissue, it would be expected that the 
Our data showed thatsible for repair shall be identified in all tissues, 

in all the tissuesthe 3-DNA polymerase activity can be readily detected 
variousexamined. The lack of variation of 3-DNA polymerase level in 

in a constitutivetissues might suggest that this enzyme is involved 

Bertazzoni et al. (52) and Noy et al. (51)process such as DNA repair, 

during prolongedhave examined the variation in DNA polymerase activities 

They observedstimulation of human lymphocyte by phytohemagglutinin. 

activity and in theparalleled curves of increases in the-a-DNA polymerase 

activityrate of cellular DNA synthesis; while the 3-DNA polymerase 
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reached its maximum later, On the basis of parallel studies done with 

blocking tountraviolet light-treated lymphocytes, using hydroxyurea 

6-DNA polymerasemeasure repair-type synthesis, they found that the 

to perform aactivity apparently correlated with the ability of cells 

However, it is obvious that these circum-repair-type DNA synthesis, 

between g-DNAstantial evidence can not prove a definite correlation 

are required to deterpolymerase and DNA repair, and further experiments 

mine the functional role of 3-DNA polymerase. 

species of DNAIn addition to a-, 3-, and y-DNA polymerases, a new 

from the cytoplasmpolymerase ( the 6-DNA polymerase) has been isolated 
This DNA polymerase.of rabbit erythroid hyperplastic bone marrow (117). 

thus far described,in contrast to all other eukaryotic DNA polymerases 

Theactivity.is associated with a very active 3' to 5' exonuclease 

exonuclease activity is not separable from the DNA polymerase activity by 

Upon sucrose densitychromatography on DEAE-Sephadex or hydroxyl apatite. 
at 7S. In addition.gradient centrifugation, both activities cosediment 

rates of heatboth exonuclease and polymerase activities have identical 

inactivation. These results suggest that the exonuclease is an integral 

part of 6-DNA polymerase, Although the role of the 3' to 5'-exonuclease 

established, Byrnesactivity associated with 6-DNA polymerase has not been 

of 3'-terminalet al. found that this enzyme catalyzes the removal 

conversion ofnucleotides from DNA, as well as a template-dependent 

This observation leddeoxyribonucleoside triphosphate to monophosphate, 

suggestion that may be able to correctto the this mammalian DNA polymerase 

mi 
of the mechanismsistakes made during DNA polymerization and that one 
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cells may bewhereby replication fidelity is maintained in eukaryotic 
In addition to the rabbit bone marrow,similar to that of prokaryotes. 

thymus (118). Whetherthe 6-DNA polymerase has been identified in the calf 
is not clear, In

the 6-DNA polymerase is ubiquitous in mammalian cells 
none of the 

our study of the DNA polymerase activities of rat spleen, 
to the 6-DNAthree DNA polymerases identified has similar characteristics 

is poly-However, since the best template for 6-DNA polymerasepolymerase. 

activated calf thymus DNA and poly(rA)-oligo(dT) ared(A-T), while both 
of activated calfrather poor template for this enzyme (117), our use 
templates to assay forthymus DNA, poly(rA)-poly(dT) and poly(rA)-(dT)g as 

explain whyDNA polymerase activity during purification procedures might 

not detected, if it does exist, in the rat spleen6-DNA polymerase was 
more thanIt is obvious that understanding DNA replication requires 

proteins specificallymere studies on DNA polymerase. For example, several 
gland bybind to single-stranded DNA have been isolated from calf thymus 

will interact with DNA by ionicHerrick and Alberts (47). These proteins 
inhold long stretches of single-stranded DNA iinteraction and are able to 

In addition, some 
an extended, regular, and fully hyperchromic complex. 

found to stimulate the DNA polymeraseof these DNA-binding proteins were 

activity, These unwinding proteins provide the clearest experimental 
factors other than DNA polymerase that might bedemonstration of proteins 

Knowledge of the properties of accessoryrequired for DNA replication, 
the initiation and termination of cellular DNA syn-proteins controlling 

of RNA chains of 
thesis and removal of RNA initiators; and degradation 

the understanding of the
DNA-RNA hybrids, etc. would be most helpful in 

mechanism of DNA replication. 
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isolatedConcerning the experiments on the fidelity of DNA polymerase 
is whether orfrom young and aged rat spleens, an important consideration 

infidelity reflectsnot the experimental observation of the DNA synthesis 
synthesis. Althoughthe actual in vivo situation regarding mutagenic DNA 

infidelity associthe results of our experiment did not show an increased 
not exclude theated with aged rat spleen DNA polymerases, it does 

accumulate duringpossibility that error-making DNA polymerase molecules 
duringsince the altered molecules might have been removedaging process 

Another critical point is whether or notpurification of the enzymes, 

incorporation of anan editing process is active in vivo following the 

incorrect nucleotide. It is known that the high fidelity of DNA replica-

the presence of ation in prokaryotes has been ascribed, in part, to 
For example, this3' to 5' exonuclease associated with DNA polymerase. 

I, II, HI ofexonuclease activity is associated with DNA polymerase 

DNA polymerases thusEscherichia coli and is present in all prokaryotic 

The 3' to 5' exonuclease has a proofreading function.far studies (119). 

the primer terminusas it removes mismatched nucleotides incorporated at 

Mutations in the gene coding forduring DNA polymerization (100). 
of spontaneousDNA polymerase can result in either an increased rate 

spontaneous mutationmutation (120) or a decreased rate (antimutator) of 
is due to a much(121). The increased frequency of spontaneous mutation 

conversely.higher ratio of DNA polymerase to exonuclease activity and, 

has a much higherthe DNA polymerase purified from the antimutator strain 
Thus, this 3' to 5' exonucleasenuclease to polymerase ratio (122). 
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and theactivity plays an important role in replicational fidelity 

However, the eukaryotic DNA polymerases have beenfrequency of mutation, 

(119) untilreported not to be associated with any exonuclease activity 

(117) and calfthe discovery of 6-DNA polymerase in rabbit bone marrow 
polyIt is not clear, at the present time, whether 6-DNAthymus (118). 

In addition, it has not beenmerase is ubiquitous in the mammalian cells, 

associated with 6-DNAestablished that the 3' to 5' exonuclease activity 

the high fidelitypolymerase does play an important role in maintaining 
Nonetheless, if such an editingof DNA replication in mammalian cells, 

eukaryotic DNA polyprocess does exist, either associated with certain 

merase or with another enzyme, then our experiment of testing the fidelity 

in viy£of DNA polymerase does not quite reflect what actually happens 

reported to possess asince neither a-, 3-, or y-DNA polymerase has been 

A decrease editing function in the aged cellproofreading function (119). 

DNA polymerase onwould have even more profound effect than the mutagenic 

It will be interesting to compare thethe miscoding of DNA replication. 

of other mammalianreplicational fidelity of 6-DNA polymerase with that 
an associated exonuclease activity.DNA polymerases which do not possess 

indicate thatHigher replicational fidelity of 6-DNA polymerase would 
6-DNA polymerasethe 3' to 5' exonuclease activity associated with the 

does have a proofreading function. 

activity inIn addition to our finding of decreased 3-DNA polymerase 

in aged BALB/caged rat spleen cells, such phenomenon has been reported 
It is interestingmice spleen (75) and aged human granulocytes (123). 
activity in

that all three instances of decreased 3-DNA polymerase were i
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It is worthwhile to examinetissues derived from hemopoietic stem cells. 

tissues in thosethe polymerase activities of the various hemopoietic 

decrease of 6-DNA polymerase activityanimals which have an age-associated 

in one of the hemopoietic tissues, Perhaps the decrease in 6-DNA poly 

hemopoietic tissuemerase activity is a cotmon phenomenon occurs in the 

during the aging process of certain animals. 

B-DNA polymeraseConcerning the biological effect of the decrease in 
reflectsactivity, it is important to consider what this phenomenon 

that withalteration in DNA metabolism. It has been demonstrated 

(124), and human (125)advancing age, spleen cells of mouse (97), hamster 
(PHA)

exhibit a depressed response of DNA synthesis to phytohemagglutinin 
demonstratedstimulation. Hung, Perkins, and Yang (126) have further 

could notthat the reduced response of DNA synthesis to PHA stimulation 
from old micebe attributed to a decreased viability of spleen lymphocytes 

requirements,in in vitro culture condition, to different PHA dose or 

cells to reachto longer periods of culture time for old mouse spleen 

maximal activity. In addition, they found that spleen cells from old 

spleen cells frommice bind with PHA equally well, if not better, than 

There is neither significant alteration of bindingyoung mice (127). 

affinity nor decreased total number of membrane receptor sites for PHA 

The results of their experiment suggestin senescent mouse spleen cells, 

results from, insteadthat the depressed response of DNA synthesis to PHA 
involving variousof marked membrane changes of aged spleen cells, defects 

replication andintracellular biochemical processes essential for DNA 

If the 6-DNA polymerase is involved ininitiation of cell proliferation. 
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is expected to find athe response of DNA synthesis to PHA stimulation, it 
activity and thecorrelation between the decrease of 6-DNA polymerase 

Barton and Yang (75) havereduction of response to PHA stimulation, 

the spleen of agedobserved a decrease of 6-DNA polymerase activity in 

a mean life span of(30 month old) BALB/c mice (medium-lived strain with 

25 months) but not in the spleen of aged (30 months old) BC^F^ mice 
Since it has(long-lived strain with a mean life span of 31 months), 

dramatic age-been reported (128) that there is an earlier and more 
in the spleen ofassociated decrease of the response to PHA stimulation 

it seems that theBALB/c mice than that in the spleen of BC^F^ mice, 
of PHA stimulateddecrease of 6-DNA polymerase activity and the decrease 

span of the animals.response occur in a similar pattern during the life 
in DNA repairOn the other hand, if the 6-DNA polymerase is involved 

Baril et al. have suggested (41), then decreased enzymeprocess as 

eventually lead toactivity would result in a decrease in DNA repair and 

In fact, the experimental resultsthe accumulation of unrepaired DNA. 

synthesis activitiesdescribed in Chapter 5 showed that the in vitro DNA 

BALB/c mouse spleensof the isolated nuclei from aged Fischer 344 rat and 

DNA poly 
are much higher than their younger counterparts when exogenous 

gaps leftmerases were included in the reaction, indicating more were 

In addition, suchunrepaired in the nuclei of aged rat and mouse spleen, 
can not bea drastic increase in the in vitro DNA synthesis activity 

the 3-DNA polymeraseobserved in the aged mouse and rat livers in which 

It would be most enlightening to examine theactivities do not decrease. 

spleens of animalsin vitro template activity of nuclei isolated from 
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polymerase activity.which do not have an age-associated decrease in B-DNA 

provideObservation of correlation between these two phenomena would 

between the decreaseadditional evidence for a cause-effect relationship 

repair function.of 3-DNA polymerase activity and the deteriorated DNA 
other mammalianThe functional role of 3-DNA polymerase, as well as 

time largely due toDNA polymerases, is still not clear at the present 
studies, Xerodermathe lack of pertinent mutants and adequate genetic 

by hyperpigmentosum (X.P.) is a human genetic disease characterized 
The cells of X.P. patientssensitivity of the skin to sunlight (129). 

(130).are defective in the process of repair of UV radiation damage to DNA 

indicates a defect inAlthough the evidence obtained from some cell lines 
from their DNAthe ability to excise UV light-induced pyrimidine dimers 

in the DNA repair(130, 131, 132), the levels of enzyme probably involved 
carefully comparedprocess, for example, 3-DNA polymerase, have not been 

Pedrini et al. have measured thebetween normal cells and X.P. cells. 

persons andDNA polymerase activity of fibroblasts obtained from normal 

in the DNA poly-from X.P. patients and found no significant difference 

merase level (133). While extremely interesting, their experiment was 

relatively crude, One would like to directly measure the individual 

However, Pedrini et al.activity of multiple species of DNA polymerases, 

3- and y-DNAhave used the activated DNA, which might not be used by 

of total DNApolymerase efficiently (94), as template for the measurement 
Thus, a possible alteration of 3- or y-DNA polypolymerase activity, 

merase activity in the X.P. cells might not be revealed. 
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Although most different forms of X.P. cells are deficient in 

variants), whileexcision-repair, a special class of X.P. patient (X.P. 

be completely normal inexhibiting the usual clinical symptoms, seem to 

In addition, these X.P.excision repair of pyrimidine dimers (134). 
breaks inducedvariants have normal rates of rejoining of DNA single-strand 

of polynucleotideby ionizing radiation (135), indicating anormal level 

Lehmann et al. (136) have shown that the fibroblastligase activity. 

cu repair.Itures from three X.P. variants have abnormal postreplication 

polymerase activityIt would be interesting to examine the level of 3-DNA 

in these X.P. variants, Observation of decreased B-DNA polymerase 

defect associatedactivity would not only help elucidating the enzymatic 
of B-DNA polymerasewith X.P. variant, but also indicate the possible role 

in the postreplication repair. 

in aged ratThe decrease of specific activity of B-DNA polymerase 

tissue could be due to different possibilities: 

In 1961, Curtis (137)1. The accumulation of mutation in DNA. 

life span,reported that exposure of ionizing radiation shortens This 

that radiation, aobservation naturally led many investigators to think 

of aging in much theknown mutagen, might well be increasing the rate 
of mutation insame way by which it was thought to increase the rate 

accumu-
germ cells, Szilard (59) has proposed that as somatic mutation 

affected with timelated in the genomes of somatic cells, genes will be 

The mutant genes, forin a way analogous to radiation-induced mutation, 

not be capable ofexample, genes that code for DNA polymerase, would 
active form, In

producing a specific protein molecule in its chemically 
of altered proteinother words, such mutation would result in the synthesis 
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The cause of mutagenesisor result in decreased activity of the protein, 

can be intrinsic as well as extrinsic. Burnet (112) has suggested that 

the rate of somatic mutation is determined by the characteristic s of 

information.certain key enzymes involved in the transmission of genetic 

The mutations accumulateFor example, the fidelity of DNA polymerases, 

as the genome duringthe DNA polymerase misincorporate error bases into 

Another example of intrinsic type mutationDNA replication and repair, 

of a cytosine towhich might occur in aging would be the conversion 
during DNA synthesis.uracil which codes for adenine rather than guanine 

Estimates of the rate of spontaneous conversion of cytosine to uracil have 

been made by Lindahl and Nyberg (138). 

In 1963 Orgel (139) proposed that the2. Error in protein synthesis, 

error in gene trans-altered proteins may accumulate during aging through 
event, could

lation. The translational error, initially a low frequency 

molecules with age.result in a gradual accumulation of altered protein 

apparatus would beErrors in various enzymes of the protein-synthesizing 

catastrophe thatself-propagating and could eventually lead to an error 

would be lethal to the cell. In fact, the reduction with age of the 

found to be accompanied by an accumula-specific activity of enzymes was 

as the aldolasetion of inactive enzyme molecules in many cases; such 

aldolases of mice(140) and isocitrate lyase (141) in Nematode, muscle 
(143).(142), and glutamate dehydrogenase in Neurospora crassa 

The catalytic activity of3. Post-translational modification, 

in vivo_many enzymes is susceptible to physiological modulation exerted 

by both enzyme-catalyzed and nonenzyme-catalyzed covalent modification of 

residues.the active functional groups of specific amino acid 
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methylation,Recognized modification reactions include phosphorylation, 
glycosylation, sulfadeamidation, acylation, hydroxylation, adenylation, 

and functionaltion, peroxidation, etc. The implication of the structural 

modification has been reviewed by Paik and Kim (144). Since a given 

an enzymemodification reaction can virtually abolish the activity of 

of these post-molecule, it is reasonable to assume that alteration 

might lead to thetranslational modification reaction during aging process 

Unfortunately, it seems thatdecreased enzyme activity in the aged cells, 

have received relatively insuffi-these post-translational modifications 

cient emphasis in gerontological research. 
vitro DNAThe increased exogenous DNA polymerase-catalyzed in 

mice indicates thesynthesis of the nuclei from spleens of old rats and 
Since B-DNA polymeraseabsence of competent DNA-repair processes, 

and mice, we suggestactivity decreases in the spleen cells of aged rats 
6-DNA polymerasethat there is a correlation among aging, decrease in 

in single-activity, decline in DNA-repair capability, and increase 
types of aged cell.stranded nicks and single-stranded regions in some 

such as strandAge-associated occurrence of unrepaired DNA lesions 
by other inves-breakage and single-stranded regions have been reported 

tigators as well, Price, Modak, and Makinodan (73, 96) assayed the ability 

an age-related significant increase in mean autoradiographic 

of isolated nuclei from brain, heart, and liver tissue of young and aged 

mice to provide templates for calf thymus DNA polymerase, They observed 

grains in 

muscle cells.the nuclei of astrocytes, Kupffer cells, and cardiac 

in single-strandedPrice et al. interpreted such results as an increase 
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regions of DNA in the aged cells. 

regions iSupporting evidence for increased single-stranded DNA in 

et al. (145).aged cells also comes from the investigation of Chetsanga 
presence ofThey used single-strand-specific nuclease to detect the 

DNA of mice of different ages andsingle-stranded regions in the native 
in the DNA.found an age-dependent increase of nuclease sensitivity 
of unrepairedAnother indication for an age-associated accumulation 

in agedDNA lesions is the increased levels of chromosome aberrations 
direct

cells. Extensive investigations have observed an age-dependent 

dog (147),increase in liver chromosome aberrations in mice (146), 

Such increase was alsoguinea pigs (148), and Chinese hamsters (149). 
DNA cross-linking, which isobserved with human lymphocytes (150, 151). 

In onewith age.another type of DNA lesions, has been found to increase 

vital organs (brainstudy, pregnant rats were fed with tritium, and the 
ages for cross-and liver) of their offspring were examined at different 

an increase in thelinked products (152). With age, not only was there 
molecular sizefrequency of DNA-protein-RNA complexes, but also their 

with age, theincreased. In support of the formation of DNA cross-links 

from aging liver tissuepercentage of DNA that can readily be isolated 
meltingdeclines (153), and DNA isolated from aged organs has a higher 

temperature (154). 

affectIt is not clear how these age-associated DNA lesions might 

The basic structuralthe basic structural organization of chromatin, 

folded aroundunit of chromatin consists of DNA which is periodically 
calleda histone core creating a string of DNA-protein particles 
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nucleosomes (155). Despite the great variety and complexity.of eukary 

uniform and simple.otic chromosomes, they are at this level remarkably 

is organized inThe demonstration that the bulk of eukaryotic chromatin 

to whether all genesa repeating subunit structure raised the question as 
chromatin structureare packaged in a similar manner, since any model of 

of only a minor partshould also account for the selective transcription 

The recent evidence has revealed that there is nucleosomalof the genome, 

in the control ofheterogeneity along the DNA fiber that may be a factor 
In addition, DNA comprisingdifferential gene activity (156, 157). 

configuration, andpresumptive transcribed sequences is in an extended 

sequences is lessthe packaging ratio of nucleosomes associated with these 

inert chromatinthan that observed with the bulk of the transcriptionally 

genes(156). The ability of bacteria RNA polymerases to transcribe 
and the selectiveselectively on eukaryotic chromatin templates (158) 

I (159, 160) furtherdigestion of transcriptionally active genes by DNase 
to the accessibilityindicate that the chromatin conformation is related 

of the chromatin to various enzymes, Thus, the observed increase in the 

exogenous DNA polytemplate activity of old rat spleen nuclear DNA by 

of single-strandedmerase might imply, in addition to the accumulation 

the old rat spleenregions, the alteration of chromatin structures in 

cells. 

https://complexity.of
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