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Changes in DNA Polymerases a, /3, and y during the Replicative Life Span 
of Cultured Human Fibroblasts? 

Sharon Wald Krauss and Stuart Linn* 

ABSTRACT: DNA polymerases from IMR-90 human diploid 
fibroblasts at various passage levels and from HeLa cells were 
purified and fractionated into cy1, a2, a3, p, and y species and 
subspecies, and then the accuracy with which each one copied 
synthetic template-primers was measured in the presence of 
Mn2+ or Mg2+. All activities from fibroblasts of later popu- 
lation doubling levels incorporated noncomplementary tri- 
phosphates more frequently than did the same polymerase type 
from earlier population doubling levels. HeLa polymerase 
activities copied several different templates in the presence of 
Mn2+ with greater fidelity than enzymes from fibroblasts of 
population doubling level 27 or greater. The total DNA po- 
lymerase activity extracted from IMR-90 cells decreased with 
increasing population doubling levels. The a-polymerase ac- 
tivity generally declined with increasing population doubling 

levels, while p-polymerase activity remained relatively constant, 
except at the very end of the cellular replicative life span. In 
addition, the amounts of a2 and a3 became progressively lower 
relative to al ,  and a new a-type polymerase activity, ao, ap- 
peared upon diethylaminoethylcellulose chromatography. 
HeLa cells also contained three a species, though two of them 
eluted from diethylaminoethylcellulose at higher phosphate 
concentrations than a species from fibroblasts. Postconfluent 
IMR-90 cells of population doubling level 2 1 had a decreased 
level of a-polymerase relative to that recovered from rapidly 
growing cells. This polymerase activity had some chromato- 
graphic properties similar to enzyme from late-passage cells. 
In addition, the a-, /3-, and y-polymerases from these cells had 
decreased fidelities relative to those isolated from subconfluent 
cells. 

Alterations in the fidelity of DNA polymerases are expected 
to engender profound biological consequences. For example, 
several T4 mutants exhibit a relationship between changes in 

DNA polymerase fidelity and an increased or decreased mu- 
tation frequency (Speyer et al., 1966; Hall & Lehman, 1968). 
These altered mutation frequencies are often due to abnormal 
ratios of DNA polymerase activity to editing exonuclease 

'From the Department of Biochemistry, University of California, activity (Muzyczka et 1972), though at 'east One Of the 
Berkeley, California 94720. Received June 4, 1981. This research was 
supported by Grant AGO0819 from the National Institutes of Health. 

T4 mutant enzymes selects noncomplementary triphosphates 
more frequently than does wild-type enzyme (Gillin & Nossal, 
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cleotide in 30 min at 37 OC. Activities were calculated from 
assays which were within the linear ranges of time and enzyme 
concentration. 

Fidelity Assay. Reaction mixtures (0.1 mL) contained 50 
mM Tris-HC1, pH 7.5, 0.5 mM dithiothreitol, 0.5 mg/mL 
bovine serum albumin, 10 nmol of synthetic template-primer, 
50 pM complementary deoxyribonucleoside triphosphate, 6 
KM noncomplementary deoxyribonucleoside triphosphate, and 
enzyme as indicated. Reactions with homopolymer pairs 
contained a temp1ate:primer ratio of 1: 1 (nucleotide residues). 
Reactions with poly(dT).oligo(dA)19-24 contained a temp- 
1ate:primer ratio of 10: 1. All preparations of polymers and 
triphosphates were tested in misincorporation assays with E. 
coli polymerase I with which there was no significant misin- 
corporation. Unless otherwise noted, assays of a-polymerases 
also contained 0.25 mM MnCl, and no KCl, assays of 8-PO- 
lymerases contained 0.5 mM MnCl, and 50 mM KCl, and 
assays of y-polymerases contained 0.5 mM MnCl, and 100 
mM KCl. Assays with Mgz+ instead of Mn2+ contained 1 mM 

Before the assay, template-primers were heated for 10 min 
at 70 OC and slowly cooled to assure reproducible secondary 
structures. Each misincorporation ratio was obtained from 
parallel reactions, one with complementary 3H-labeled deox- 
yribonucleoside triphosphate (80-1 50 cpm/pmol) to measure 
total polymer synthesis and the other with noncomplementary 
3H-labeled deoxyribonucleoside triphosphate (1 2-30 cpm/ 
fmol) to measure nonfaithful synthesis. The use of biased 
nucleotide pools in determining error frequencies has been 
discussed previously (Krauss & Linn, 1980). Blank values for 
misincorporated nucleotide were reproducible to within 20% 
in an individual experiment, and values 50% above the blank 
were considered significant. Each enzyme sample was tested 
for contaminating endogenous template by using controls from 
which template-primer was omitted and for terminal trans- 
ferase by using controls with single-stranded homopolymer. 
After incubation for 4 h at 37 O C ,  reaction mixtures were 
precipitated and collected onto glass fiber filters, and radio- 
activity was measured as described by Linn et al. (1976). 
Reactions were generally carried out with several levels of 
enzyme to assure a constant misincorporation frequency vs. 
the level of synthesis, but for brevity, only the highest levels 
are given in Tables I and 11. 

Protein Assay. Protein was determined according to Lowry 
et al. (1951) with bovine serum albumin as a standard. 

Cell Culture. IMR-90 human fetal lung fibroblasts, ob- 
tained from the Institute for Medical Research, Camden, NJ, 
were grown in Delbecco's modified Eagle's medium containing 
10% (v/v) fetal calf serum (Irvine Scientific). When the cells 
reached confluence, they were subcultured by using trypsin 
at a 1:4 split ratio or, at passages above population doubling 
level (PDL)' = 38, a 1:2 split ratio. Under these conditions, 
the replicative life span was PDL = 46 f 2. Cell cultures were 
monitored for mycoplasma contamination by the Institute for 
Medical Research, Camden, NJ. 

HeLa cells in suspension culture were grown to densities 
of (2.5-7) X 105/mL in Joklik's modified Eagle's medium 
containing 5% fetal calf serum. 

Fractionation of Polymerases from Cultured Cells. For 
harvesting, fibroblasts were rinsed with chilled 25 mM po- 
tassium phosphate, pH 7.0,O. 15 M NaCl, and 0.15 M citrate, 
detached by gently scraping with a rubber blade, and then 
washed twice with the above buffer after collection in an 
International clinical centrifuge (Model CL) at half-maximal 

MgC12. 

1976). In mammalian systems, DNA polymerases with de- 
creased accuracy have been isolated from MRC-5 human 
diploid fibroblasts at late passage levels (Linn et al., 1976; 
Murray & Holliday, 1981), from livers of aged rats (Barton 
et al., 1974), from rat liver after exposure to the carcinogen 
N-(2-fluoroethyl)acetamide (Chan & Becker, 1979), and from 
rat liver fibroblasts after treatment with mitomycin C (Bo- 
zhkov et al., 1978). These findings suggest that an accumu- 
lation of mutations might have a role in degenerative aging 
processes, certain genetic diseases, or in the genesis of cancer 
(Szilard, 1959; Burnet, 1974; Medvedev, 1972a,b). However, 
the biochemical basis for the decreased polymerase fidelity 
in the mammalian situations has not been elucidated, though 
one might hypothesize that it is due to primary or secondary 
structural alterations in the polymerase, to posttranslational 
modifications of normal polymerase, to the appearance of new, 
error-prone polymerase species, or to an alteration of poly- 
peptide components involved in assuring fidelity during DNA 
replica tion. 

In order to distinguish among these possibilities directly, 
individual a-, @-, and y-polymerase activities with altered 
fidelities must be examined and their properties compared with 
those of highly accurate enzymes. Therefore, the initial ob- 
servation of Linn et al. (1976), that DNA polymerase activity 
from late-passage human fibroblasts incorporates incorrect 
nucleotides as much as 10 times more frequently than enzyme 
from a low population doubling level, has been extended. First, 
procedures were developed with human placental DNA po- 
lymerases to fractionate the activities, rigorously identify their 
type, and measure their relative fidelities under standardized 
assay conditions with defined template-primers (Krauss & 
Linn. 1980). Now, the adaptation of these procedures to a ,  
p, and y types of DNA polymerase obtained from IMR-90 
fibroblasts at several population doubling levels and from HeLa 
cells is reported. The former are normal diploid human fi- 
broblasts of limited replication potential (a model system for 
in vitro aging studies), whereas the latter cells originate from 
a human tumor and can replicate indefinitely. Additional 
studies also compare the properties of DNA polymerases from 
postconfluent to those of proliferating IMR-90 cells at a low 
population doubling level. 

Experimental Procedures 
Materials. DEAE-cellulose, type 40, was from Brown Co., 

Berlin, NH; phosphocellulose (P1 1) was from Whatman. All 
synthetic polynucleotides, oligonucleotides, and unlabeled 
triphosphates were from P-L Biochemicals. 3H-Labeled de- 
oxyribonucleoside triphosphates were from Amersham or New 
England Nuclear. Salmon sperm DNA was activated ac- 
cording to the procedure of Schlabach et al. (1971). Homo- 
geneous Escherichia coli polymerase I was the generous gift 
of Dr. Arthur Kornberg, Stanford University. 

Buffer I contained 0.02 M potassium phosphate, pH 7.6, 
0.5 mM dithiothreitol, and 10 mM 2-mercaptoethanol. Buffer 
I1 contained 0.4 M potassium phosphate, pH 7.6, 0.5 mM 
dithiothreitol, and 10 mM 2-mercaptoethanol. Buffer 111 
contained 0.02 M potassium phosphate, pH 7.6, 0.5 mM di- 
thiothreitol, and 1 mM 2-mercaptoethanol. Buffer IV con- 
tained 0.05 M potassium phosphate, pH 7.6, 0.5 mM dithio- 
threitol, and 1 mM 2-mercaptoethanol. Buffer V contained 
0.05 M potassium phosphate, pH 7.6,0.5 mM dithiothreitol, 
1 mM 2-mercaptoethanol, and 20% glycerol. 

Po1,ymerase Assay. Enzyme activity was assayed by using 
activated salmon sperm DNA as described by Linn et al. 
(1976). KCl was omitted when measuring cu-polymerase ac- 
tivity. One unit of enzyme incorporates 1 nmol of total nu- ' Abbreviation: PDL, population doubling level 
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speed for 3 min. HeLa cells were collected by centrifugation 
at 3300g for 10 min in a Sorvall centrifuge. The cells were 
washed twice with the above buffer after centrifugation at 700g 
for 10 min. 

( A )  Step I .  The cell pellet was suspended in buffer I (7-10 
mL/g wet weight cells), and the suspension was sonicated for 
six 10-s intervals by using the microtip of a Biosonic sonifier 
(Bronwill Scientific, Rochester, NY) at a probe intensity of 
“35”. The suspension was then brought to 0.4 M phosphate 
by the addition of 1 M potassium phosphate, pH 7.6, left on 
ice for 30 min, and then centrifuged at 12OOOg for 10 min. 

( B )  Step IZ. The crude extract was passed over a column 
of DEAE-cellulose (10 mg of protein/mL of packed resin) 
previously equilibrated with buffer 11. Flow-through fractions 
containing the majority of enzyme and protein were pooled 
and dialyzed for 3 h against 4 L of buffer 111. 

(C)  Step IIZ. The dialyzed extract was loaded onto a second 
DEAE-cellulose column (10 mg of protein/mL of packed 
resin) which had been equilibrated with buffer 111. The 
column was washed with 2 column volumes of this buffer, and 
an 8 column volume linear gradient of potassium phosphate, 
pH 7.6, from 0.02 to 0.4 M containing 0.5 mM dithiothreitol 
and 1 mM 2-mercaptoethanol was applied. Fractions were 
collected into plastic tubes. P activity was eluted in the flow 
through and y and a activities, respectively, during the gra- 
dient. If polymerase fractions were to be stored frozen, glycerol 
was added to 10% (v/v). 

( D )  Step IV. For further purification, the individual po- 
lymerase species were diluted to a conductivity equal to that 
of buffer IV, and glycerol was added to 20% (v/v). The 
enzyme was adsorbed onto phosphocellulose (10 mg of pro- 
tein/mL of packed resin) and the column washed with buffer 
V and then eluted with a linear gradient (4 column volumes) 
from 0.02 to 0.4 M potassium phosphate, pH 7.6, containing 
0.5 mM dithiothreitol, 1 mM 2-mercaptoethanol, and 20% 
glycerol. Fractions were collected into plastic tubes. 

Results 
Fractionation of DNA Polymerase Activities upon DEAE- 

cellulose. Previously, we fractionated DNA polymerase ac- 
tivities from human placenta and classified them among the 
a,  P, and y types by the criteria of size, by their ability to 
utilize various synthetic template-primers, and by sensitivity 
to phosphate, N-ethylmaleimide, aphidicolin, and 2’,3’-di- 
deoxythymidine 5’-triphosphate (Krauss & Linn, 1980). This 
fractionation scheme has now been applied to human fibro- 
blasts and to HeLa cells (see Experimental Procedures). Po- 
lymerase fractions from the cultured cells were verified as to 
their class by testing their sensitivity to aphidicolin (5 pg/mL) 
and 2’,3’-dideoxythymidine 5’-triphosphate (200 pM in the 
presence of 50 pM dTTP). 

After chromatography of extracts from cultured cells on 
DEAE-cellulose (step III), three peaks of a-polymerase (a1, 
cy2, and a3)  were usually obtained (Figure 1). For IMR-90 
cells at low population doubling levels (PDL = 27, Figure 1; 
see also PDL = 2 1, Figure 2 below), these peaks eluted at 0.16, 
0.22, and 0.27 M phosphate. Extracts from cells after further 
passaging (PDL = 37-45, Figure 1) contained decreased 
amounts of a2 and a3 relative to that of the a1 fraction. In 
addition, there was an increase in a-polymerase activity eluting 
before 0.16 M phosphate. Since this activity preceded a,, it 
was called cyo. The chromatographic profiles have been re- 
producible for several years, and peak fractions when reapplied 
to DEAE-cellulose eluted at the same salt concentration as 
previously. HeLa extracts contained a-polymerase activities 
which eluted at 0.23, 0.29, and 0.33 M phosphate (Figure 1). 

K R A U S S  A N D  L I N N  

Fraction Number 

FIGURE 1 : DEAE-cellulose chromatography. Dialyzed fractions of 
step I1 from IMR-90 fibroblasts and HeLa cells were applied to the 
columns as follows: PDL = 27, 37 units; PDL = 37, 15 units; PDL 
= 40,136 units; PDL = 42,36 units; PDL = 45,29 units; HeLa, 690 
units. Fractions were pooled as follows: PDL = 27; 7, 27-29; a,, 
36-41; L Y ~ ,  44-48; aj, 41-43; PDL = 37; 7 ,  27-29; a0 = 36-39; ( Y I ,  
41-45; L Y ~ ,  47-50; PDL = 40; 7, 23-25; ao, 27-29; CY,, 32-39; a2, 
41-45; ( ~ 3 ,  48-50; PDL = 42; (YO, 30-35; ai, 37-44; ( ~ 1 ,  46-50; a3, 
51-53; PDL = 45; 7 ,  21-23; (YO, 26-29;  CY^, 31-36; ( ~ 2 ,  39-42; a3, 
47-49. Fraction volumes were as follows: PDL = 27,0.33 mL; PDL 
= 37,0.40 mL; PDL = 40, 0.70 mL; PDL = 42, 0.65 rnL; PDL = 
45, 0.48 mL; HeLa, 0.85 rnL. 

In all cases, y-polymerase was adsorbed by DEAE-cellulose 
less strongly than a activity, and @-polymerase was not ad- 
sorbed. 

Yields of Polymerase Activities. The yields and specific 
activity of total DNA polymerase assayed in crude extracts 
(step I) of IMR-90 cells decreased 6-fold from 174 units/g 
of cells (5.6 units/mg of protein) when population doubling 
levels increased from 21 to 45. Yields of a-polymerase activity 
isolated in step 111 decreased 8-fold from 54 units/g of cells, 
while the amount of @-polymerase activity remained relatively 
constant (10 units/g of cells) until near the end of the cellular 
replicative lifespan (PDL = 42 and 45). (y-Polymerase was 
present in low amounts in these extracts since the sonication 
level during Step I was optimized for a and @ recovery, and 
therefore may not have sufficiently disrupted mitochondria 
to release y-polymerase). The yield of P activity from HeLa 
cells was comparable to that of IMR-90 cells, while the yield 
of a activity was 3-fold higher than PDL = 21, IMR-90 cells. 

Fidelity of Polymerase Fractions. Misincorporation fre- 
quencies were measured by utilizing the polymerization of 
nonhomologous nucleotides into synthetic template-primers 
with either Mg2+ of Mn2+ present (Linn et al., 1976; Krauss 
& Linn, 1980). As a control for possibly interfering impurities 
in the template-primers or deoxyribonucleoside triphosphate 
preparations, error frequencies were determined with homo- 
geneous E .  coli polymerase I which synthesizes DNA very 
accurately. 

After separation by DEAE-cellulose chromatography, DNA 
polymerase activities from IMR-90 and HeLa cells were tested 
for fidelity, in assays containing poly(dA-dT), poly(dA). 
poly(dT), poly(rA).oligo(dT) poly(dT)-olig~(dA),+~~, and 
poly(dI).poly(dC) (Table I).  In assays with Mn2+ present, 
increased frequencies of misincorporation were observed with 
each polymerase fraction isolated from IMR-90 cells at later 
passages compared to those isolated from cells of lower pop- 
ulation doubling levels. Polymerase activity isolated from the 
a. region obtained from the low population doubling cells was 
relatively faithful; however, an increased error frequency was 
observed in extracts from cells at later passages (from 1/38OOO 
to 1/3000). a3, which was more unfaithful than a1 and az 
even at low population doubling levels, exhibited a further 
dramatic loss of fidelity at PDL = 40, 42, and 45 with poly- 
( d T ) - ~ l i g o ( d A ) ~ + ~ ~ .  a1 and a2 were less faithful from PDL 
= 45 than from PDL = 27 cells by using poly(dA-dT) with 
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Table 11: Misincorporation 1:requencies of DNA Polymerase 1:ractions after Phosphocellulose Chromatographya _____ - 
poly(dT) wligo(dA1 9--24 poly(d1) .poly(dC) 

polymerase dAMP dGMP c r w r  dGMP dTMP error 
fraction PD L (pmol) (fmol) frequency (pmol) (fmol) frequency 

27 
37 
21 
37 
21 
37 
21 
31 
27 
31 
2 1  
31 
27 
21 
31 
21 
31 

171 
42 
66 
44 
49 
16 
1s 
14 
21 
9 
9 

2s 
2 1  

13 
12 
<9 
18 

< S  
8 
IO 
8 

<9 
9 

59 
<5 
13 

1/14000 
1/3SOO 

<1/7300 
112400 

<1/9800 
1/2000 
l / l 5 0 0  
1/1800 

<1/3000 
l/lOOO 
l i l 5 0  

<1/SO00 
1/2100 

6 
0.5 
8 
1 

192  
22 
20 
1 

29 
8 
7 
6 

< I 2  
< 1 2  

16 
15 

<12 
< I 2  
< I 2  
< I 2  
< I  1 

20 
16 
14 

< l / S O O  
<1,’40 

l i s 0 0  
1/70 

<1116000 
<1 / I  800 
< 1 / l700 
<1,!S80 
<l/2600 

11400 
1/440 
1,!430 

a Assays were as described under Experimental Proccdures 

Mg2+ present. In fact, with these late-passage fractions, it is 
noteworthy that Mg2+ did not confer higher fidelity than Mn2+, 
a conclusion which also can be made from data of Linn et al. 
(1976) and Murray & Holliday (1981). Apparently, the 
Mg2+-dependent fidelity determinants are more perturbed in 
these later passage extracts. (Determinations for 0-polymerase 
with Mg2+ present could not be made, because its activity is 
greatly reduced with Mg2+ in the presence of synthetic 
template-primers). 

The ai,  a2, a3 and y species isolated from HeLa cells were 
generally more faithful than those determined for comparable 
species from IMR-90, PDL = 27; HeLa 0-polymerase also 
had a greater fidelity than the fibroblast enzyme when assayed 
with poly(dA-dT) or poly(dI).poly(dC). 

Further Fractionation of Polymerase Species. The indi- 
vidual CY-, p-, and y-polymerase fractions from DEAE-cellulose 
chromatography of extracts from IMR-90 PDL = 27 and PDL 
= 37 cells were adsorbed to phosphocellulose and then eluted 
with a gradient of increasing phosphate molarity. As observed 
previously with human placental polymerases (Krauss & Linn, 
1980), ai and a2 each resolved further into two subspecies, 
ala, a l b  and ah, respectively. The ai fractions from PDL 
= 27 eluted at similar positions and proportions when com- 
pared to those from PDL = 37. The a2 subspecies emerged 
slightly earlier than ala and a l b ,  and the activity of the a 2 b  

fraction became reduced in extracts from PDL = 37. a3 
activity from PDL = 27 extracts likewise exhibited subspecies. 
No a3 activity was found in the PDL = 37 extracts. a. activity 
from PDL = 27 and 37 emerged from phosphocellulose at a 
lower concentration than a1 or a2 and also resolved into two 
subspecies in both cases. Finally, the proportion of the PI and 
p2 activities from PDL = 27 was similar to those resolved from 
PDL = 37 preparations. 

Fidelity of Polymerase Fractions after Phosphocellulose 
Chromatography. The polymerase activities obtained from 
phosphocellulose fractionation were assayed for misincorpo- 
ration with poly(dT).oligo(dA) 19-24 and poly(dI).poly(dC) in 
the presence of Mn2+ (Table 11). Decreases in fidelity of a&,, 
ala, q b ,  ah, PI, and p2 fractions from PDL = 37 were observed 
when compared to the error frequencies of the analogous PDL 
= 27 species, though for f f2b  there was no detectable change 
in fidelity. Comparisons for the a3 species were obviated by 
low enzymatic activity. There were also differences in fidelity 
among subclasses at the same passage level. For example, the 

misincorporation frequency of (YZb from PDL = 27 with either 
poly(dT).oligo(dA) 19-24 or poly(dI).poly(dC) was higher than 
those of ala, a l b ,  aZa, or a3a. In addition, for both a ,  and a2 
from PDL = 37, both subclasses obtained after phospho- 
cellulose chromatography displayed lower fidelity than the 
activity of the DEAE-cellulose fractions from which they 
originated. This latter observation might imply that the 
catalytic specificity of the enzyme species from later passage 
cells is more labile to stresses of purification or that a “fidelity 
factor” is removed or damaged for each of these subspecies. 

PI activity from human placenta was previously observed 
to be less faithful than that of P2 (Krauss & Linn, 1980). 
Similarly, PI isolated from a given population doubling level 
of cultured fibroblasts misincorporates more frequently than 
P2 activity from the same preparation (Table 11). However, 
both 0, and p2 activities exhibited losses of fidelity when 
isolated from PDL = 37 vs. PDL = 27 cells. 

Polymerases from Subconfluent and Postconfluent Cul- 
tured Fibroblasts. IMR-90 fibroblasts at PDL = 19 were split 
1:4, and then half were harvested after 3 days when the cells 
were judged to be 80-90% confluent by microscopic obser- 
vation (“subconfluent”). The remaining cells were allowed 
to reach confluency, incubated for 5 days further, and then 
harvested (“postconfluent”). When extracts (step I) were 
prepared, the postconfluent cells yielded approximately one- 
tenth the DNA polymerase activity of the subconfluent cells, 
although similar amounts of protein were found from the two 
types. 

Upon DEAE-cellulose chromatography, the amount of 
a-polymerase activity in the postconfluent extract was found 
to be approximately 5-fold less relative to that from the sub- 
confluent cells, whereas the amounts of &polymerase were 
similar. In addition, with the postconfluent extracts, there was 
a broadening of the ai region toward the a. region and a 
relative diminution of the a3 peak (Figure 2). Furthermore, 
all of the a fractions as well as the 0- and y-polymerases from 
postconfluent cells misincorporated more frequently than the 
comparable enzyme fractions isolated from the subconfluent 
cells when poly(dT).oligo(dA)lg24 was utilized (Table 111) even 
in the presence of Mg2+. Thus, in terms of total amounts of 
activity, chromatographic properties upon DEAE-cellulose, 
and fidelities during synthesis, the polymerases from PDL = 
2 1 postconfluent cells behaved qualitatively like enzyme from 
subconfluent cells of higher doubling number. 
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Table 111: Misincorporation Ihquencies of DNA Polymerase 1:ractions from Subconfluent and Postconfluent Iibroblast Cultures at 
PDL =: 21 with Polv(dT).Oligo(dA),.-,~‘ 

~~ ~~~~~ 

subconfluent postconfluent 

polymerase DEAE-cellulose divalent dAMP dCMP error dAMP dCMP error 
svecies fraction cation (pmol) (fmol) frequency (pmol) (fmol) frequency 

~~~ ~~ ~ 

ff0 28 
30 
32 
32 
32 

36 
36 
36 

ff2 40 
40 
40 
41 

ff3 50 
50 
50 

P flow through 
Y 16 

a1 35 

Mn2+ 
MnZ+ 
Mn2+ 
Mnz+ 

MnZ+ 
Mnz+ 
MnZC 

MnZ+ 
Mn2+ 

Mnzf 
Mnz+ 
MnZ+ 

MnZ+ 
MnZ+ 
M Z Z +  

MgZf 

Mgl+ 

MgZ+ 

Mg2+ 

27 1 
263 
198 
530 

82 

35 1 
84 8 

98 
227 
528 

73 
487 

33 
74 
19 

298 
15 
5 

<9 
<9 
<9 
,14 
<8 

<9  
21 
<8 
<9  
<9  
< 8  
<9 
<9 
<9  
<8 

<12 
<12 

<8 

< 1 /30000 
<1/29000 
< 1/22000 

1/38000 
< l /  10000 

<1/39000 
1/40000 

< 1 i l2000 
<1/25000 
<1/59000 
<1/9100 
<1/54000 
<1/3700 
<1/8200 
<1/2400 
<1/25000 
<1/1200 
<1/620 

503 
355 
537 

87 
500 
25 2 
481 

89 
123 
297 

83 
222 

69 
140 

28 
116 

10 
3 

47 
49 
72 
10 
48 
27 
60 
12 
16 
40 
11 
28 
22  
39 
17 
46 
18 
11 

l/llOOO 
117200 
117500 
1/8700 
1110000 
1/9300 
l /8000 
1/7400 
117700 
1/7400 
1/7500 
117900 
l/3100 
1/3600 
1/1600 
l /2500 
1/560 
11270 

a DEAE-cellulose fractions from chromatograms such as those shown in I:igure 2 were assayed as described under Experimental Procedures. 

Fraction Number 

FIGURE 2: DEAE-cellulose chromatography of polymerase activity 
from subconfluent and postconfluent fibroblasts. Dialyzed extracts 
from subconfluent (53 units) and postconfluent (29 units) IMR-90, 
PDL = 21 cells were used. 

Discussion 
Cultured human fibroblasts (IMR-90, as well as MRC-5 

and F65 cell strains not used in this report) and HeLa cells 
contain a-, @-, and y-polymerase activities which distributed 
similarly to placental enzymes upon DEAE-cellulose (Krauss 
& Linn, 1980), though in some cases the a-polymerase species 
eluted from DEAE-cellulose at somewhat different phosphate 
concentrations. Three a-polymerase forms were consistently 
observed in early-passage fibroblasts and in HeLa cells, and, 
as with other cell types, the significance of this multiplicity 
is unclear. Inclusion during initial extraction of the protease 
inhibitors phenylmethanesulfonyl fluoride, leupeptin, pepstatin, 
and ethylenediaminetetraacetic acid did not result in changes 
in the chromatographic profiles or yields. In experiments in 
which fibroblast nuclei and cytoplasm were separately ex- 
tracted and then processed identically, no discrete partitioning 
of a,, tx2, or a3 was observed (unpublished experiments). 

A major conclusion to be drawn from the fidelity mea- 
surements is that each DNA polymerase species displayed 
increased error frequencies as the replicative potential of the 
cell population decreased. The fidelities were determined in 
vitro by using defined synthetic template-primers and Mn2+ 

or Mg2+. The system has been well-characterized by numerous 
controls for reagent and enzyme catalytic purity (see Exper- 
imental Procedures). In addition, the products of misincor- 
poration by fractions from human cells have been examined 
by isopycnic centrifugation (Linn et al., 1976) and nearest- 
neighbor analysis (Seal et al., 1979; Murray & Holliday, 
198 l), and appropriate mixing controls between faithful and 
unfaithful enzyme fractions have been performed (Linn et al., 
1976; Murray & Holliday, 1981). Finally, polymerase fidelity 
estimates with primed 6x174 DNA correlate well with those 
obtained by using the synthetic polymers (Loeb, 1978; Kunkel 
& Loeb, 1981). 

Although the general mechanisms that ensure fidelity of 
eukaryotic polymerases remain unknown, several possible 
explanations for the loss of fidelity associated with increased 
passaging of cells of limited replicative life span seem unlikely. 
First, the changes do not appear to result from the appearance 
of a unique “aging” polymerase species, since all cellular 
polymerases show losses of fidelity (Table I). Second, the 
decreased fidelity does not appear to be due to the loss of an 
associated 3’ - 5’ exonuclease activity, since human placental 
DNA polymerases can exhibit high fidelities in the absence 
of detectable 3’ - 5’ exonuclease (Krauss & Linn, 1980). 
Third, the observation that both @, and p2 from PDL = 37 
extracts had decreased fidelity indicates that the fidelity loss 
observed for ,&polymerase in the preceding DEAE-cellulose 
fraction was not due to a simple conversion of the relatively 
faithful p2 form to the less faithful form. Hence, fidelity 
changes in @-polymerase can occur through some alteration 
peculiar to late passages. Fourth, although changes in po- 
lymerase fidelity could result from alterations or appearances 
of extrinsic factor(s), the ubiquitous change among so many 
species and subspecies of DNA polymerases would predict that 
such factors probably act by modification of the polymerases, 
as the factors would be unlikely to be present in each of the 
large number of species isolated. In essence, the experimental 
results provide no simple explanation for the loss of fidelity 
of each of the many forms of CY-, 0-, and y-polymerase as the 
cells lose their replicative potential. 

The biological functions of the various polymerase species 
have not been precisely defined, but levels of cy activity cor- 
relate positively with cellular replicative function during de- 
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velopment and during the cell cycle. In general, a levels 
declined with continued passaging, but there was a relatively 
greater loss of aZ and a3 [or they became unresolvable from 
a, upon DEAE-cellulose chromatography (Figure l)]. In 
addition, polymerase activity appeared in the a. region. In 
this context, antibody directed toward a-polymerase would be 
useful for studying the relationship between the a-polymerase 
species and for determining whether enzyme fractions from 
various preparations which elute at similar salt concentrations 
do in fact contain the same polymerase protein species. In 
addition, the possible presence of catalytically inactive 
cross-reacting material could be measured in order to distin- 
guish between polymerase inactivation or degradation. 

The levels of @-polymerase activity remain relatively con- 
stant throughout the replicative life span. Since indirect ev- 
idence supports a major role for @-polymerase in DNA repair 
processes, this finding is consistent with reports that cultured 
cells maintain their DNA repair replicative capacity, except 
perhaps in phase I11 cultures (Clarkson & Painter, 1974; 
Painter et al., 1973; Hart & Setlow, 1976; Mattern & Cenutti, 
1975). Indeed, when an open-cell assay system was used to 
measure DNA repair replication (Ciarrocchi & Linn, 1978), 
IMR-90 fibroblasts of PDL = 21, 40, and 43.5 were observed 
to respond similarly to ultraviolet light induced incorporation 
of [3H]dTTP (unpublished experiments). However, if @-PO- 
lymerase fidelity were to be decreasing in vivo as cells are 
passaged (as predicted from the in vitro assays), yet DNA 
repair replicative capacity is not affected, one might predict 
an increase in mutation frequency in progeny from latepassage 
cells which had been stimulated to perform DNA repair 
synthesis. Similarly, the apparent reduction in y-polymerase 
fidelity suggests that possible heterogeneity might exist in 
DNA sequences of mitochondria obtained from late-passage 
cells or from cells of old individuals. 

Detailed observations of the lineages of individual cells in 
early- as well as in late-passage cultures indicate that there 
is heterogeneity both in interdivision times and in the number 
of divisions completed before cycling ceases and cells become 
refractive to further mitotic stimulation (Bell et al., 1978, 
Smith & Whitney, 1980). In addition, cultured diploid fi- 
broblast cell populations at  late passages have increased pro- 
portions of noncycling cells (Merz & Ross, 1969; Cristofalo 
& Sharf, 1973; Smith & Hayflick, 1974; Bell et al., 1978). 
Polymerase activities present in nonmitotic cell populations 
from early-passage cells were analyzed to aid in interpreting 
the observations with late-passage cells. Cells were put into 
a postconfluent state to obtain a quiescent population with 
reasonably unperturbed metabolic processes. Five-day- 
postconfluent fibroblasts have negligible replication activity 
by an open-cell replication assay or by autoradiography 
(Ciarrocchi et al., 1979), but they can resume cell division 
(Augenlicht & Baserga, 1974; Krauss & Linn, 1980). In 
extracts of such postconfluent cells, total CY activity was 
markedly decreased, a,-polymerase appeared as a broadened 
peak (Figure 2), and each of the polymerases exhibited de- 
creased fidelity (Table 111). A decrease in a levels does not 
appear to be obligatorily coupled to changes in polymerase 
properties detected by DEAE-cellulose chromatography, 
however, because after exposure of subconfluent fibroblasts 
to sodium butyrate cellular replication is inhibited and a] -  
polymerase region broadens but a-polymerase activity levels 
do not decrease substantially (unpublished experiments). 

Clearly the presence of heterogeneous subpopulations in 
late-passage cell cultures complicates interpretation of data 
from mass cell populations, but it appears at this time that 

DNA polymerase activities from cells which have not lost cell 
division potential yet are not engaged in traversing the cell 
cycle have some properties that are characteristic of activities 
present in late-passage cell populations. Therefore, at least 
some characteristics of DNA polymerase from late-passage 
cultures could be a consequence simply of the cessation of 
DNA replication by an increased proportion of the cell pop- 
ulation. In fact, this interpretation would be consistent with 
the observation that polymerase activities isolated from lym- 
phocytes of old individuals, when stimulated by phytohem- 
agglutinin to divide, did not exhibit losses of fidelity (Agarwal 
et al., 1978). In this context then, one must evaluate carefully 
the use of the cessation of replication capacity of cultured 
fibroblasts as a model system for studying the relationship 
between altered DNA polymerase fidelity and “aging” se- 
quelae (Hayflick, 1979; Bell et al., 1978; Smith & Whitney, 
1980), since the effects on polymerase may be a consequence 
of a generalized cellular response to entry into a nonreplicative 
state. Clearly an understanding of the exact molecular basis 
of the altered polymerase properties in each cell state is nec- 
essary before implicating similar biochemical processes. 
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Chemical Synthesis of a Messenger Ribonucleic Acid Fragment: 
AUGUUCUUCUUCUUCUUC~ 

Jack A. J.  den Hartog, Gerry Wille, Rolf A. Scheublin, and Jacques H.  van Boom* 

ABSTRACT: The synthesis via a phosphotriester method of the 
octadecaribonucleotide AUG(UUC)5 (19) is reported. The 
octadecanucleotide is meant to serve as a synthetic messenger 
in a ribosomal protein synthesizing system. A fully protected 
octadecamer intermediate (18a) was prepared by a block 
coupling procedure. For the introduction of the desired 3’- 
S’-internucleotide bonds a 3’-0-(2,2,2-trichloroethyl 2- 
chlorophenyl phosphate) function was incorporated into the 
monomeric building blocks which were applied in the synthesis 
of 18a. Monomeric and oligomeric compounds with a thus 
protected 3’-O-phosphotriester function can be selectively 
deblocked to give 3’-Ophosphodiester derivatives suitable for 
condensation with 5’-hydroxyl (o1igo)nucleotides. Conversion 

x e  first requirement for obtaining better insight into protein 
synthesis of prokaryotic and eukaryotic cells is a knowledge 
of the precise structure and function of the ribosome. The 
complex system of the ribosome supplies the environment in 
which the correct codon-anticodon interactions between 
messenger RNA and the various transfer RNAs are selected, 
thereby assuring an ordered translation of the messenger. The 
complexity of the ribosome structure has restrained efforts to 
unravel the precise molecular mechanism of protein synthesis 
(Chambliss et al., 1979). Many studies on protein biosynthesis 
have been performed with enzymatically prepared messenger 
RNAs. Due to recent improvements in the chemical synthesis 
of RNA fragments, biochemical investigations using well- 
defined synthetic messengers have come within reach. We 
therefore decided to synthesize a messenger RNA fragment 
containing the initiation codon AUG followed by five suc- 
cessive UUC codons (see Figure 1). In translation studies 
with the synthetic octadecamer AUG(UUC)5 (19), we hope 
to correlate errors in translation with well-defined structural 
alterations of the ribosome. Since UUC codes for the amino 
acid phenylalanine (Phe), UCU for serine (Ser), and CUU 
for leucine (Leu), slippage of the messenger should be detected 
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of fully protected oligomers to 5’-hydroxyl derivatives, suitable 
for further coupling at the 5’ end, was effected by selective 
removal of the levulinyl function at the 5’ end. The fully 
protected octadecanucleotide 18a was deblocked with fluoride 
ions, followed by ammonia and acid to give the required oc- 
tadecamer 19. The condensing agent 1-(2,4,6-triisopropyl- 
phenylsulfonyl)-3-nitro-1,2,4-triazole, which was applied to 
effect the formation of fully protected 3’-5’-internucleotide 
phosphotriester functions, may give rise to side reactions with 
the heterocyclic bases uracil and guanine. The consequences 
of these side reactions for the synthesis of octadecamer 19 are 
reported . 

by scoring the frequency of Ser and Leu incorporation relative 
to Phe. 

The availability of well-defined oligonucleotide fragments 
is of crucial importance for studies of cellular processes. In 
the field of oligodeoxyribonucleotides (DNA fragments) 
striking examples of the application of chemically prepared 
oligomers have been reported. Thus, the synthesis of the 
structural gene for yeast alanine transfer RNA (Khorana et 
al., 1972), the Escherichia coli tyrosine transfer RNA sup- 
pressor gene (Khorana, 1978), and genes for the peptide 
hormones somatostatin (Itakura et al., 1977) and insulin (Crea 
et al., 1978) was successfully achieved by enzymatic assem- 
blage of chemically prepared DNA fragments. The devel- 
opment of synthetic methods for the preparation of oligo- 
ribonucleotides (RNA fragments) has taken a much slower 
course. However, in the last few years considerable progress, 
in particular by application of phosphotriester methods, has 
been made in the field of oligoribonucleotide synthesis (Reese, 
1978), and syntheses of several relatively large RNA fragments 
with heterosequences of up to 17 ribonucleoside units have been 
reported (Werstiuk & Neilson, 1976; Adamiak et al., 1978; 
van Boom et al., 1978; van Boom & Burgers, 1978; Ogilvie 
& Theriault, 1979; Ohtsuka et al., 1980; Jones et al., 1980). 
In the first part of this paper we present the synthesis of the 
octadecaribonucleotide AUG(UUC)5 via a phosphotriester 
method. This octadecamer represents, up to now, the largest 
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