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SUMMARY 

DNA polymerase II requires a primer to initiate synthesis 
on synthetic, single stranded deoxypolynucleotides. The 
product of the reaction is complementary to the template and 
is covalently attached to the primer. The frequency of errors 
in incorporation is less than one nucleotide in 105. Repair- 
type synthesis occurs in the 5’ to 3’ direction and proceeds 
until a complete duplex structure is achieved. DNA polym- 
erase II possesses exonuclease activity which is specific for 
single stranded DNA. The direction of attack is exclusively 
3’ to 5’. 

Enzymes that catalyze the synthesis of DNA, the DNA polym- 
erases, have been isolated from a wide variety of organisms. 
The polymerases from Bscherichia coli, T4-infected cells, and 
calf thymus have been studied in great det.ail and appear to have 
similar catalytic propert,ies (1). These enzymes catalyze the 
incorporat.ion of deosyribonucleoside t,riphosphates in the 5’ Do 
3’ direction and require a free 3’.hydrosyl group to initiate syn- 
thesis (2-5). In addition to catalyzing synthesis, the enzymes 
from E. coli aud T4 also possess esonucleolytic activity, hy- 
drolyzing single stranded DNA from the 3’ terminus (4, 6). The 
E. coli enzyme also promotes hydrolysis of double stranded DNA 
in t#he 5’ to 3’ direction (7,8). Despite the wealth of information 
obt.ained with highly purified systems, the precise physiological 
fun&ion of the known DNA polymerases remains unc1ea.r. 

In an attempt to elucidate the role of fZ’. co& DNA polymerase 
in viva, DeLucia and Cairns (9) isolated a mutant of E. coli lack- 
ing normal levels of DNA polymerase (polymerase I). The 
availability of such a mut,ant (Pal Al-) enabled several investi- 
gat,ors to isolate a distinct, new enzyme, DNA polymerase II 
(10-14). An analysis of the catalytic properties of DNA polym- 
erase II from B. coli will be presented. Evidence will be pre- 
sent.ed showing that this enzyme, like E. coli DNB polymerase 
I and T4 polymerase, catalyzes template-directed synthesis of 

* Paner II ill this series is Reference 12. This investigation was 
aided by Grant GMCA 15943-01 from the United States Public 
Health Service to M. G. and bv Grants 73675 and Ca05178 from 
the Public Health Service, and”Grants 73078 and GB-7484X from 
the National Science Foundation and from The Life Insurance 
Medical R.esearch Fund to H. G. Ii. 

Dx;A in the 5’ to 3’ direction by covalent attachment of t.he 
product to the 3’-hydrosyl end of a primer. DNA polymerase 
II also catalyzes stepwise hydrolysis of single stranded DNB from 
the 3’ end, but, unlike DNA polymerase I, hydrolysis of DNA4 
from the 5’ end is not observed. 

METHODS ,4Kll MATERIALS 

Xucleotides and Podymers-cu-321’-Labeled deosyribonucleoside 
triphospha.tes (4 to 8 Ci per mmole) were purchased from Inter- 
national Chemical and Nuclear Corp. 3H-Labeled deoxyribonu- 
cleoside triphosphates (8 to 15 Ci per mmole) were purchased 
from Schwarz RioResearch. [+2P]ATP was prepared accord- 
ing to 1Yeiss et al. (15). Poly(dA) and poly(dC) were generous 
gifts from Dr. F. Rollum. The polymer d(G-T), was prepared 
as previously described (16). The oligonucleotides (pT)lo and 
(d-4-C) 4 were prepared chemically as previously described (17). 
The oligonucleot,ide (dG) I*+ was purchased from Collaborative 
Research. The DNA duplex (see Fig. 2) corresponding to the 
nucleotide sequence 17-50 of the yeast tRNA*‘” was a synthetic 
product.1 E. coli [3H]DN-4 was isolated from strain W3110 t,hy- 
(18) grown in the presence of [3H]t.hynline. For nuclease assays, 
the Dx-4 was denatured by heating to 100’ for 5 min, followed 
by rapid cooling. The specific activity was 190 cpm per pmole 
of total nucleotide. 

Enzymes-Bacterial alkaline phosphatase, pancreatic DNase, 
micrococcal nuclease, spleen phosphodiesterase, and venom phos- 
phodiest.erase were purchased from Worthington. Polynucleo- 
tide kinase was prepared from R. coli infected with T4 amN82 
according to Weiss et al. (19). DNA polymerase II (Fraction V, 
270 units per mg) was prepa,red as previously described (12). 

-Assays--Unless otherwise stated, the st,andard assay for DNA 
polymerase II (12) was used throughout. The reaction mixture 
(0.3 ml) cont,ained 20 pmoles of Tris-acetate (pH 7.4) ; 2 pmoles 
of ?tIgClp; 1 prnole of 2mercaptoethanol; 10 nmoles each of 
dCTP, dGTP, dATI’ and TTP; template DNA; and enzyme. 
One of the four dNTPs was labeled with VI or c@*P and the 
product was measured as radioactive material insoluble in 5% 
trichloroacetic acid. One unit of enzyme is that which catalyzes 
the incorporation of 1 nmole of TTP in 5 min at 30”. 

For assay of synthesis on the defined sequence DNA, the reac- 
tion mixture (25 ~1) contained 2.5 pmoles of potassium phosphate 
buffer, pH 7.4; 0.2 pmole of MgClz; 0.3 pmole of dithiothreitol; 

1 V. Sgaramella, K. Kleppe, T. Terao, N. K. Gupta, and H. G. 
Khorana, manuscript in preparation. 
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2.5 nmoles each of dATl’, dCTl’, dGTP, and TTP (one of which 
was labeled either with VI or CU-~~P) ; 10 pmoles of synthetic DNA; 
and 1.5 units of enzyme. The reaction was follo\yed by chro- 
matography of uliquots on DEAE-cellulose paper strips as pre- 
viously described (20), or by acid insolubility. 

Nuclease assays were performed ill a reaction misture (0.3 ml) 
containing 20 pmoles of Tris-acetate (pH 8.5) ; 2 pmoles of XgC12; 
1 pmole of 2-mercaptoethanol; 10 nmoles of denatured E. eoli 
[3H]DNh (190 cpm per pmole) ; and enzyme. Incubations were 
for 5 min at 30”. After the incubation period, the reaction mix- 
t,ures were chilled to 0” and 0.1 mg of bovine serum albumin was 
added. Immediately thereafter, 50 ~1 of 50y0 trichloroacetic 
acid were added and the mixture was allowed to stand for 5 min 
at 0”. The insoluble material was removed by centrifugation 
(5 min at 1000 x g), and the radioactivity in the supel-llata.nt 
solution was determined by adding it to 20 ml of Bray’s solut’ion 
(21) and counting in a liquid scintillation counter. 

General-Phosphorylation and isolation of labeled oligonucleo- 
tides were as described previously (20). Isolation of labeled 
reaction products was by Sephades filtration at 65” (hot column) 
(20). Digestion of isolated products to mononucleot’ides and 
their separation for quantitative analysis were also as previously 
described (20). The polynucleotide [32P]pT(pT)9[3H](pT)sa-lzo 
was a product synthesized by DNA% polymerase II (see Table II) 
starting with poly(dA) and (p’l? 10. The (pT1 10 was phosphoryl- 
ated at the 5’ end with [y-V]ATP alld polynucleotide kinase and 
was used to prime [“H]TMP incorporat,ion. When the primer 
was extended by a.pprosimately 100 nucleotides, as judged by 
the ratio of 3H:32P acid-insoluble nucleotide, the reaction was 
terminated by the addition of EDTA (50 m&l) and heated for 3 
min at 100”. The product was separated from unreacted ma- 

TAl3LE I 
Primer requirement 

The complete system is described under ‘Wet.hods and Ma- 
terials.” The template DNA (40 nmoles) was exonuclease III- 
treat,ed calf thymus DNA (12). [SH]TTP (200 cpm per pmole) 
was used to assay DNA synthesis with calf thymus DNA, poly- 
(dA), (PT)~~. [aH]dGTP (200 cpm per pmole) was used to assay 
synthesis with poly(dC) and (pdG)12-16 and t3H]dATP (200 cpm 
per pmole) for poly(dG-T), and (dA-C)d. In all cases 4.0 nmoles 
of polymer and 0.4 nmole of oligonucleotide were used. The 
values shown represent the acid-insoluble product obtained after 
5 min of incubat.ion with 0.07 unit of enzyme and reflect the 
initial r:tt,e of reaclion. 

Additions IlKCXpO- 
ration 

Complete system. 
Complete system + l>NA. 
Complete system + I)XA + poly(dA). 
Complete system + J)NA + (PT)~~. 
Complete system + l>NA + poly(dA) + (pdC)lr.lo.. 
Complete system + DNA + poly(dA) + (pT)lo 
Complete system + 1)NA + poly(dC). 
Complete system + DNA + (pdG)l.‘.1G.. 
Complet,e system + DNA + poly(dC) + (pT)lo. 
Complete system + 1)NA + poly(dC) + (pdG)lZ.ls, 
Complete system + J>NA + poly(dGT), 
Complete system + DNA + (dA-C)I.. 
Complete system f  DNA + poly(dG-T), + (dA-C)4.. 

OX.0 

0.X 

0.9 

1.0 

1.0 
37.0 
0.8 
0.G 
0.5 

47.0 
2.0 
1.7 

33.0 

terial by filtration on a hot Seghadex G-50 column (1 x 100 cm), 
collected, evaporated to dryness, and hydrolyzed in a mixture of 
formic acid and diphenylamine (22) to remove poly(dA). The 
radioactive product was again isolated by filtration on a hot 
Sephadex column as above. The specific activity of the 32P was 
8 x lo3 cpm per pmole and the 3H was 2 X lo2 cpm per pmole. 

RESULTS 

General Properties of DNA Polymerase II-For maximal ac- 
tivity, the enzyme requires the four deoxyribonucleoside triphos- 
phat.es, Mg2+, NHd+, a reducing agent, and exonuclease III- 
treated D?JA (12). The enzyme is free of any endonuclease 
activity. Incubation of T7 [3H]DNh (0.2 nmole) with enzyme 
(0.2 unit) for 30 min at 37” does not alter its sedimentation be- 
havior at pH 13 relative Do a T7 [32P]DNA-untreated conhrol. 
Prolonged incubation (18 hours at 37”) does not result in t,he 
release of acid-soluble radioactivity. Thus, the enzyme prep- 
aration is also free of exonuclease activity directed against na- 
tive DNA. 

Primer Requirement-Native or denatured DNAs are less 
than 56/, active as templates, relative to exonuclease III-treated 
calf thymus DNA (12). Single stranded synthetic polymers 
are inactive as templates unless oligonucleotides of complemen- 
t,ary sequence are a,lso provided (Table 11. The polymers (dC),, 
(dh),, and (dG-T), were employed. The failure of any of these 
polymers alone to support synthesis indicates that DNA polym- 
erase II is incapable of de nouo chain initiation with the use of 
any of t,he four common deosyribonucleoside triphosphates. 
These polymers could be rendered active as templates provided 
that the complementary oligonucleotides were supplied. Rlaxi- 
ma1 template activity is achieved at a molar ratio of polymer to 
oligonucleot.ide of 10: 1. Increasing the oligonucleotide primer 
to template ratio to 1:l results in a decrease in the rate of syn- 
thesis of more than lo-fold. 

The oligonucleotide requirement suggests that a duplex struc- 
ture with a protruding single stranded end is required for deoxy- 
ribonucleotide incorporation. 

Covalent Attachment of Product to Primer-Experiments using 
radioactive oligonucleotides to prime polymer-directed synthesis 
show that t,he product becomes covalently linked to the primer. 
The system used for this study w-as poly(dA) templa.te primed 
with the oligonucleotide (pT) 10. The 5’ terminal phosphate of 
(pT)lo was selectively labeled with Y-) with the use of polynu- 
cleotide kinase and [y-32P]AT1’. 

-1s shown in Table II, (p’l’) 1o is soluble in 5% t.richloroacetic 
acid. As the reaction proreeds, X’ic/;, of the (pT)lo added is 
rendered a&-insoluble in 20 min. ;\c&insoluble product, mens- 
ured as acid-insoluble 311, cont,inues t,o accumulate with illcreas- 
ing time for up to 80 min. These results indicate that, on the 
average, each oligonucleotide primer has been extended by al)- 
proximately 100 nucleotides. This is shown to be the case (see 
also Fig. 3). 

The product of the above reaction was subjected to filtration 
on a hot column of Sephadex G-50 (Fig. 1, top). The oligonu- 
cleotide primer which prior to reaction eluted with the included 
material was now excluded from the gel. The positions of both 
the 3H-labeled product and the 5-32P-labeled primer were coin- 
cident. 

One-half of the above reaction mixture was treated with alka- 
line phosphatase prior to Sephades filtration; all of the 32I’ then 
eluted 1vit.h the included I-olume at t.he position expected for Pi 
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TABLE II 

Linkage of product to primer 

The reaction conditions are identical with those described in 
Table I except poly(dA) (4.0 nmoles) was used as template and 

(pT)lo (37 pmoles), phosphorylat.ed with 32P (8,000 cpm per 
pmole) at the 5’ terminus, was used as primer. Following incuba- 
tion (0.7 unit of enzyme), aliquots (10 ~1) were withdrawn, added 

to 0.3 ml of a solution of calf thymus DNA carrier (0.1 Bmoles per 
ml), and the acid-insoluble radioactivity was determined. The 
values in the table reflect the total amount of product accumu- 
lated in a 0.3.ml reaction mixture. 

Minutes 

0 

20 

40 
80 

Incorporation 

[3H]TMP 
I 

[31Pl~T(~T)!, 

pm0 

0.8 0.3 
1320.0 31.2 

2100.0 31.7 

3480.0 32.4 

30 

IO 

0 
IO 20 5” 40 3” 

FRACTION NUMBER 

FIG. 1. Sephadex filtration of poly(dA)-directed product. The 
oligonucleotide (pT)lo, labeled at the 5’ terminus with 32P, was 
used to prime poly(dA)-directed synthesis of (pT),. The details 
of the reaction are given in the legend to Table II. After 80 min 
of incubation the reaction mixture (0.3 ml) was heated to 100” for 
3 min. One-half was incubated with alkaline phosphatase and 
the ot.her half remained untreat,ed. Both preparations were then 
adjusted to 50 mru EDTA and separately subjected to filt.ration 
on a column (1 X 110 cm) of Sephadex G-50 at 65”. The fop panel 
represents the results obtained with the untreated sample and the 
bottom panel the phosphatase-treated sample. A portion of each 
fraction was analyzed for 3H (--) and 32P (---). The arrow 
marks the elution position of [32P]pT(pT)~ determined on each 
column prior to application of the experimental samples. 

(Fig. 2, bottom). Thus, 32P initially present on the 5’ end of the 
(pT) 10 primer remains susceptible to phosphomonoesterase after 
the reaction, indicating that addition of TMP residues must 
have occurred on the 3’ end of the primer. 

Thus, the product of synthesis is covalently attached to the 
primer; the 5’ end of the primer remains intact and the primer 
has been extended by the addition of TMP residues to its 3’ end. 

Fidelity of Synthesis-DNA polymerase II catalyzes the syn- 
thesis of a polymeric product complementary to the input tem- 
plate. Synthesis proceeds with an extremely high degree of 
accuracy. 

With the polymer (dG-Tj, and the primer (dA-04, incorpora- 

tion of dXLlP is mutually dependent on the incorporation of 
dCMP and vice versa. As predicted by the sequence of the 
template, dA&IP incorporation is equal to dCMP incorporation. 
The product consists of alternating of dCMP and dAMP residues 
(Table III). 

0 

0 I 2 3 4 

TIME Ihours) 

FIG. 2. “Repair” of defined sequence polymer. The polymer 
shown in the figure was used as the DNA substrate. The details 
of the reaction are given under ‘Wethods andMaterials.” [C+P]- 
dGTP (1 X lo3 cpm perpmole)was used to follow the accumulation 
of product,. The product expected is delineated by a dashed line. 

TABLE III 

Nearest neighbor analysis 

The reaction conditions are identical with those described in 

Table I. Poly(dG-T) was used as template and (dA-C)4 as 

primer. One reaction mixture contained 1.0 nmole of [d2P]- 

dCTP (lo4 cpm per pmole) and 10 nmoles of each of the other 
unlabeled dNTPs, and the other reaction mixture contained 1.0 
nmole of [&zP]dATP and 1.0 nmole of each of the other dNTPs. 
Following incubation for 40 min with 0.07 unit of enzyme, the 

reaction was t.erminated by t.he addit,ion of EDTA (50 mM) and 
heated at 100” for 3 min. Each reactlion mixture was then de- 
salted, hydrolyzed with micrococcal nuclease and spIeen diester- 

ase, and the resulting 3’-mononucleotides separated by paper 
chromatography and the radioactivity determined. The details 
are given under “Methods and Materials.” 

Radioactivity 

Radioactive label 

AP 1 GP ) TP ) CP 

[ar-=P]dCTP.. 

[or-=P]dATP.. . .I 

2.6 X lo6 

<50 1 ::T::: 1 2.4’;106 
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TABLE IV 

Analysis of deJned sequence p~oducl 
The defined sequence polymer shown in Fig. 2 was used to 

direct deoxynucleotide incorporation. The expected product is 
delineated hy t,he dash,ed line in Fig. 2. The details of reaction 
conditions and product analysis are given under “Methods and 
Materials.” In all cases, all four dNTPs were included in the 
reaction mixture. The labeled nucleotides had the following 
specific activities: [ol-3ZP]dGTP (1 X lo3 cpm per pmole); [3H]- 
dCTP and [3H]dATP (200 cpm per pmole). The values in the 
tables are not corrected for aliquots removed or losses during 
analysis. 

Radioactive label 

[a-=P]dGTP 
[&2P]dGTP 
[“H]dCTP 

[“H]dCTP + 
[3H]dATP 

[3H]dCTP + 

[3H]dATP 

Digestion 
products 

I- 
3’.dNhIP 
3’-dNMP 
3’.dNR3P 

5’.dNMP 2.1 2.0 

Radioactivity 

dAp 1 pdA 1 dCp ~ Tp i dC 1 dCp i pdC 

Properties oj DXA polynerase II-associated nuclcase 

Xuclease and polymerase assays were under standard condi- 
tions given lulder “Methods alld Materials.” The values in the 

table are the results of iuitial rate measurements. 

Additions 

Percentage of 
activity 

Nuclease Poly- 
Inerase 

Complete system. 

Complete system - Mg2+ + UDTA (6.7.mM). 
Complete system + (NH,),SOd (83 mng). 
Complete system - 2.mercaptoethanol + N- 

ethylmaleimide (10 m&f). 
Complet,e system - DNA + native [3H]DXA 

(1.2 nmoles). 

100 
0.5 
0.5 

34.3 

0.5 

100 
0.5 
0.5 

11.1 

Zgestiolk of product prepared in the presence of either [~r-~~l?]- 

dA’l’1 or [o(-32P]dCTF’ to 3’.mononucleotide results in the trans- 
fer of 32P to the alternate nucleotide. To withill an accuracy of 
1 residue in lo”, dAMI occurs adjacent to dCXP. 

Direction of Synthesis-The 5’ + 3’ direction for nucleotide 
incorporation is further demonstrated by the use of the defined 
sequence synthetic duplex (Fig. 2) as a template. The sequence 
of the synthetic 1)Nh duplex predicts that if synthesis were to 
occur in the 5’ ---f 3’ direction, then 3 moles of dGRZP should be 
incorporated per mole of template. Furthermore, digest,ion of 

the reaction product to 3’.deosymononucleotides should result 
in the transfer of 32P to deoxyguarrylate and deoxyadenylate only. 
This is shown to be the case (Fig. 2 and Table IV). Synthesis 

in the 3’ + 5’ direction does not result in dGRIP incorporation. 
If  synthesis were t’o occur in both 5’ + 3’ and 3’ 4 5’ direc- 

tions, then the incorporation of deosycgtidylate and deoxy 
adenylnte should be in the ratio 2:3. This has been shown 

(Table IV) not to occur; the ratio of dChlP:dAMP incorpora- 
tion is equal. Furthermore, the products of digestion to deoxy- 

mononucleotides and deoxynucleosides show that [311]dCMP 
incorporation leads to [3H]dC only, whereas [3H]dAMP incorpora- 
tion leads to deoxymononucleotide only. These results are only 
consistent with the direction of synthesis being uniquely 5’ + 3’. 
Phosphorylation of the template at its 5’ ends before synthesis 
by DNA polymerase II had no effect on the above results. 

The results of these experiments are in accord with the pre- 
dictions and are summarized in Table IV. There is no evidence 
for incorporation in the 3’ to 5’ direction. 

Associated Esonuclease-DNA polymerase II preparations 
possess nuclease activity directed specifically against single 
stranded DNA. Nuclease digestion occurs in the 3’ to 5’ direc- 
tion and the acid-soluble products are deoxymononucleotides. 
T:nder optimal conditions, the rate of nuclease digestion is one- 
fifth the rate of polymerization. 

The general properties of the nuclease are summarized in Table 
V. For maximal activity the enzyme requires Rlg2f and a re- 
ducing agent. Activity is abolished in the presence of (NH4)$04 
(83 mM). Inhibition of activity in the presence of N-ethyl- 
maleimide and (NHJzS04 is also observed when polymerization 
activity is measured in the same preparation (Table V). The 
pH optimum is 8.5 but activity is reduced by only 20% at pH 
7.5 or 9.0. 

Xuclease activity is believed to be responsible for the degrada- 
tion of the single stranded prirner used in the experiment de- 
scribed in Fig. 1, top. 32P init’ially present on the 5’ terminus of 
(pT)10 is seen to ehlte at positions corresponding to shorter oli- 
gomers of thymidylic acid. 

There is no apparent nuclease activity directed against native 
DNA. As mentioned previously, there is no detectable release 
of acid-soluble material following prolonged incubation of en- 
zyme and native [3H]DNA. 

The nuclease activity appears to be an inherent property of 
the DNA polymerase II molecule. Preparation of DNA poly- 
merase II purified to apparent homogeneity (12) has both poly- 
merase and nuclease activities. These two activities are in a 
ratio of 5 : 1, respectively. Such a preparation was subjected to 
Sephadex G-200 filtration; a single peak of nuclease and poly- 
merase activity eluted, the activities being coincident. The 
ratio of nuclease to polymerase activity is constant across the 
peak (Fig. 3). 

The kinetics of heat inactivation of polymerase and nuclease 
activities is identical. Roth activities (assayed at 30”) are ml- 
affected by heating the enzyme preparation for 5 min at 54”. 
Increasing the temperature results in parallel inactivation of both 
activities. These results are shown in Fig. 4. 

The use of a differentially labeled synthetic polymer as sub- 

strate has established the direction of nuclease at’tack. Diges- 
t’ion proceeds from the 3’ end and liberates exclusive1.v TRIP. 
The product of the reaction described in Table II, [32P]pT(pT)g- 
[Q] (pT)so-lzo, was prepared and isolated as described under 
“Methods and Materials.” Kinetic analysis of digestion (Fig. 5) 
shows that approximately 100 moles of 3H are rendered acid- 
soluble before 1 mole of 32P is rendered acid-soluble. Samples 
taken at 5 min and 15 min were treated with EDTA to stop the 
reaction and subjected to paper electrophoresis. WLabeled 
material migrated as a single spot to a position coincident with 
a 53-TMP marker. Thus, 32P present on the 5’ end of t,he mole- 
cule was not found as ‘TMP or an oligonucleotide of thymidylic 
acid. This result was also obtained if poly(dA) was included in 
the reaction mixture. It, therefore, appears that DNA polym- 
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15 20 25 30 

FRACTION NO. 

FIG. 3. Elution of polymeruse and nuclease activities from 
Sephadex. A preparation (450 units in 2.4 ml) of apparently 
homogeneous DNA polymerase II (270 units per mg) was filtered 
through a column (2.3 X 50 cm) of Sephadex G-200; 3.0-ml frac- 
tions were collected. The details of this procedure are described 
elsewhere (12). Aliquots of each fraction were assayed for polym- 
erase (O--O) and nuclease (O- - -0) activity under standard 
assay conditions. The substrates, [SHJTTP (200 cpm per pmole) 
and denatured [3H]DNA (190 cpm per pmole) were used to mens- 
ure polymerase and n&ease activities respectively. Only those 
fractions having detectable activity are shown. 

erase II does not have the capacity to digest DI1’A from t,hc 
5’ terminus.2 

I)ISCIJSSION 

DNA polymerase II resembles the T4-induced polymerase in 
its catalytic properties. Template-directed synthesis proceeds 
with a high degree of accuracy by condensation of deoxynucleo- 
tide residues in the 5’ to 3’ direction. Chain initiation de nova 

has not been observed and synthesis occurs only by the addition 
of nucleotides to the 3’ end of a suitable primer. The enzyme 
also possesses exonucleolytir activity, hydrolyzing single stranded 
DNA from the 3’ t’erminus. No hydrolysis of DNA from the 5’ 
termilms ha.s been detected. 

&Uthough we have proven that polymerase II brings about 
synthesis in t,he 5’ t,o 3’ direction, the possibility of polymeriza- 
tion in the 3’ to 5’ direction cannot be ruled out. Elongation of 
primers in the 3’ to 5’ direction might require a triphosphate 
group at the 5’ terminus (24). This possibility is currently being 
explored. The ‘1’4-induced polymerase has been shown not to 
use such a substrate for promoting synthesis in the 3’ to 5’ direc- 
tion (8). 

The precise physiologicnl role of DNA polymerase II remains 
unclear. An assessment, of this role is rendered difficult by a 
consideration of the complesitg of the over-all process of in viva 
D?\‘A replication. It rna,y be unrealistic to expect that the 
process of chromoxome initiation and replication can be achieved 
in oifro with a single enzyme. .Uthough the polymerase induced 

* It has been shown (11. Brutlag and A. Kornberg, unpublished 
observations) that the DNA polymerase II preparation described 
above is capable of digestitrg a mis-base-paired Y’-nucleotide from 
an otherwise duplex structure before commencing polymerizat,ion 
from the 3’.hydroxyl terminus. This indicates that, like DNA 
polymerase I and T4-induced UNA polymerase, DNA polymerase 
II has t.he capacity t,o edit its syui.het.ic product (23). 

25 

0 
50 55 60 65 

TEMPERATURE (‘C) 

FIG. 4. Thermal inactivation of polymerase and nuclease nc- 
tivities. Fractions 20 to 27 (Fig. 3) were pooled and dialyzed 
against 21 of 0.04 potassium phosphate buffer in 500j0 glycerol, 
containing&mercaptoethanol (5 mM), for 18 hours at 4”. Aliquots 
(0.1 ml) of this preparation were heated for 5 min at the indicated 
temperatures and then quickly cooled to 0”. The polymerase 
(O---a) and nuclease (O--O) activities were determined for 
each sample using standard ‘assay conditions (30”). The data are 
plotted as per cent activity remaining relative to an unheat.ed 
sample. 

TIME(min.) 

FIG. 5. Hydrolysis of differentially labeled substrate. A poly- 
mer, (pT)s~-~~o, labeled at the 5’ terminus with sZP and containing 
90 to 100 residues of [3H]TMP extending to the 3’ terminus was 
prepared as described under “Methods and Materials.” The 
polymer (80 pmoles) was incubated with DNA polymerase II 
(0.09 unit) under standard assay conditions. At the times indi- 
cated aliquots were withdrawn and the acid-soluble 3H (O--O) 
and 32P (O--O) were determined. 

by T4 is clearly required for T4-specific UN.4 synthesis (25, 26), 
the enzyme fails to show, in vitro, properties which would appear 
to be necessary for the in vio DNA replication. For example, 
no de nova chain initiation can be detected nor has polymerization 
been shown to occur in the 3’ + 5’ direction. 

One promising approach is the analysis of mutants defective 
in DNA replication. A group of mutants studied previously has 
not shed light on this problem (27). The availability of mutants 
defective in DNA polymerase II will be invaluable in assigning 
a, physiological fun&on to this enzyme. 
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