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TABLE I 
Susceptibility of various DNA’s to exonuclease activity of T.+ 

DNA polymerase 
Standard incubation mixtures (see “Methods”) containing 0.1 

to 0.2 mM labeled nucleic acids were used. 

DNA Treatment 

E. coli [3H]DNA Native 
Alkali-denatured 
Partially degraded 
Partially degraded and heat-de- 

natured 
Native 
Alkali-denatured 
Partially degraded 
Partially degraded and heat-de- 

natured 

<5 
<5 
60 

600 

T4 [=P]DNA 15 
18 

330 
1100 

[W (dA-dT) sow 60 

a Moles of nucleotide hydrolyzed per mole of enzyme per min. 

TABLE II 
E$ect of chain length and concentration of term&i on rate of 

hydrolysis by T& DNA polymerase 

FIG. 1. Polyacrylamide gel electrophoresis of T4 DNA polym Standard incubation mixtures (“Methods”) were used except 
erase in the presence of SDS. The test proteins (10 to 20 pg) were that the concentrations of polynucleotide were varied as indicated 
resolved in a buffer svstem comnosed of 0.1 M sodium phosphate and 0.14 pmole of enzyme was added. 
(pH 7) and 0.1% SDS. A, T4 DNA polymerase. B,-T4 -DNA 
polymerase and E. coli DNA polymerase I. C, carboxymethyl- 
ated T4 DNA polymerase. “zz- 

this experiment, will be discussed in a later section. (b) When 
T4 DNA polymerase (20 units) was incubated for 30 min at 
37” with double stranded, circular 3H-labeled SV 40 DNA, and 
the DNA denatured, less than 4% of the [3H]DNA became 
single stranded as judged by its binding to nitrocellulose filters. 
Under the conditions used, single stranded linear DNA, which 
would result from an endonucleolytic cleavage of the circu- 
lar double stranded molecule, is adsorbed to the nitrocellulose 
filter while the covalently closed molecule is not.2 The purified 

- 

_- 

I 

Substrate 

PHI (dT) m 
PHI (dT) m 
la2P] (dT) 3000 
[3”Pl (W 3000 

ls2Pl (dT) 3000 
[32Pl (dT) 3~01 

plus 
L3Hl (dT) m 

Total 
nucleotide 

3’-Hy- 
droxyl 
termini 

pmo1es pmo1es 

580 1.9 
3200 10.7 
970 0.32 

3200 1.1 
5700 1.9 

320( 

Initial 
velocity 

- 

-_ 

9 

- 

%:kE 
activ- 
ity= 

pm&s/ 
min 

570 
460 

8 
10 
9 

10 

4100 
3300 

57 
71 
65 

40 

0 Moles of nucleotide hydrolyzed per mole of enzyme per min. enzyme preparation did however show a low level of ATP- 
denendent DNA ligase activitv. Using PH]poly(dA-dT) as -. ~. -. 
substrate (20), the specific activity of the ligase was found to 
be about 43 units per mg, an amount which is equivalent to phates were identified in the hydrolysate. The value of 32% 

about 0.1 y. contamination. guanine-cytosine found is in good agreement with published 

Speci$city of Exonuclease Activity-E. coli DNA, glucosylated values for T4 DNA (21). 
T4 DNA, and synthetic polynucleotides were all attacked by Effect of Chain Length on Hydrol&s-Over the 5-fold range 

T4 polymerase. As shown in Table I, long chain DNA was of total nucleotide concentrations studied, [3H](dT)300 was hy- 

hydrolyzed at least 10 times more slowly than DNA that had drolyzed at the rate of about 4000 moles per mole of enzyme 

been treated with pancreatic DNase. The rate of hydrolysis per min (Table II). When the substrate was the long chain 

was further increased when the partially degraded DNA was polymer (dT)3000, the rate of hydrolysis was nearly 100 times 

denatured by heat or by alkali treatment. slower. The large difference in rate of hydrolysis of the two 

Since the rate of hydrolysis showed a definite chain length polymers persisted even when the same amount of total nucleo- 

dependence, (see below) the faster rate of hydrolysis of T4 DNA tide (3200 pmoles) or termini (1.9 pmoles) was maintained. 

as compared with E. coli DNA is not of quantitative signifi- Furthermore, as shown in Experiment 6, Table II, when the 

cance. (The chain length of these DNA preparations was not two polymers were present within the same reaction mixture 

determined.) When the products of hydrolysis of partially they were still hydrolyzed at different rates. In this experiment, 

degraded and heat-denatured T4 DNA were analyzed for a mixture of the two polymers was used as substrate at a nucleo- 

their base composition; all four deoxynucleoside monophos- tide concentration ratio of 10 : 1, [32P](dT)8000 to [3H](dT)300 
but with an equivalent number of termini for each type of 

2 Dr. D. Jackson, personal communication. polymer. If we assume that all nucleotide residues are equally 
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susceptible to the enzyme (enzyme is limiting in these experi- 
ments), we would expect only 10% of the enzyme to be available 
for the hydrolysis of (dT)300 (since 10% of the total nucleotide 
residues were in t,he form of (dT)&. The rate of hydrolysis of 
(dT)soo with the mised substrate was indeed about 10% of the 
rate observed when all the polymer present possessed a chain 
length of 300, as in Experiment 2. The hydrolysis of (dT)3000, 
which comprised 90% of the total substrate, proceeded at a rate 
similar to that seen without (dT)300 (Experiment 4). 

Effect of Secondary Structure on Efydrolysis-Table III shows 
that when the complementary homopolymer, (dA) 4000, was added 
to the labeled polydeoxythymidylate, the rate of hydrolysis de- 
creased by two orders of magnitude. The large decrease in rate 
was observed when either long chain ((dT)& or short chain 
((dT)n& polymer was used. However the alternating copoly- 
mer (dA-dT)sooo (assumed to be a hairpin structure and hence in 
a double stranded conformation (22)) was hydrolyzed more 
rapidly than the corresponding homopolymer pair of comparable 
chain length. 

Hydrolysis Proceeds Exclusively from S’ + 5’-aH-labeled 
(dT) 300 with a dideoxythymidylate residue at its 3’ terminus was 

TABLU III 

Hydrolysis of double and single stranded polydeo.cynucleotides 
by 2’4 DNA polymerase 

Standard incubation mixtures containing 0.1 to 0.15 rnM radio- 
active polynucleotide were used. A concentration of (dA),a, 
equivalent t.o (dT)aoo or (dT) zooo was added where indicated. 
The results given are the average of t,wo experiments. 

Substrate Exonuclease activitya 

(d-4) moo. [sHl (dT) m 20 
WI (0 aoo 3000 
(W aw. La'Pl (dT) SODO I 0.2 
PPI (d’U mo 60 
WI (dA-dT) 50”” 60 

- 
a Moles of nucleotide hydrolyzed per mole of enzyme per min. 

TABLE IV 

Extent of release of 5’-terminal and internal nucleotides frown 
polydeoxynucleotides by T.J Dl17A polymerase 

Substrate 

Total 5’-Terminal 
Time IlUClKP nucleotide 

tide (T) 
released rel%ed T: N 

(dA) jmo. [5’-=P] (dT) 300~ 

[Y-3”P ,3HJ (dA-dT) ,ooub 

min pnzozes 

10 600 2 
20 1100 4 
30 1600 6 

- 190 
1% 400 

0.028 
0.067 

300 
250 
250 

6800 
6000 

= St,andard incubation mixtures were used and contained 4.2 
nmoles of each of the two complementary polymers and 12 pmoles 
of enzyme. The total nucleotide released was determined in a 
parallel experiment under identical conditions except that uni- 
formly labeled [3H](dT)so~ was used in place of [5’-32P](dT)soo. 

b The doubly labeled polymer was sedimented through a sucrose 
densit,y gradient and fractions of chain length of about 7000 were 
pooled; 4.8 nmoles were added to the standard reaction mixture 
which also contained 12 pmoles of enzyme. 

not susceptible TV hydrolysis by T4 DNA polymerase under 
conditions which lead to the total hydrolysis of an equivalent 
amount of [3H](dT)~00 in 0.13 min. This result implies that t,he 
exonucleolytic activity of T4 polymerase on single stranded poly- 
mers is primarily and perhaps exclusively in the 3’ -+ 5’ direction. 
To investigate further the polarity of hydrolysis of double 
stranded DNA, the homopolymer pair (dA) 40~~. [5’-82P] (dT) so0 
was used as substrate and the ratio of total nucleotides (T) to 
5’ termini (A’) released with time was determined. (The [5’- 
32P](dT)300 was labeled exclusively at the 5’ terminus.) Table 
IV shows that the ratio of total nucleotides to 5’ termini released 
(T:N) agreed with the chain length of the polymer irrespective 
of the duration of hydrolysis. This indicates that hydrolysis 
occurs exclusively from the 3’-hydroxyl end and that the 5’- 
terminal nucleotide was released only when the full length of 
the polymer had been traversed. Similarly, with a doubly 
labeled polymer, (dA-dT) 7000, whose 5’-phosphoryl end was 
labeled with 32P and internal deoxythymidylate residues were 
labeled with 3H, the T :N ratio was independent of time of hy- 
drolysis and agreed with the previously determined value for the 
chain length (Table IV). 

Dinucleotide Is an End Product of Uydrolysis-A previous re- 
port showed that the exonuclease activity of T4 DNA polymerase 
released 5’-mononucleotides from DNA (4). In order to examine 
in detail t,he fate of the 5’ terminus, (dT)3”0 labeled with 32P at 
this position was hydrolyzed for 2; hours and the products an- 
alyzed chromatographically. With Solvent System ‘1 (see 
“Methods”), in which oligonucleotides composed of more than 
2 residues remain at the origin, 75y0 of t’he 32P migrated as a 
major peak, more slowly than the dT&IP marker which contained 
1 to 27, of the total 32P. The remainder (about 24%) of the 
32P remained at the origin (Fig. 2). .\ similar distribution of 
radioactivity was observed with Solvent System B: 78% of the 
32P migrated between (pT) 8 and pT, about 1 y0 migrated with 
the marker pT, and the remaining 21% was found at the origin. 
Identification of the major product as a dinucleotide was further 
confirmed by eluting the azP-labeled material in the major peak 

FIG. 2. Products of hydrolysis by T4 DNA polymerase of 5’-a2P- 
labeled (dT)loo. The standard incubation mixture (“Methods”) 
was used and contained 200 nmoles of [5’-32P] (dT)aao and 13 pmoles 
of enzyme. Incubation was at 30” for 2+ hours and the products 
were separated by chromatography in both Systems A and I3 
(“Methods”). 
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of the first chromatogram with 1% NHIOH and subjecting the 
eluate to phosphatasc and 5’-nucleotidase. Initially, the azP- 
labeled nucleotide was completely No&adsorbable. However, 
after treatment with alkaline phosphatase, less than 10% of the 
radioactivity remained Norit-adsorbable. Furthermore, 5’- 
nucleotidase, which is specific for nucleoside 5’.monophosphates, 
had no effect on the proportion of a2P which remained Norit- 
adsorbable. 

Enzyme Binds to Internal Nucleotides of Polymer--In order to 
determine whether T4 DNA polymerase can bind to the internal 
regions of a polynucleotide chain as well as to the 3’ terminus at 
which hydrolysis occurs, binding of the enzyme to single stranded 
circular DNA was studied. aH-labeled Ml3 DNA was mixed 
with the enzyme and the complex sedimented through a sucrose 
gradient. Fig. 3 shows that the Ml3 [aH]DNA-enzyme complex 
sedimented about 2 times faster than the DNA itself. The 
amount of enzyme bound was not sufficient to permit an enzy- 
matic assay so that a direct measurement of the amount of pro- 
tein bound was not possible. 

E$ect of S%Protein on IIydrolysis-The product of T4 gene 32 
has been isolated by Alberts and Frey (10). This protein has a 
molecular weight of 35,000, and binds tightly and cooperatively 
to single stranded DNA; its dissociation constant has been esti- 
mated to be about 1 x lop9 br for poly (dA-dT) (10). When 
the gene 32-protein was added to [3H](dT)300, hydrolysis by T4 
DNA polymerase was strongly inhibited. The level of inhibition 
depended upon the amount of 32-protein added (Fig. 4). At 
levels below a threshold concentration of about 1.3 pM (equivalent 
to a nucleotide to protein molar ratio of 30: 1)) there was no 
significant inhibition. The degree of inhibition (calculated from 
t,he percentage of oligomer (dT),, not hydrolyzed and therefore 
remaining acid-precipitable) , was proportional to the logarithm 
of the concentration of 3Zprotein added to a constant amount 
of [aH](dT)300. When the concentration of 32-protein was 9.8 
PM (a nucleotide to 32-protein molar ratio of 4: l), [3H](dT)a00 
was not hydrolyzed by T4 DNA polymerase within the time 
course of the experiment. These observations are in accord 
Kith the idea that 32-protein binds cooperatively to single- 
stranded DNA. 

The hydrolysis of [3H] (dT) 30~ by T4 DNS polymerase was 
extremely rapid at 30”. Since the enzyme was unstable at high 
dilutions, a lower temperature rather than a more dilute enzyme 
was used t,o decrease the rate of hydrolysis to a range suitable 
for a more detailed analysis of the effect of 32-protein. Fig. 5A 
shows that the rate of hydrolysis of [3H](dT)300 at 0” was constant 
for at least 20 min. When a saturating amount of 32-protein 
(nucleot,ide t,o 32-protein molar ratio of 4:l) was added after 
the hydrolysis had proceeded for 10 min, further hydrolysis 
was completely blocked (Fig. 511). Since 32.protein binds only 
weakly t,o T3 polymerase as judged by sucrose density gradient 
cent,rifugat.ion (23), the inhibition is most probably due to the 
formation of a complex of 32.protein and single stranded DNA 
which is insusceptible t,o the nctiou of the enzyme. Similarly, 
when less than a saturating amount. of 32.protein was incubated 
with [3H] (dT) aoo before the onset of hydrolysis, the level of 
inhibition observed increased with increasing amounts of 32- 
protein (Fig. 5B). Furthermore, the initial rate of hydrolysis 
of that portiou of [3H](dT)300 which was suscept.ible to T4 DNA 
polymerase was actually higher in the presence of 32-protein 
than in its absence under the same conditions (Fig. 5B) (see 
“Discussion”). 

I -1 5 7 9 II 13 15 17 19 II 23 2s '7 
t?ottoln Fraction 

FIN. 3. Binding of T4 DNA polymernse t.o Ml3 l”H]DNA. 
Sucrose density gradients (5 to 30'+;) were prepared containing 
50 mM Tris-HCI (pH 8), 56 rnn (NH,)&Od, 1 rnn EDTA, and 1 mn 
dithiothreitol. Centrifugation was at GO,600 rpm for 1 hour at 2”. 
A, 50 pmoles of M13[3H]DNA. B, 50 pmoles of M13[3H]DN.4 and 
480 pmoles of T4 DNA polymerase. 

FIG. 4. Effect of 3Zprotein on hydrolysis of (dT)300 by T-l DN.1 
polymerase. The standard incubat~ion mixture (0.075 ml) con- 
tained 3 nmoles of [3H](dT)300, 2.6 pmoles of T4 DNA polymerase, 
and 32-protein as indicated. Incubation was at 30” for 3 mill. 

Exonuclease Activity in, Presence of Deoxynucleoside Triphoe- 
phates-In agreement with the finding of Go&an et al. (4) we 
observed that the exonuclease activity of T4 DNA polymerase 
on single stranded DNA was not affected by the addition of 
deoxynucleoside triphosphates. However, when double stranded 
DNA was used as substrate, addition of the complemental~ 
deoxynucleoside triphosphates caused a reduction in the initial 
rate of hydrolysis. Furthermore, although hydrolysis of [sH]- 
(dA-dT)sooo in the presence of dATP and dTTP was initially 
negligible, there was a marked increase in rate with increasing 
time of incubation. Eventually, it reached a value comparable 
to that observed in the absence of triphosphates. The onset of 
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FIG. 5. Kinetics of hydrolysis of (dT)aoo by T4 DNA polymerase 
at 0” in the presence and absence of 32-protein. A, the incubation 
mixture (0.225 ml) contained 9 nmoles of [3H](dT)300 and 1.25 
pmoles of enzyme. At the times indicated, aliquots (0.025 ml) 
were removed and the amount of (dT)300 hydrolyzed was deter- 
mined as described under “Methods.” In a parallel experiment, 
32-protein was added 10 min after incubation as indicated by the 
arrow, and open circles. The amount of 32-protein added in each 
aliquot was 0.25 nmole, equivalent to a 32-protein to (dT)300 ratio 
of 1:4. B, the incubation mixture (0.15 ml) contained 5.8 nmoles 
of [3HlWho, 1.6 pmoles of enzyme, and 32-protein as indicated. 
At the times indicated, aliquots (0.025 ml) were removed t.o deter- 
mine the extent of hydrolysis as described under “Methods.” No 
32-protein (n---A); 0.72 nmole of 32-protein (O--O); 0.36 
nmole of 32-protein (O-O). 

FIG. 6. Hydrolysis of [3H](dA-dT)~~oo by T4 DNA polymerase 
in the presence and absence of deoxynucleoside triphosphates. 
The incubation mixture (1.2 ml) contained 0.125 mM13H](dA- 
dT)sOOO, 0.1 mM dATP, 0.1 mM[cr-32P]dTTP (when added) and 3.8 
pmoles of enzyme. At the times indicated, 0.075-ml aliquots were 
removed and adsorbed to DEAE-paper squares. The amount of 
template remaining and nucleotide incorporated was determined 
as described under “Methods.” 3H-labeled template remaining 
in the absence of triphosphates (0-O); 3H-labeled template 
remaining in the presence of triphosphates (O--O); total nu- 
cleotide incorporated (A-A). 

measurable hydrolysis varied with the amount of triphosphate 
added. At 30”, in the presence of 0.12, 0.2, and 0.4 mng total 
triphosphate, hydrolysis of F3H] (dA-dT)sooo began at approxi- 
mately 15, 25, and 35 min, respectively. This implies that the 
delay in hydrolysis is related to the synthetic capacity of the 
polymerase. To test this possibility, [(r-32P]dTTP was added, 
so that the synthetic and nucleolytic activities could be measured 
independently (Fig. 6). As predicted, synthesis proceeded at 
an initially rapid rate, and degradation of the template, [3H]- 
(dA-dT)Sooo, was minimal. At later times, both the newly 
synthesized material and the template were degraded. 

Aliquots of incubation mixture were removed at various times 
and analyzed for [c+P]dTTP and for [32P]dTMP by paper 
electrophoresis. At 10 min, despite the finding that incorpora- 
tion of MP into polymer proceeded at a rapid rate (Fig. S), 60% 
of the 32P had been converted to dTMP and a small amount re- 
mained near the origin (Fig. 7). After 30 min, essentially all 
the dTTP had been converted to dTMP. Furthermore, con- 
version of dTTP to dTMP was completely dependent on the 
presence of double stranded DNA. Thus, a likely explanation 
for the generation of dTMP is that the dTT1’ was incorporated 
into the polymer and subsequently released as dTMP by eso- 
nuclease action. 

Other Requirements of LCxonuclease Activity-The pH optimum 
for the exonuclease activity was the same as that for the poly- 
merase activity (4). In Tris-HCI buffer, the optimum for both 
activities was pH 8.6; with glycine buffer, optimal activity was 

cm from origin 

FIG. 7. Electrophoresis of poly(dA-dT) and deoxynucleoside 
triphosphates after incubation wit’h T4 DNA polymerase. The 
incubation mixture was the same as that described in Fig. 6. At 
the times indicated, O&ml aliquots were removed and subjected 
to electrophoresis as described under “Methods.” 3H(O-0), 
32P(OpO). 
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observed in the pH range 9.2 to 9.6. However, at pH 7.5, Tris- 
HCl and potassium phosphate buffers gave 64 and 49% of opti- 
mal nuclease activity, while HEPES buffer (N2hydroxyethyl- 
piperazine-N’2ethanesulfonic acid) at the same pH (7.5) gave 
maximal activity. 

In an earlier report, Goulian et al. found that the polymerizing 
activity of the purified polymerase had an absolute requirement 
for sulfhydryl compounds (4). With our enzyme preparation, 
the polymerase activity for the initial 15-min interval was the 
same in the presence and absence of 10 mM 2-mercaptoethanol. 
At later times, the rate of polymerization in the absence of 2- 
mercaptoethanol dropped to 50% of that observed in its presence. 
However, the exonuclease activity of the enzyme did not require 
high concentrations of sulfhydryl compounds. In fact, the rate 
of hydrolysis of denatured and nicked T4 DNA was about 50% 
higher in the absence of added 10 mM 2-mercaptoethanol (or 1 
mM dithiothreitol) than in its presence.3 Nonetheless, p-hy- 
droxymercuribenzoate at 5 x lop4 M was inhibitory, to both 
the polymerase and exonuclease activities, which were reduced 
to less than 5% of control values. I?. coli DNA polymerase I 
is unaffected by this level of p-hydroxymercuribenzoate. 

Attempts to Detect Initiation by Td DNA Polymerase-Several 
attempts were made to detect the initiation of polynucleotide 
chains using as a model system the (dT),-directed polymerization 
of dATP. In order to preserve the single stranded template 
which would otherwise be hydrolyzed rapidly by the enzyme, 
(dT) 300 with a ddTMP residue at its 3’.hydroxyl end, was used. 
In other experiments, a saturating amount of 32.protein was 
provided to prevent exonucleolytic degradation of template 
molecules not blocked at their 3’ termini with ddTMP. Three 
methods for detecting initiation were used. (a) t3H]dATP 
served as substrate, and the product was analyzed by adsorption 
of an aliquot of the reaction mixture onto DEAE-paper. As 
pointed out under “Methods” a labeled oligonucleotide longer 
than 5 to 6 residues is retained on the DEAE-paper. (b) [ol- 
32P]dATP was used as substrate and the reaction mixture was 
treated with bacterial alkaline phosphatase; 32P incorporated 
into phosphodiester linkage would become insensitive to phos- 
phatase and would therefore remain Norit-adsorbable after 
phosphatase treatment. (The [a-““PI of dATP would be con- 
verted to Pi under these conditions and would no longer be 
Norit-adsorbable.) This method would detect the formation of 
dinucleotides not detectable by the first method. (c) [(Y-~~P]- 
dATP was used as substrate and the product was analyzed by 
DEAE-paper chromatography with the ammonium bicarbonate 
and ammonium formate solvent system which separates oligo- 
nucleotides primarily on the basis of chain length. No signifi- 
cant polymerization of dATP by the purified enzyme could be 
detected in the absence of primer with any of the three methods. 

DISCUSSION 

Phage T4 DNA polymerase has been purified to apparent 
physical homogeneity and shown to consist of a single polypep- 
tide chain. Our present studies taken together with those of 
Goulian et al. (4) further establish that the purified polymerase 
is also a potent exonuclease. It would therefore appear that 
both polymerase and nuclease activities are associated with a 

3 The concentratiou of 2-mercaptoethanol derived from the 
enzyme solution added to t,he incubation mixture was 0.067 mM. 

single polypeptide chain. Other data in support of this idea 
include the following. (a) The purified T4 polymerase induced 
by the temperature-sensitive gene 43 mutant, ts L56 is tempera- 
ture-sensitive in both its polymerase and exonuclease activities.4 
(b) Rabbit serum prepared against purified T4 polymerase is able 
to neutralize both activities to the same extent.4 (c) Nossal and 
Hershfield have purified a gene 43 amber protein fragment whose 
molecular weight is about 80% of the wild type enzyme. This 
“mutant” protein has lost the ability to polymerize deoxynu- 
cleoside triphosphates, yet retains its exonuclease activity (24). 

Because of the complexity of replication of the T4 phage 
genome, the role of T4 DNA polymerase in viva remains uncertain. 
Despite our inability to show the initiation of polynucleotide 
chains in vitro with purified T4 DNA polymerase, the continued 
presence of this enzyme is known to be essential for the initiation 
as well as maintenance of T4 DNA synthesis in viva (2, 25). 
Since the exonuclease activity is an integral part of the poly- 
merase, its role in viva becomes a significant question. Goulian 
et al. suggested that it may function in correction 01’ errors made 
during replication (4). This notion has been explored further 
by Brutlag and Kornberg with synthetic polynucleotides, and 
they have shown that the exonuclease, at least in vitro, performs 
a “proof-reading” function, very effectively removing unmatched 
nucleotides in model double stranded polynucleotides (5). In 
view of the finding that the exonuclease activity of the enzyme 
is especially efficient in degrading relatively short oligonucleo- 
tides, the enzyme may also serve to increase the nucleotide pool 
needed for phage DNA replication (26). 

Huberman et al. have shown that under appropriate condi- 
tions, 32-protein specifically stimulates the polymerizing activity 
of T4 DNA polymerase (23). On the other hand, we have 
found that 32-protein inhibits its exonuclease activity. Kozin- 
ski and Felgenhauer have suggested that exposure of single 
stranded ends may be a prerequisite for T4 recombination and 
have found that in the absence of gene 32.product, the intra- 
cellular DNA contains relatively few single stranded regions (27). 
Thus, it is possible that the 32-protein serves to protect single 
stranded regions of T4 DNA from exonuclease degradation. 
Protection of exposed single stranded regions might also facilitate 
the annealing of a single stranded region of one T4 DNA molecule 
to another during recombination. The protection from hydroly- 
sis of single stranded DNA, specifically (dT)soo, by 32.protein 
varies with the amount of 32-protein added (Fig. 4). This find- 
ing thus provides a rapid and convenient assay for 32protein and 
other DNA-binding proteins which share its strong affinity for 
single stranded DNA. 

Using single stranded synthetic polynucleotides of defined chain 
length as substrate, the unexpected finding was made that the 
rate of hydrolysis is dependent on chain length even at saturat- 
ing levels of polynucleotide termini (Table II). This observa- 
tion may be explained, in part, by the finding that the enzyme 
can bind to internal nucleotides, as well as the 3’.hydroxyl ter- 
minus of a single stranded polymer. Binding of the enzyme to 
internal sites does not result in hydrolysis and, in this sense, the 
internal nucleotides act as inhibitors. The inhibition is such 
that when the internal nucleotides are increased by lo-fold (i.e. 
a chain length increase from 300 to 3000 residues) the rate of 
hydrolysis is decreased by nearly two orders of magnitude. 

4 W. M. Huang, and I. R. Lehman, unpublished results. 
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Finally the inhibitory effect of internal nucleotides is supported 
by the experiments involving 32.protein; 32-protein binds 
strongly and cooperatively to single stranded DNA, in effect 
sequestering inhibitory internal nucleotides. The net result is 
an actual increase in the initial rate of hydrolysis (Fig. 5B). 

In the presence of the complementary deoxynucleoside tri- 
phosphates, a template and a primer, T4 DNA polymerase may 
act either as polymerase or exonuclease depending on the mode 
of association of the template and primer (see Figs. 6 and 7). 
Polymerization occurs when all three of the following compo- 
nents are present simultaneously: (a) the appropriate deoxy- 
nucleoside triphosphate (or triphosphates) complementary to 
the template, (b) a polynucleotide template, and (c) a 3’-hy- 
droxyl-terminated primer at least 1 nucleot.ide residue shorter 
than the template. In the absence of any one of these com- 
ponents the enzyme functions as exonuclease. As an example, 
consider a structure in which the 3’-hydroxyl terminus of one of 
the strands of a homopolymer pair protrudes beyond the 5’ 
terminus of the opposing strand. Hydrolysis of the protruding 
nucleotides will continue until the 3’ end occupies a position at 
least 1 residue interior to the 5’ terminus. At this point, all 
three of the necessary components are present, the enzyme be- 
comes a polymerase and can restore the missing nucleotide. 
The ends then fall into register and the enzyme once again 
acts as nuclease removing a residue from the 3’ end. The cycle 
can be repeated again with the enzyme alternating as a poly- 
merase or nuclease in a process which consumes triphosphates 
without net DNA synthesis. Once the triphosphates are ex- 
hausted, the enzyme functions exclusively as a nuclease and com- 
plete degradation follows. A model similar to this has recently 
been proposed by Englund (28). 

The ability of T4 DNA polymerase to alternate as polymerase 
and exonuclease makes it a useful reagent in the sequencing of 
DNA. Englund has in fact proposed a method, with DNA 
labeled uniformly with 32P, to determine a limited sequence at 
the 3’ end of a double stranded polynucleotide (29). This 
method permits the sequencing from the 3’ end of a polynucleo- 
tide chain until all four bases have appeared once. An alterna- 
tive method of determining the 3’ termini of unlabeled double 
stranded DNA is suggested by our findings and takes the follow- 
ing form. Four separate reaction mixtures are set up, each con- 
taining all four deoxynucleoside triphosphates but with a differ- 
ent c@P-labeled triphosphate. In the mixture whose labeled 
triphosphate is the same as the 3’-terminal nucleotide, the un- 
labeled terminal residue would be replaced by the labeled nucleo- 
tide as a result of t’he exonuclease-polymerase activity. 32P 

would not be incorporated in the other three reactions since they 
are labeled in triphosphates which are unable to pair aibh the 
appropriate residue 011 the template strand. This procedure is 
simple and fast and does not involve chromatographic separation 
of nucleotides; it may be used to complement determination of 
the 5’terminal nucleotide by polynucleotide kinase (9). 
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