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Taq DNA polymerase polymerized dATP and dTTP
to poly d(A-T) without requiring added primer/tem-
plate in the temperature range of 60-70°C. Tth DNA
polymerase also catalyzed the reaction, while ATth,
Vent, Vent(exo-), Pfu, Ultma, BcaBEST, and KOD DNA
polymerases did not. The reaction was distinct from
the template-nonrequiring terminal deoxynucleotidyl
transferase reaction which absolutely required prim-

ers. © 1997 Academic Press

Unprimed polymerase reaction using Escherichia
coli DNA polymerase | was studied extensively during
the early 1960's to 1970’s (1-5). Characteristic feature
of the polymerization was that (i) the reaction appar-
ently required neither primers nor templates and that
(ii) the products were high molecular weight poly dA -
poly dT or poly d(A-T)-poly d(A-T). A similar activity
was also detected in DNA polymerases isolated from
Bacillus subtillus, Micrococcus luteus and calf thymus
(6-10). However, the description of this activity appears
to be omitted from recent literatures (11). This is proba-
bly due to the observations that the activity decreased
or even disappeared during the purification of the poly-
merase (3, 5, 12, 13). Therefore, the molecular nature
of the enzyme polymerizing dATP and dTTP has re-
mained unclear.

Recently, during attempts to amplify poly d(A-T) se-
guence using Taq polymerase, we encountered the sim-
ilar phenomenon which was described more than 35
years ago. The polymerases used in our experiments
were highly purified native or recombinant prepara-
tions, and the reaction converted near 90% of the sub-
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strate dATP and dTTP nucleotides into the high molec-
ular weight poly d(A-T). The reaction took place with-
out added template or primer. In this study, this novel
activity associated with Taqg polymerase was character-
ized in detail.

MATERIALS AND METHODS

DNA polymerases. The thermostable DNA polymerases exam-
ined were AmpliTaq DNA Polymerase (Perkin—Elmer), AmpliTaq
DNA Polymerase, LD (Perkin—Elmer), Tag DNA Polymerase (Gibco
BRL), TaKaRa Taq (Takara), rTag DNA Polymerase (Toyobo), Tth
DNA Polymerase (Toyobo), ATth DNA Polymerase (Toyobo), Vent
DNA Polymerase (New England Biolabs), Vent(exo-) DNA Polymer-
ase (New England Biolabs), Pfu DNA Polymerase (Stratagene),
Ultma DNA Polymerase (Perkin—Elmer), BcaBEST DNA Polymer-
ase (Takara), and KOD DNA Polymerase (Toyobo). Except Tth and
Pfu polymerases, all of the enzymes were recombinant DNA prod-
ucts. The genes of AmpliTag, BcaBEST, Tth, KOD and Pfu polymer-
ases were respectively derived from Thermus aquaticus (14), Bacillus
cardotenax YT-G (15), Thermus thermophilus (16), Pyrococcus sp.
KODL1 (17), and Pyrococcus furiosus (18). Thermus and Bacillus be-
long to Eubacteria, and Pyrococcus belongs to Archaea.

Reaction condition. Standard reaction mixture contained 5 U of
AmpliTag DNA polymerase, 0.2 mM each of dNTPs (GeneAmp
dNTPs [N808-0007], Perkin—Elmer) in 100 ul PCR buffer (1.5 mM
MgCl,, 50 mM KCI, 10 mM Tris-HCI [pH 8.3]) (GeneAmp PCR
Buffer, [N808-0006], Perkin—EImer). The mixture was incubated at
65°C (except otherwise stated) using GeneAmp PCR System 2400
(Perkin—Elmer) for an indicated period. Reaction products were pre-
cipitated twice with 2 M CH3;COONH, and 70% ethanol which re-
moved 99% of unincorporated dNTPs, dissolved in the distilled water,
and electrophoresed in a 2% agarose gel (Agarose type 1; LOW EEO
[A6013], Sigma). For visualizing DNA, the gel was stained with
ethidium bromide (1mg/l).

Nearest neighbor frequency analysis. The polymerase reaction
was carried out for 3hr with standard method products added with
10 uCi (3.3 pM) of either [a-*2P]-dATP or [a-*?P]-dTTP (as the primer
consisted A and T as shown below). Then, the samples were applied
to NICK column (Pharmacia Biotech AB, Uppsalla, Sweden), and
the polymer fraction (400 ul) free of the unincorporated dNTPs was
collected. For hydrolytic degradation of the sample to deoxynucleo-
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FIG. 1. dAdT polymerization by Taqg DNA polymerase at various
conditions and that by other thermophile bacteria-derived DNA poly-
merases. (A) Temperature effect. 5 U AmpliTaq (Perkin—Elmer) and
0.2 mM each of dATP and dTTP (A-1) or all the four dNTPs (A-2)
in 100 ul GeneAmp PCR buffer [N808-0006] (Perkin—Elmer) were
incubated at different temperatures for 2 hr. The DNA was extracted
from 40 pl reaction mixture and dissolved in 40 ul. 15 pl aliquot was
applied onto the 2% agarose gel and electrophoresed at 100 V for 20
min. The molecular size marker was the 1 kb DNA Ladder [15615-
016] (Gibco BRL). (B) Nearest neighbor base analysis. HPLC of the
digests of the product labelled with 32P-ATP (O) or with *2P-TTP (e).
The positions of d-Tp and d-Ap are shown. (C) 5 U thermostable
DNA polymerase and 0.2 mM each of all the four dNTPs in 100 ul
PCR buffer (attached to the each kit) was incubated at 65°C for 2
hr. The DNA was extracted with ethanol from 50 ul reaction mixture
and dissolved in 50 pl of the distilled water. 15 ul aliquot was applied
onto the agarose gel. According to the suppliers’ information, PCR
buffer for AmpliTaq (Perkin—Elmer), AmpliTag, LD (Perkin—El-
mer), and rTaqg (Toyobo) was 1.5 mM MgCl,, 50 mM KCI, and 10
mM Tris-HCI [pH 8.3], that for Taqg (Gibco BRL) was 1.5 mM MgCl,,
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side-3’-monophosphates, an aliquot (30 ul) of this fraction was incu-
bated at 38°C for 3.5 hr in the 50 ul mixture containing 6 U of
micrococcal nuclease (Worthington Biochemical Co.), 0.06 U of spleen
phosphodiesterase (Worthington Biochemical Co.), 10 mM sodium
succinate (pH 6.0) and 5 mM CacCl,. Hydrolyzed samples were mixed
with 2.5 ug salmon testis DNA and subjected by high-performance
liqguid chromatography (HPLC) using a reverse-phase column,
J'sphere ODS-H80 (YMC Co. Ltd., Kyoto, Japan) with acetate buffer
containing 25 mM sodium acetate, 12.5 mM citric acid, 10 mM acetic
acid, 30 mM NaOH and 1% methanol at a flow rate of 1 ml/min.
Counts of each fraction (0.3 ml) were measured by the Cerenkov
counting method.

RESULT

Polymerization of dATP and dTTP into poly d(A-T)
by Tag polymerase. When the mixture of all the four
dNTPs and Taqg polymerase was incubated in the PCR
buffer at 65°C for 3 hr and an aliquot was run in an
agarose gel, smeared signals were detected in the high-
molecular-weight (HMW) region (Fig. 1-C, lane 1). As
the DNA was stained with ethidium bromide, the DNA
must have a double-stranded structure at least in part;
digestion with S1 nuclease actually failed to digest the
DNA under the conditions where M13mp19 plus strand
DNA was completely digested (data not shown). The
HMW DNA was produced only when the both dATP
and dTTP were present in the mixture. In contrast,
dGTP and dCTP were dispensable. When the reaction
was performed by using **P-labelled dNTP, radioactive
products were generated only when *?P-dATP or *P-
dTTP was in the mixture (data not shown). These re-
sults suggested that the polymer contained only A and
T. When the reaction was carried out for 2 hr in the
presence of dATP and dTTP at different temperatures,
the HMW DNA appeared in the temperature range of
60-68°C (Fig. 1-A-1). When the mixture contained all
of the four dNTPs, the HMW DNA appeared in the
temperature range of 62-70°C (Fig. 1-A-2). In the exper-
iments described below, all of the reactions were per-
formed at 65°C. The reaction required Mg*™, and the
reaction was observed in Mg*™* concentration range 1.5-

50 mM KCI, and 20 mM Tris-HCI [pH 8.4], that for TaKaRa Taq
was 3.5 mM MgCl,, 15 mM (NH,),SO,, and 100 mM Tris-HCI [pH
8.9], that for Tth and delta Tth were 1.5 mM MgCl,, 80 mM KClI,
and 10 mM Tris-HCI [pH 8.9], that for Vent and Vent(exo-) were 2
mM MgSO,, 10 mM KCI, 10 mM (NH,),SO,, and 20 mM Tris HCI
[pH 8.8], that for Pfu was 2 mM MgCl,, 10 mM KCI, 6 mM (NH,),SO,,
and 20 mM Tris-HCI [pH 8.0], that for Ultma was 1.5 mM MgCl,,
10 mM KCI, and 10 mM Tris-HCI [pH 8.8], that for BcaBEST was
10 mM MgCl, and 20 mM Tris-HCI [pH 8.5], and that for KOD was
2 mM MgCl;, 10 mM KCI, 6 mM (NH,),SO,, and 120 mM Tris-HCI
[pH 8.0]. Lane 1, AmpliTaq (Perkin—Elmer); lane 2, AmpliTag, LD
(Perkin—Elmer); lane 3, Taq (Gibco BRL); lane 4, TaKaRa Taq (Ta-
kara); lane 5, rTaq (Toyobo); lane 6, Tth (Toyobo); lane 7, ATth
(Toyobo); lane 8, Vent (New England Biolabs); lane 9, Vent(exo-)
(New England Biolabs); lane 10, Pfu (Stratagene); lane 11, Ultma
(Perkin—Elmer); lane 12, BcaBEST (Takara); lane 13, KOD (Toyobo).
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FIG. 2. Dose response of dAdT polymerization and reaction Ki-
netics. (A) 5 U AmpliTag DNA polymerase [N808-0160] (Perkin—
Elmer) and various concentrations of dATP and dTTP (dATP and
dTTP were present in equimolar) in 100 ul GeneAmp PCR Buffer
(Perkin—Elmer) were incubated at 65°C for 3 hr. DNA was ethanol-
extracted from 50 ul of the reaction mixture, dissolved in 100 ul
distilled water, and measured for the absorbance at 260 nm. The
DNA guantity was estimated from the optic density. (B) Various
amount of AmpliTaq and 0.2 mM each of dATP and dTTP in 100 ul
GeneAmp PCR Buffer were incubated at 65°C for 3 hr, and the
amount of the product DNA was estimated from the optic density at
260 nm. (C) Tubes containing 5 U AmpliTaq and 0.2 mM each of
dATP and dTTP (#) or 5 U AmpliTag and 0.2 mM each of all the
four dNTPs (O) in 100 ul GeneAmp PCR Buffer were incubated at
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30 mM; concentrations higher than 35 mM were inhibi-
tory (data not shown).

In order to determine the structure of the polymer,
the nearest neighbor base sequence analysis (4, 19)
was performed. The phosphate attached to 5’ carbon
becomes esterified with 3’ carbon of the deoxyribose at
the growing end (next neighbor) of the chain during
the polymerization. Therefore, if the phosphate moiety
of a oligonucleotide is radio-labeled, the radio activity
is transferred to the next neighbor nucleotide after the
digestion with the micrococcal nuclease and phosphodi-
esterase. The analysis using **P-dATP and **P-dTTP
(note that the polymer consisted of only A and T) re-
vealed that 100% of the labeled phosphate in dATP was
recovered as d-Tp and that in dTTP was recovered as
d-Ap (Fig. 1-B). Thus, the product was poly d(A-T). The
polymerization reaction will hereafter be called dAdT
polymerization.

In Fig. 1-C, the dAdT polymerization reaction activi-
ties of various thermostable enzymes were compared.
Taq polymerases from five different sources and Tth
polymerase had the activity. On the other hand, ATth,
Vent, Vent(exo-), Pfu, Ultma, BcaBEST, and KOD poly-
merases were devoid of the activity.

Stoichiometry of the dAdT polymerization reaction.
Fig. 2-A shows the relationship between the substrate
concentration and the relative amount of the reaction
products. The reaction mixture contained 5 U of Taq
polymerase and the varying concentration of 1:1 mix-
ture of JATP and dTTP in 100 ul PCR buffer. The incu-
bation period was 3 hr. A linear correlation was ob-
served up to 100 M, and then the curve leveled off.
Fig. 2-B shows the relationship between the Taq poly-
merase concentration and the amount of the products.
The reaction mixture contained varying amount of Taq
polymerase, 200 uM of dATP and 200 uM of dTTP in
100 wl of PCR buffer. Linear correlation was observed
throughout the Taq polymerase concentration range
examined.

Fig. 2-C shows the time course of polymerization re-
action. When the mixture contained only dATP and
dTTP, 88% of dATP and dTTP were converted to the
polymer, and if all of the four nucleotides were present,
71% of dATP and dTTP were incorporated to the poly-
mer. The polymer began to appear as early as 1 hr when
only dATP and dTTP were present. In the presence of
all of the four dNTPs, however, there appeared to be a
lag time of 2-3 hr before polymer formation. Thus, it is
possible that dCTP and dGTP were inhibitory to dAdT
polymerization.

65°C, and one of the tubes was taken at 20 min interval for analysis
of the product. The DNA was ethanol-precipitated and the amount
was estimated by the optic density at 260 nm by assuming that the
products were double stranded DNA.

115



Vol. 238, No. 1, 1997

FIG. 3. Comparison of Terminal deoxynucleotidyl transferase
(TdT) reaction and dAdT polymerization reaction. Polymerization
reaction at 37°C for 16 hr (A) or at 65°C for 3 hr (B). Taq DNA
polymerase used was AmpliTag DNA polymerase (Perkin—Elmer).
TdT was Terminal Deoxynucleotidyl Transferase, Recombinant
(rTdT [18008-011], Gibco BRL). The PCR buffer was GeneAmp PCR
Buffer and the TdT buffer was TdT buffer [16314-015] (Gibco BRL)
which contained, 100 mM potassium cacodylate [pH 7.2], 2 mM
CoCl,, and 0.2 mM DTT. Lane 1, 5 U / ul Taqg, 15 U / ul TdT and
0.2 mM each of ANTPs in TdT buffer; lane 2, 10 pmole oligonucleotide
5'-AGCCATAGTGGTGTGCGGAAC-3’, 15 U / ul TdT, and 0.2 mM
dNTPs in TdT buffer; lane 3, 10 pmole oligonucleotide 5'-GCACTC-
GCAAGCACCCTATCA-3'. 15U/ ul TdT and 0.2 mM dNTPs in TdT
buffer; lane 4, 10 pmole 5'-AGCCATAGTGGTGTGCGGAAC-3’, 15
U/ pl TdT, 0.2 mM dNTPs and 15 mM MgCI, in TdT buffer; lane 5,
10 pmole 5'-GCACTCGCAAGCACCCTATCA-3’, 15 U / ul TdT, 0.2
mM dNTPs, and 15 mM MgCI, in TdT buffer; lane 6, 5 U / ul Taq
and 0.2 mM each of dNTPs in TdT buffer; lane 7, 5 U / ul Taq and
0.2 mM each of dNTPs in PCR buffer.

Terminal deoxynucleotidyl transferase activity and
dAdT polymerization. Terminal deoxynucleotidyl trans-
ferase (TdT) is a group of DNA polymerases which un-
like DNA or RNA-dependent polymerases requires nei-
ther DNA nor RNA templates but catalyzes linear con-
densation polymerization reactions (21). It needs a
primer at least as large as trinucleotides. The TdT is
found almost exclusively in the thymuses of mammali-
ans and birds and in some lymphoid cells (11). The
dAdT polymerization and TdT reaction resembled each
other in that both reactions required no added tem-
plate. Calf thymus TdT-mediated template-indepen-
dent polymerization and Tag-mediated dAdT polymer-
ization were compared. Fig. 3-A shows the reaction at
37°C which was optimal for the activity of TdT and the
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Fig. 3-B the reaction at 65°C which was optimal for the
Tag-mediated dAdT polymerization. The positive TdT
reaction was detected as smear bands when the 15 U
TdT (Gibco BRL), 200 uM dNTPs, and 10 pmoles of
oligonucleotide primers were incubated in TdT buffer
(100 mM potassium cacodylate [pH 7.2], 2 mM CoCl,
and 0.2 mM DTT) (lanes 2 and 3 in Fig. 3-A); addition
of 15 mM MgCl, [Mg** was absent in TdT buffer but
required for dAdT polymerization by Taq polymerase
(see above)] into the TdT buffer was rather inhibitory
(lanes 4 and 5 in Fig. 3-A). When Taq polymerase was
added instead of the primer to the TdT reaction mix-
ture, TdT product was not produced (lane 1 in Fig. 3-
A), indicating that the Taqg polymerase preparation did
not contain oligonucleotides which could be used as
primers in TdT reaction. The dAdT polymerization was
detected only in the presence of Tag polymerase and
dNTPs in either TdT or PCR buffer (lane 6 and 7 in
Fig. 3-B). The positive dAdT polymerization reaction
in TdT buffer suggested that Co™" could replace Mg**
for the dAdT polymerization reaction to occur. TdT had
no dAdT polymerizing activity (lanes 2-5 in Fig. 3B).
These observations suggested that the dAdT polymer-
izing activity was distinct from the TdT activity.

DISCUSSION

Our experiments showed that Tag DNA polymerase
catalyzed polymerization of dATP and dTTP without
added template/primer. The optimal temperature for
this reaction was 60-68°C for dATP and dTTP as sub-
strates and 62-70°C for mixture of four dNTPs, about
5-10°C lower than the temperature optimal for PCR
elongation reaction which was 72-80°C. The required
Mg *™" concentration was 1.5-30 mM for this reaction.

The product was high molecular weight DNA which
consisted of alternating A and T, i.e., poly d(A-T). The
stretches of repeated A or T were not detectably present
in the nearest neighbor base analysis. Neither dGTP
nor dCTP was incorporated into the polymer at a de-
tectable level. The product was not digested with S1
nuclease, suggesting that the product was double-
stranded DNA. This, however, does not exclude the
possibility that the product was produced as single-
stranded poly d(A-T), which folds back onto itself to
form a long double-stranded DNA structure. It is also
possible that at 65°C the single-stranded poly d(A-T) is
denatured and renatured to form the hairpin structure
(22), and the elongation of the polymer could proceed
by replication and slippage (23) or by self-priming.

Unprimed template-independent DNA synthesis was
originally reported for E. coli DNA polymerase | prepa-
rations in 1960’s (1-5). However, description of this ac-
tivity has disappeared from recent literatures probably
because further purification of the enzyme or modifica-
tion of the preparation methods gave variable results,
such as decrease and disappearance of the activity (3,
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5, 12, 13). We ourselves tried to repeat the previously
reported polymerization reaction in the same reaction
condition (1) using the recombinant E. coli DNA Poly-
merase | (Toyobo) without success. It absolutely re-
quired poly d(A-T) template/primer for polymerization
of dATP and dTTP (data not shown).

The critical questions are (i) whether the enzyme
catalyzing the dAdT polymerization was actually Taq
polymerase itself or a contaminant, and (ii) whether
the reaction required any primer/template or not.

As for the first question, probably Taqg polymerase
itself is catalyzing the polymerization for the following
reasons. First, the enzyme preparations are derived
from recombinant E. coli and highly purified. In addi-
tion, all of the Taq preparations from the four different
manufacturers were positive for the reaction, i.e., the
activity was recovered regardless of the possible differ-
ent manufacture lines. Secondly, some thermostable
DNA polymerases from the recombinant E. coli, such
as Vent, Ultma, BcaBEST or KOD polymerases was
negative for the dAdT polymerization reaction: if the
reaction had been due to an E. coli-derived contami-
nant, the activity should be detected in all the samples.
Thirdly, though Tth polymerase was positive for the
dAdT polymerization, ATth polymerase derived from
Tth polymerase by deleting the 5’-terminal 751 bp to
remove 5’ — 3’ exonuclease activity was negative, i.e.,
the dAdT polymerization reaction could be genetically
manipulated. This also suggests that the 5'-terminal
751 bp region of the Tth gene is required for the dAdT
polymerization.

As for the second question, it is very likely that the
dAdT polymerization did not require any primer/tem-
plate, because (i) all the reactions were conducted with
the highly purified reagents, and (ii) TdT reaction did
not detect any primer activity in Tag polymerase prepa-
ration. Nazarenko et al. (11) suggested that dAdT poly-
merizing activity associated with E. coli polymerase |
preparation was due to contamination of dNDP-trans-
ferase, an enzyme capable of catalyzing template- and
primer-independent polymerization of dNDP (24, 25).
But, in view of the purity of the enzyme and reagents
and the high dAdT polymerization activity of the en-
zyme preparation, it is highly unlikely that the dAdT
polymerization was carried out by a contaminant.

The dAdT polymerizing activity was detected in Taq
and Tth polymerases, but not in ATth, Vent, Vent(exo-),
Pfu, Ultma, BcaBEST, and KOD polymerases. Taq and
Tth polymerase capable of dAdT polymerization were
devoid of 3’ — 5’ exonuclease activity and were
equipped with both 5" — 3’ exonuclease activity and a
TdT-like activity (26-28) which, unlike the ordinary
TdT described above, adds one nucleotide (preferen-
tially dATP) to the 3’ end of the double strand DNA
(the suppliers’ information) (26). The enzymes devoid of
dAdT polymerizing activity, except artificially modified
ATth and Vent(exo-) polymerases, had the 3’ = 5’ exo-
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nuclease activity, little or no 5’ — 3’ exonuclease activ-
ity, and no TdT-like activity except BcaBEST polymer-
ase which had the TdT-like activity (the suppliers’ in-
formation). Whether the dAdT polymerizing activity
is functionally associated with these other activities
remains to be elucidated.

In conclusion, Taq and Tth DNA polymerases were
found to catalyze primer/template-independent poly-
merization of dATP and dTTP. Though the primer/tem-
plate-independent polymerization was described more
than 35 years ago, its presence has been doubted on
account of the crudeness of the reaction preparation.
Our present report is probably the first that showed
its presence unequivocally.
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