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ABSTRACT

Evidence was obtained indicating that the initiation of poly
(dA~-dT) de novo synthesis is provided by deoxynucleoside diphosphe
te: oligonucleotide deoxynucleotidyl transferase (dNDP-transferase
present in preparations of B.coli DNA polymerase 1 and capable of
catalyzing the unprimed polymerization of dNDP. dNDP-transferase
synthesyzes short oligonucleotides which form template-primer com-
plexes repeatedly replicated by DNA polymerase I. This conclusi-~
on was based on the following observations : the abolition of the
lag period of poly (dia-dT) synthesis by preincubation of DNA-poly-
merase I preparations with dADP and dTDP; the presence of oligo
(dA-dT) among the preincubation products; the suppressive effect
of dithiothreitol and N-ethylmaleimide (inhibitors of dNDP-trans-
ferase) on the de novo, but not on the primed synthesis of poly
(da-dT), catalyzed Dy preparations of DNA-polymerase I.

INTRODUCTION

Investigation performed in Kornberg's laboratory have shown
that preparations of E.coli DNA polymerase I are capable of pro-
viding the unprimed (de novo) synthesis of poly(dﬂ-dT)1 and po-
ly(dG)-poly(dC)z. Subsequently, it has been reported that simi-
lar reactions can be catalyzed by DNA polymerases from B.subti-
lis 3, M.lysodeicticus 4’5, M.luteus , bacteriophage T4 7, and
calf thymus 8’9. These findings have raised the question, whether
the capacity to catalyze the unprimed synthesis of the polynuc-
leotides is a property of the enzyme. An alternative possibili-
ty was that certain admixtures of oligonucleotides in the enzyme
preparations serve as repeatedly replicating templates and pri-
mers for the polymerases . However, attempts to establish the
presence of templates and primers in the preparations of the en-
zymes have not been successful 10, 11. Recently, an enzyme ca-
pable of catalyzing the template - and primer-independent poly-
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merization of deoxyribonucleoside diphosphates has been detec-
ted in preparations of E.coli DNA polymerase I 12. This enzyme
has been designated as deoxynucleoside diphosphate : oligonuc-
leotide deoxynucleotidyl transferase (dNDP-transferase). Data
have been obtained suggesting that the enzyme provides poly(dG)e
poly(dC) synthesis through the formation of complementary homo-
oligonucleotides which serve as templates and primers for DNA
polymerase I (dNDP, substrates for this reaction, are always
present in preparations of dNTP).

A reasonable assumption was that the de novo synthesis of
poly(dA-dT) procesds in a way similar to that of poly(dG)-po-
ly(ac) 2, The aim of this study was to verify this assumption.

MATERIALS AND MITHODS

Isolation of DNA polymerase I. DNA polymerase I was extra-
cted from E.coli MRE 600 cells as described by Jovin et al.13,
with DEAE cellulose fractionation done according to Richard -
son 14. The specific activity of the enzyme was determined by
the procedure of Aposhian 15.

Incubations. The incubation mixtures for the de novo syn-
thesis contained 0.25 mM dATP, 0.25 mM 4TTP (Novosibirsk, USSR),
5.10%cpm 2H-dPTP (10-20 Ci/mmole, Amersham), 6 mM ¥gCl,, 60 mM
potassium phosphate buffer (pH 7.5), 0.5-1 units of the enzy-
me in a volume of O.1 ml. In those experiments, in which tem-
plate-dependent synthesis was studied, 0.005 Aseo units of po-
ly(dA-dT) were added. The reaction mixtures were incubated for
the times shown in the appropriate figure legends at 37°C; in-
cubation was terminated by cooling to 0°C; 0.2 ml of bovine
serun albumin (1mg/ml) and 0.3 ml of 1 M perchloric acid were
then supplemented. The precipitate was collected by filtrati-
on through nitrocellulose filters (Simpor, Czechoslovakia);ra~
dioactivity was measured in a liquid scintillation counter
Mark II (Nuclear-Chicago).

Reaction conditions in assays using dNDP as substra-
tes were the same as those outlined above with the exception
that 0.5 mM dADP and O.5 mM dTDP were employed instead of dATP
and JH-dTTP. Unless indicated otherwise, incubation was per-
formed at 37<C for 2 hours.
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Two dimensional thin layer chromato (TIC). Norit A
(Serva) was used for desalting samples before their applica-
tion to Silufol UV 254 plates (20-20 em) (Serva). Solvent I, iso-
propanol/ conc.ammonia ./ water (70:10:20, v:viv), was used in
the first dimension; solvent II, 3.2 M ammonium sulphate in 7T M
sodium phosphate (pH 6.8) / n-propanol (125:2, v:v) was used in
the second dimension. Oligonucleotide spots were visualized un-
der ultraviolet light, scraped into separate tubes and eluted
with water at 37°C overnight.

Microcolumn chromatog'g_pgzw. Samples for microcolumn chro-
matography were diluted so that salt concentration did not ex-
ceed 1 mM. A solution that contained 0.05 Aoeo units of nucleo-~
tide material was applied to a TEAE cellulose column (30 ml).
Elution was performed at a flow rate of 0.01 ml/min with a 1li-
near gradient (from O t0 0.3 M) of NaCl in T M urea - 0.02 M
Tris-HC1 buffer (pH 7.5). Absorption was measured at 260 nm.

Dephogphorylation of nucleotide material with bacterial
alkaline phosphatase. Reaction mixture contained in 0.1 ml
0.4 Areo units of nucleotide material, 1 ¥ Tris-HC1l buffer (pH
8.0), and 150 units of E.coli alkaline phosphatase, specific ac-
tivity 4000 units/mg (the enzyme preparation was a gift of Dr.
V. K. Starostina). One unit of phosphatase activity was defined
as the amount of the enzyme hydrolyzing 1 mmole of dAMP per mi-
nute at 37°C. The reaction mixture was incubated at 37°C for
30 min.

Acid hydrolysis of oligonucleotides. Hydrolysis with di-
lute sulfuric acid was carried out as described by Shapiro and
Chargaff 7. Desalted samples were incubated in 0.1 M H,S0, at
100°C for 50 min and neutralized with NaOH. The validity of
this method was tested in model experiments with oligo(dT) and
poly(dA-dT). ifter acid treatment, the size of oligo(dT) did
not change,whereas poly(dA-dT) became a mixture of adenine, pTp,
and pT as a result of hydrolysis. Pertinent evidence was pro-
vided by microcolumn chromatography.

RESULTS.
Involvement of dNDP-transferase in the initiation of poly
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(dA-dT.) synthesis. It has been previously reported that dnDP-
transferase catalyzes the polymerization of dWDP in the absen-
ce of template and primer and that the enzyme occurs as an ad-
mixture in preparations of E.coli DNA polymerase 1'%, In view
of these findings, we investigated whether preincubation of
DNA polymerase I with 4ADF and 4dTDP affects the unprimed syn-
thesis of (dA-dT) copolymer. It was found that such preincuba-
tion results in a significant reduction, or even abolition,of
the lag period (Fig.1)

When DNA polymerase I preparation was preincubated with 4ADP
and 4ATDP for 1 hour, the synthesis of (di-dT) copolymer star-
ted much earlier after the addition of dNTP than in experi-
ments in which preincubation was omittede. ‘/hen the preincuba-
tion took 2 hours, there was no lag period. The reaction kine-
tics were similar when dADP and dTDP were incubated with ANDP-
-transferase, free of DNA polymerase12, and DNA polymerase was
added together with dATF and dTTP afterwards. This de novo re-
action without a lag period occurred only when dADP and 4TDP
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Figure 1. Kinetics of the de novo synthesis of poly(d.-4T)with-
out and after preincubation of DHi polymerase I with dADP and
d1DF. ¥reincubation was carrled out as described in "iethods",
0.25 ml. each of dsTF and  H-dTTF were then added; the radloac—
tivity of the acid-insoluble product was measured at the time
intervals indicated: (-e-) no preincubation with daDP and 4TDP;
(-a-) after preincubation for 1 hrjojafter preincubation for 2
hrs; (-w-) after preincubation of the enzyme with either 4ADP
or dTDP for 2 hrs, the reaction mixtures were subsequently
combined and diTt and dTTF were added.
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were supplemented together; in contrast, when preincubation was
done separately with each dNDP, and the mixtures were pooled
before the addition of dNTP's, no reduction of the lag period
was observed. .

It has been previously shown that poly(di) synthesis,cata-
lyzed by dNDP-transferase, is inhibited by dADP at concentra-
tions exceeding 1-2 mM12. The experiments demonstrated an ef-
fect of the substrate concentration on primed and unprimed syn-
thesis of (dA-dT) copolymer (Fig.2)

The rate of the template-dependent reaction increased propor-
tionally to rising concentrations of dATP and dATTP to 12 mM
(Fig.24), whereas raising concentrations of daTP and 4dTTP to
values exceeding 2 ml resulted in a prolongation of the lag
period of unprimed synthesis(Fig.2B).Preincubation was done
over a wide range of dADP and 4dTDP concentrations; it was re-
alized that a concentration of 1-2 mN is optimal and that the
subsequent replicative synthesis of poly(dA-dl) is inhibited
at higher concentrationsd{Table 1)

It seems that high concentrations of dATP and dTTP,like those
of daDP and 4TDP, suppress the reaction catalyzed by dNDP-
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Figure 2. Effect of substrate concentration on primed and un-
primed synthesis of poly(di-dT)e A - the rate of primed synthe-
sis related to GATP and ATTP concentrations. B - the length of
the lag period of the de novo synthesis related to concentra-
tions of dATP and d4TTP.
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TABLE 1. Effect of dADP and dTDP concentrations in the prein-
cubation mixture on the synthesis of poly(daA-4aT).

Ne Concentra- 3HI--dTMP incorporation into the acid-
tion of 4ADP insoluble product (cpm)
+ ATDP (mM )
After 30 min After 60 min
1 0.1 92 80
2 0.5 352 3200
3 1.0 4190 5070
4 1.5 - 27200
5 2.0 - 33250
6 2.5 - 30100
T* 5.0 - 16000
Te* 5.0 - 16150
8 10.0 115 5100

Preincubation of the enzyme was performed as described in "Me-
thods", 0.25 mi each of dATP and ATTP were then added to the
mixture and the radioactivity of the acid-insoluble product
was measured.

* -~ 6 mk MNgClo

**~ the concentration of lgCl, was raised to 30 mM to ensure
that the reaction was not inhibited by lack of Mg*t,

~transferase.

N-ethylmaleimide and dithiothreitol are inhibitors of the
unprimed synthesis of poly(dA) catalyzed by dNDP-transferaseC,
VWhile unaffecting the template-dependent reaction,catalyzed by
DNA polymerase I(Fig.3A),N-ethylmaleimide and dithiothreitol
strongly inhibit the de novo synthesis of (dA-dT)copolymer
(Fige3B).Their presence during preincubation leads to a comp-
lete suppression of the subsequent poly(da-dT)synthesis. How-
ever,when N-ethylmaleimide or dithiothreitol was added toge-
ther with ANTP,the synthesis of the polynucleotides proceeded
in a manner similar to that observed without these substances
(Figed )

These observations indicate that dNDP-transferase is the
enzyme responsible for the synthesis of templates and primers
during the so-called unprimed step of poly(dA-dT) synthesis ca-
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Figure 3. Effect of N-ethylmaleimide and dithiothreitol on

primed and unprimed poly(dA-dT)synthesis. A - primed and B -

- unprimed synthesis, (-e-)

gsence of 5 mM dithiothretiol
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Figure 4. Effect of
N-ethylmaleimide and
dithiothreitol on
the reaction procee-
ding during the pre-
incubation of the
enzyme with dADP
and dTDP. Synthesis
of poly(da-dT): A -
- after preincubati-
on under standard
conditions, B - in
the presence of 60
m¥ N-ethylmaleimide
in the preincubation
mixture(-e-),in the
reaction mixture
containing 4KTP(-o-)
C - in the presence
of 5 mM dithiothre~
itol during preincu-
bation(-e~),in the
reaction mixture
with ANTP(-0-).
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talyzed by preparations of DNA polymerase I.

Analysis of the reaction products gynthesized during the incu-
bation of DN4 polymerase I preparations with dADF and dTDE.

iteaction product size.The reaction products resulting from
the preincubation of DNA polymerase I with dADP and 4TDP (see
Fige 1) are acid— .soluble. For this reason, the amount and size
of these oligonucleotides were determined by means of two-di-
mensional TIC on Silufol UV plates (Fig. 5). Spots 4,5,6 and
T were identified as dADF, dANP, dTDP and dT:FP, respectively.
Spots 1, 2, 3 appearcd only after incubation and seem to be re-
action products; they represented 23, 9 and 18% of the total
UV-absorbing material, respectively. Cligonucleotides from spot
1 carried 7-9 charges ( as judged by the position of the markers,
Fig. 6A). The reaction products from spot 2 were oligonucleoti-
des carrying 8 charges ( Tg. 6B). 5pot 3 represented oligonuc-—
leotides with 6-8 churges ( Fig. 6C).

The shape of spot 4 suggested the presence of very short
oligonucleotides, inseparable from diDP. They were identified
as follows. After incubation of DNA polymerase I with dADP and
dTDP, the reaction mixture was treated with E.coli alkaline
phosphatase under conditions ensuring dephosphorylation of the

LD

2 —

Figure 5. Two -dimensional TILC of the reaction products ufter
incubation of dADP and dTDP with the preparation of DNA polyme-
rase 1.
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Figure 6. kicrocolumn chromatography of the reaction products
after incubation of dADF and dTDF with the preparation of X.
coli DNA polymerase I. The reaction products were eluted Trom
the spots (see Fig.5): A- spot 1, B- spot 2, C- spot 3.

substrates, and then subjected to microcolumn chromatography

( FigeT). Alkaline phosphatase did not show any appreciable
nuclease activity, as demonstrated by incubation with oligo(dT).
Wiith the procedure described, the reaction products were found
to contain di- and trinucleotides too. It wus also noted that
pretreatment with phosphatase shifted the peaks of hexa- deca-
nucleotides to a position corresponding to shorter oligonucleo-
tides. This was taken to mean that oligonucleotides, synthesized
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Figure 7. Microcolumn chromuatography on TEAE cellulose of : A-
the products of dADP and dTDP polymerization, B- the same pro-
ducts after treatment with alkaline phosphatase.

from d4iiDP, carry phosphate groups accessible to alkaline phos-
phatase.

Composition of reaction products. Inasmuch as oligoade-
nylates in solvent system 1 used in the TIC migrate faster than
oligothymidilates and the material from spots 1, 2, 3 is of
similar size, it was thought possible that the oligonucleoti-
des from spot 1 are enriched with thymidine residues, while
those from spots 2 and 3 are enriched with adenine residues.
Conclusive evidence for this possibility came from analysis of
the spectral characteristics of oligonucleotides from spots 1
and 3 ( Table 2 ).
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TABLE 2. Spectral characteristics of oligonucleotides eluted
from spots 1 and 3 ( see Fig. 5).

Nucleotide 250 280 290
material A max 560 580 550
Spot 1 267 0.66 0.58 0.14
Spot 3 260 0.75 0.20 0.07
dAMP 259 0.8 0.15 0.00
ATMP 267 0.65 0.73 0.23

The presence of homo- and heterooligonucleotides in mate-
rial from spots 1 and 3 was demonstrated by acid hydrolysis.
The products of hydrolysis were subjected to a microcolumn chro-
matography : 12 % of the total UV-absorbing material did not
bind to TEAE cellulose, namely adenine. The elution profiles of
oligonucleotides from spot 1, obtained before acid treatment
(see Fig. 6) and after it ( Fig. 8), were compared. After acid
treatment the ratio of peak 1 to peak 2 changed and new peaks,
3 and 4, appeared. Peak 3 represents short oligothymidilates,
presumably products of acid hydrolysis of heterooligonucleoti-
des.6-8% of the nucleotide material occurs as peak 4 with a po-
gition corresponding to that of pTp. Hence, (dA-dT)oligomer
content made up 6-8 % or less of the total reaction products.
After acid treatment, the bulk of UV-absorbing material from
spot 3 ceases to bind to TEAE cellulose. Obviously, oligonuc-
leotides of this spot contain mainly adenine. However, a small
portion of the nucleotide material is eluted by NaCl gradient
which is indicative of the presence of heterooligonucleotides.

Based on acid hydrolysis data, it may be concluded that
the major components of the polymerization products of dADP and
dTDF are homooligonucleotides, and that minor components are
heterooligonucleotides. The latter seem to contain (dA-dT) co-
polymer.
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Figure 8. liicrocolumn chromatography of acid-treated oligonuc-
leotides eluted from: A~ spot 1 and B- spot 3 (see Fig.5). Af-
ter application of the sample, the microcolumn was washed with
water:12% of the UV-absorbing material from spot 1 (A) and 93%
from spot 3 did not bind to TLAZ cellulose.

DISCUSSICH

The following assumptions underlie considerutions concer-
ning the mechanisms of the unprimed synthesis of polydeoxynuc-
leotides, catalyzed by DHA polymerases : 1) The presence of
contaminating endogenous templates and primers in the enzyme1’8;
2)the capacity of DHA polymerase per se to initiate the formati-
on of templates and primers 11’21; 3)the existence of a protein
synthesizing temnlates and primers for DNA polymerase 12.

The recults of experiments designed to isolate endogenous
templates and primers from enzyme preparation were disappointing

1’10. The second ascumption is hardly tenable, because, with
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increasing purity 2,14, 21 and modified separation procedure22’23,

the capacity of DNA polymerase to catalyze the de novo reacti-
on decreases or disappears, and also because template-dependent
and template-independent synthesis are differently related to
1g't concentration 8,24,

In a previous study, it has been shown that preparations
of E.coli DNA polymerase I contain dNDP-transferase, an enzy-
me capable of catalyzing template~ and primer-independent po-
lymerization of dHDP12. It has been established that dNDP-
transferase participates in the initiation of poly(dG)-+poly(dC)
synthesis 12. Quite plausibly, the enzyme provides the initi-
ation of another known type of template-independent synthesis.
In fact, preincubation of DNA polymerase I preparation with
dADP and dTDP results in the elimination of the lag period du~
ring the de novo synthesis of poly (dA-dT) (Fig. 1).

The capacity of N-ethylmaleimide and dithiothreitol, in-
hibitors of dNDP-transferase, to suppress the unprimed synthe-
sis of poly(da-dT), catalyzed by DNA polymerase I preparati-
ons, lends support to the idea that it is dNDP-transferase
that directs the initiation of the synthesis of poly(da-d4T).

A similar effect was achieved by adding high concentrations
of substrates, inhibiting both the unprimed synthesis of poly
(dA-dT) and activity of dNDF-transferase, to the incubation
mixture. Hence, precisely dNDP- transferase specifies the syn-
thesis of short oligonucleotides which act as templates and
primers for the synthesis of the high molecular weight poly
(dA-dT), catalyzed by DNA polymerase I.

The products synthesized as a result of preincubation
of DNA polymerase I with diDP and dTDP are oligonucleotides
of different composition and length;oligo(da) and oligo(dT)
predominate, but mixed oligonucleotides are also encountered.
The oligonucleotides are short and dNTP preparations contain
small amounts of dNDP, which serve as substrates for dNDP-trans-
ferase. These are the possible reasons why investigators have
failed to isolate initiating oligonucleotides

Despite relatively low contents of oligo(di-dT) in the re-
action products, E.coli DNA polymerase I efficiently synthesi-
zes poly(dA-dT) and only under special conditions, in the pre~-
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sence of anthracycline antibiotics 25 and proflavine26, it pro-

vides the synthesis of poly(dA)+poly(dT). The preferential syn-
thesis of copolymer may be explained as follows: 1)short oligo
(dA) and oligo(dT) chains tend to form three-stranded comple-
xes 2 and thus cannot be utilized as templates and primers by
DNA polymerase; 2) E.coli DNA polymerase I prefers poly(di-dT)
to any other template“ s In the presence of poly(di-dT)-binding
anthracycline antibiotics, the homopolymer pair poly(dA)epoly
(dT) is synthesized, but only after a prolonged,24 hour lag pe-
riodzs(the corresponding lag period for poly(dA-dT) synthesis is
2-5 hours). Apparently, long oligo(dA) and oligo(d4T) chains, ca-
pable of forming template-primer complexes(in contrast with the
short ones lacking this capacity), arise during this long lag
period and ensure replication.

There are data indicating that pH, ionic strength and buffer
composition determine what kind of polydeoxynucleotide is syn=-
thesized de 293221. The present investigation suggests that the-
se factors can influence both the reaction catalyzed by dNDP-
-transferase and the formation of template-primer complexes29.
It cannot be excluded that these faectors also affect nucleases
and thereby produce a degradation of oligonucleotides with de-
finite sequences.

Three steps can be distinguished in the so-called template-
-independent synthesis of polydeoxynucleotides, catalyzed by

Dia polymerase I: 1) a template-independent synthesis of
short oligonucleotides catalyzed by dNDP transferuse; 2)the for-
mation of temvlate-primer complexes with the involvement of the-
se oligonucleotides and 3)a prolonged replication of template-
-primer complexes by DNA polymerase I.

The template-independent synthesis of polydeoxynucleotides
can be catalyzed by DNA polymerases from sources other than
Eecoli. It may be assumed that, whatever the source of DNA po-
lymerase may be, the template-independent synthesis conforms
to the pattern estublished here.
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