
E¡ect of P-chirality of oligo(deoxyribonucleoside phosphorothioate)s on
the activity of terminal deoxyribonucleotidyl transferase

Maria KozioIkiewicza;*, Anna Maciaszeka, Wojciech J. Steca, Dmitry Semizarovb,
Lyubov Victorovab, Alexander Krayevskyb

aCentre of Molecular and Macromolecular Studies, Polish Academy of Sciences, Sienkiewicza 112, 90-363 Joèdzè, Poland
bEngelhardt Institute of Molecular Biology, Russian Academy of Sciences, 32 Vavilov str., Moscow 117984, Russia

Received 7 April 1998

Abstract Phosphorothioate analogues of oligonucleotides (PS-
oligos) of predetermined chirality at the phosphorus atom at each
internucleotide linkage have been used as primers for terminal
deoxyribonucleotidyl transferase (TdT, EC 2.7.7.31). The
enzyme catalyzes efficient elongation of PS primers in which
all phosphorothioate internucleotide linkages are uniformly of
the [RP] configuration, while the presence of the linkage(s) of the
[SP] configuration significantly decreases or completely inhibits
the primer extension. Our results indicate that for the elongation
of phosphorothioate oligomers the most important is the
internucleotide bond located between the second and the third
nucleoside from the 3P-end. The presence of [SP] linkage at this
position strongly reduces the enzyme activity while the [RP] bond
allows for effective elongation of the primer. The activity of the
enzyme is also influenced by base composition and sequence of
phosphorothioate primer as well as the dNTP used for elongation
process.
z 1998 Federation of European Biochemical Societies.
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1. Introduction

In the course of our studies on the in£uence of the absolute
con¢guration at the phosphorus atoms of internucleotide
phosphorothioate functions of PS-oligonucleotides upon the
action of enzymes associated with DNA metabolism [1^3], we
turned our attention towards terminal deoxyribonucleotidyl
transferase (TdT, EC 2.7.7.31). TdT catalyzes the addition
of deoxyribonucleoside phosphates to the 3P-ends of oligo-
and polynucleotide primers. As distinct from all the other
known polymerases, TdT-catalyzed DNA synthesis is not tem-
plate-directed. This enzyme requires an oligodeoxyribonucleo-
tide primer containing at least three phosphate groups and a
free 3P-hydroxyl [4,5]. TdT activity has been found only in the
nuclei of pre-Y and pre-B lymphocytes and its biological func-
tion, even after 25 years of intensive research, is not known
[6].

It was established that TdT accepts as substrates 5P-O-de-
oxyribonucleoside triphosphates (dNTP) or 5P-O-deoxyribo-
nucleoside-K-thiotriphosphates (dNTPKS) and this property
of the enzyme has been utilized for the 3P-end labeling of
single stranded DNA with 32P-phosphates or 35S-phosphoro-

thioates. Recently Grosse and Manns reported the use of TdT
for the elongation of a natural oligonucleotide such as p(dC)10

with dCTPKS and the tailing of restriction fragments or line-
arized plasmid DNA with dNTPKS [6]. However, to the best
of our knowledge, the stereochemical requirements for TdT-
catalyzed elongation with dNTPKS have not been studied so
far with respect to the absolute con¢guration of K-phosphorus
of dNTPKS, or the con¢guration at internucleotide phospho-
rus atoms of the phosphorothioate primers. It is known that
all polymerases studied so far accept for template-dependent
polymerization only SP-dNTPKS giving oligo(deoxyribonu-
cleoside phosphorothioate)s of an [all-RP] con¢guration
[7,8]. However, distinct properties of the terminal deoxyribo-
nucleotidyl transferase prompted us to study in detail its pos-
sible diastereoselectivity. We have used as the primers phos-
phorothioate oligodeoxyribonucleotides (PS-oligos) of
predetermined chirality (absolute con¢guration) at the phos-
phorus atom at each internucleotide phosphorothioate func-
tion. Because phosphorothioate oligonucleotides are evaluated
as potential therapeutic agents, their in£uence on functions of
di¡erent biomolecules is of special interest [9]. It is well docu-
mented that PS-oligos can change the activity of many en-
zymes involved in DNA or RNA metabolism [2,10^12].
Also their in£uence on TdT activity cannot be excluded.
The studies on the involvement of PS-oligos in TdT-catalyzed
synthesis of DNA can enrich our knowledge about their
mechanisms of action.

2. Materials and methods

2.1. Materials
All oligo(deoxyribonucleoside phosphorothioate)s were synthesized

according to the oxathiaphospholane methodology elaborated by Stec
et al. [13]. The oligonucleotides 1^6 obtained as 5P-DMT derivatives
were puri¢ed by two-step HPLC [13]. Then their purity was analyzed
by electrophoresis in 20% denaturing polyacrylamide gel (PAGE).
Tris-HCl, bovine serum albumin (BSA) and dNTP were purchased
from Sigma, L-mercaptoethanol from Serva, [Q-32P]ATP (speci¢c ac-
tivity 1500 Ci/mmol) from Radioisotop, spermidine from Fluka, Bio-
gel A 1.5m from Bio-Rad, calf thymus TdT and phage T4-polynucleo-
tide kinase from Amersham. Nuclease P1 (nP1, EC 3.1.30.1) and
dGTPKS were obtained from Pharmacia. Snake venom phosphodies-
terase (svPDE, EC 3.1.15.1) was purchased from Boehringer.

2.2. Labeling of oligonucleotides
An assay mixture (volume 10 Wl) contained 30 pmol of the oligo-

nucleotide, 10 WCi of [Q-32P]ATP, 10 units of polynucleotide kinase,
50 mM Tris-HCl (pH 8.0), 10 mM MgCl2, 15 mM L-mercaptoetha-
nol, 1 mM spermidine, 100 mM NaCl, and 10 Wg/ml BSA. The re-
action was carried out for 3 h at 37³C and was terminated by heating
the mixture at 70³C for 10 min. The labeled oligonucleotides 1^4 were
puri¢ed by gel ¢ltration on Biogel A 1.5m, while labeled tetradeoxy-
ribonucleotides 5 and 6 were puri¢ed on Sephadex G-10.

FEBS 20662 27-8-98

0014-5793/98/$19.00 ß 1998 Federation of European Biochemical Societies. All rights reserved.
PII: S 0 0 1 4 - 5 7 9 3 ( 9 8 ) 0 0 9 0 0 - 4

*Corresponding author. Fax: (48) (42) 815483.
E-mail: mkoziol@bio.cbmm.lodz.pl

FEBS 20662 FEBS Letters 434 (1998) 77^82



2.3. Terminal deoxyribonucleotidyl transferase assays1

An assay mixture (volume 5 Wl) contained 10 WM 5P-labeled primer,
3 units of TdT, dNTP (concentrations as indicated in Figure legends),
100 mM sodium cacodylate, pH 7.2, 10 mM MgCl2, and 1 mM
CoCl2. The reaction was performed by adding the enzyme and incu-
bation for 30 min at 37³C, and was terminated by adding 3 Wl of
deionized formamide containing 50 mM EDTA, 0.1% bromophenol
blue and xylene cyanol. The reaction products were analyzed by elec-
trophoresis in 20% polyacrylamide gels, and these gels were autora-
diographed using Kodak XRP-5 ¢lm.

An assay mixture for inhibition experiments contained the 10 WM
radioactively labeled tetradecadeoxyribonucleotide primer
([32P]d(CCCAGTCACGACGT) and all other components as shown
above. Additionally, speci¢ed quantities of unlabeled oligonucleotides
1a or 1b were added. E¤ciency of elongation was measured by scan-
ning spots in the tracks on autoradiograms.

2.4. Primer elongation with dGTPKS
The enzymatic assay was carried out under the same conditions as

above with 5 mM dGTPKS instead of dNTP and with oligodeoxy-
ribonucleotides 3a^d and 5a as the primers. The digestion of products
resulting from this reaction was carried out in the presence of nuclease
P1 or svPDE under conditions described elsewhere [13].

3. Results and discussion

In the ¢rst set of experiments 5P-32P-labeled phosphoro-
thioate decamers and dodecamers 1a^c, 2a^c and 3a^d were
used as the primers. In each series of oligonucleotides we used
so called random mixtures of diastereoisomers [mix] and dia-
stereomerically pure ones, with a de¢ned sense of chirality at
each internucleotide phosphorothioate. The oligonucleotides
1^3 were elongated in the presence of TdT using dGTP and
dTTP as substrates. The e¤ciency of elongation was deter-
mined by the densitometry of bands corresponding to un-
reacted primers. We have observed that the e¤ciency of the
elongation process depends to some extent upon the dNTP
substrate; the highest e¤ciency was observed for dGTP while
it was much lower for dTTP. A similar correlation was earlier
described for unmodi¢ed primers [4].

Only [all-RP]-d[(APS)11A] (1a) was elongated with high e¤-

ciency. The [all-SP] isomer (1b) was not elongated at all, while
the [mix] form of this PS-oligo (1c) exhibited rather low prim-
ing e¤ciency (Table 1). The low activity of the [mix] form is
probably caused by the presence of a fraction of molecules
containing one or two [SP] linkages at the 3P-end. E¤cient
elongation of [all-RP]-d[(APS)11A] prompted us to compare
the priming activity of this PS-oligo and the unmodi¢ed tet-
radecadeoxyribonucleotide d[CCCACTCACGACGT] (4) us-
ing di¡erent concentrations of dGTP and dTTP as substrates.
The dodecamer [all-RP]-d[(APS)11A] (1a) was found to be al-
most as e¤cient as the natural oligonucleotide 4 in priming
DNA synthesis. Because [all-SP] isomers of PS-oligos are not
accepted as primers in the elongation process, it was interest-
ing to check if [SP] isomers could compete with unmodi¢ed
primers. We found that the unlabeled PS-oligo 1a, when
present in the reaction mixture containing 5P-32P-labeled un-
modi¢ed PO-oligo 4, considerably decreased the e¤ciency of
elongation of 4, while oligomer 1b had a very low inhibitory
e¡ect. Fig. 1 demonstrates that the [all-RP] isomer (1a),
present at the same concentration as oligomer 4, inhibits its
elongation ca. 50% while the [all-SP] isomer (1b) shows a
comparable inhibitory e¡ect only at a 10-fold higher concen-
tration. This result indicates that the [all-SP] isomer poorly
binds to TdT, thus explaining its poor priming activity.

Similar results were obtained with oligonucleotides 2. We
found that [all-RP]-2a was elongated very e¤ciently while its
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Table 1
Activity of TdT in elongation of oligonucleotides 1^4

Compound Sequence Oligonucleotide elongated in the presence of dNTP substrate (%)

dGTP dTTP

1a [all-RP]-d[(APS)11A] 95 95
1b [all-SP]-d[(APS)11A] 6 5 6 5
1c [mix]-d[(APS)11A] 65 55
2a [all-RP]-d[GCT ATA ATG G] s 95 s 95
2b [all-SP]-d[GCT ATA ATG G] 6 5 6 5
2c [mix]-d[GCT ATA ATG G] 80 55
3a [all-RP]-d[(TPS)11T] s 95 s 95
3b [all-SP]-d[(TPS)11T] 0 0
3c [(RP)10SP]-d[(TPS)11T] 70 40a

3d [mix]-d[(TPS)11T] 60 40b

4 d[CCC ACT CAC GAC GT] 95 s 95
aThe main product of the elongation is a tetradecamer d[(TPS)11TPOTPOT].
bThe main products of the elongation are two oligonucleotides: 13-mer and 14-mer.

Fig. 1. Inhibition of primer 4 elongation as a function of [all-RP]-
d[(APS)11A] (1a) and [all-SP]-d[(APS)11A] (1b) concentration.

1 In all experiments we used the terminal transferase from Amer-
sham. A comparison of two commercially available TdT preparations
(from Promega and Amersham) showed that in our hands the Prom-
ega enzyme catalyzes the formation of very short products: only n + 1
and n + 2 oligomers were observed (n is the length of primer). Under
the same conditions the Amersham enzyme is much more active and a
primer is elongated with the formation of mixture of much longer
products.
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[all-SP] counterpart was totally inactive. However, unexpect-
edly, the [mix] form of this oligonucleotide was more active in
the elongation reaction than [mix]-d[(APS)11A]. We suppose
that the presence of two dG residues at the 3P-end of this
oligomer increases its a¤nity for the enzyme and the e¤ciency
of elongation of the [mix] form. The kinetic parameters de-
rived from the studies with a series of oligodeoxynucleotide
primers di¡ering in base composition show that the a¤nity of
the terminal transferase for primers decreases in order
dIs dGs dAs dTs dC [5,6]. Therefore, despite the presence
of the otherwise unpreferred and poorly recognized [SP] link-
ages at the 3P-end of [mix]-2c, the enzyme is able to catalyze
its elongation in a quite e¤cient manner.

Interesting results were obtained for oligonucleotides 3a^d
(Table 1, Fig. 2). The oligomer 3c contains 10 consecutive
[RP] internucleotide bonds followed by a single [SP] linkage
located between the penultimate and the ¢nal nucleoside at
the 3P-end. Again, the [all-RP] isomer of 3 was very e¤ciently
elongated by the enzyme, while the [all-SP] isomer was inac-
tive. The [(RP)10SP] isomer (3c) appeared to be a worse primer
than the [all-RP], especially in the reaction with dTTP as a
substrate. Moreover, in the reaction with dTTP, the main
product of elongation was found to be tetradecamer
d[(TPS)11TPOTPOT] and longer products were present only in
trace amounts (Fig. 2). This result indicates that the presence
of a single linkage of the [SP] con¢guration at the 3P-end of a
phosphorothioate primer signi¢cantly decreases the enzyme
activity.

For more detailed studies on the in£uence of absolute con-
¢guration at internucleotide phosphorus atoms of PS-oligos

upon the TdT activity, two series of phosphorothioate tet-
ramers with a nucleotide sequence d[(APS)3A) (5a^f) and
d[(TPS)3T] (6a^b) were synthesized (Table 2). Using primers
5a^f and dTTP as the substrate we found that the tetramer
[RPRPRP]-d[(APS)3A] is elongated very e¤ciently resulting in
a mixture of products up to 15-mers. Prolonged incubation
time or 2-fold increase of the enzyme concentration gave
much longer products (up to 30-mers). Under the same con-
ditions, the tetramer 5d containing one linkage of the [SP]
con¢guration at the 3P-end was elongated only by one or
two dT residues resulting in the oligomers
d[ARpARpASpAPOT] and d[ARpARpASpAPOTPOT], respectively
(Fig. 3).

Furthermore, the tetramer 5c, containing a phosphoro-
thioate linkage of the [SP] con¢guration between the second
and the third nucleosides from the 3P-end, was elongated by
only one dT residue giving the pentamer d[ARpASpARpAPOT]
(Fig. 3). The tetramer d[ARpASpASpA] (5e) was elongated in
the same way giving only small amounts of the pentamer
d[ARpASpASpAPOT] as the ¢nal product (data not shown).
These results can be explained in terms of the model of Chang
and Bollum, who postulated that TdT-metal ion complex
binds to the 3P-hydroxyl and the phosphoryl group of the
third nucleotide from the 3P-end of the primer [14]. For the
sake of simplicity we will use K, L, Q and N descriptions for the
¢rst, the second and the following internucleotide phosphates
from the 3P-end, respectively. After binding and the addition
of another nucleotide the complex dissociates from the primer
and again binds to the 3P-hydroxyl and Q phosphoryl group of
the growing oligonucleotide chain (non-processive mecha-
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Table 2
Stereoregular phosphorothioate tetramers used in studies of TdT
activity

Compound Sequence

5a [RPRPRP]-d[(APS)3A]
5b [SPRPRP]-d[(APS)3A]
5c [RPSPRP]-d[(APS)3A]
5d [RPRPSP]-d[(APS)3A]
5e [RPSPSP]-d[(APS)3A]
5f [SPSPSP]-d[(APS)3A]
6a [RPRPRP]-d[(TPS)3T]
6b [RPRPSP]-d[(TPS)3T]

Fig. 3. Extension of tetramers 5 by TdT in the presence of 5 mM
dTTP. Lanes 1, 3 and 5: the tetramers with no TdT added: 5a, 5d
and 5c, respectively. Lanes 2, 4 and 6: the tetramers 5 elongated by
the enzyme: 5a, 5d and 5c, respectively. The numbers on the right
indicate the length of oligonucleotides.

Fig. 2. Extension of dodecamers 3a^c by TdT in the presence of
dGTP or dTTP. a: [all-RP] isomer: (1) primer+enzyme; (2, 3) as in
1+dGTP: 0.5 mM and 5 mM, respectively; (4, 5) as in 1+dTTP:
0.5 mM and 5 mM, respectively. b: [(RP)10SP] isomer: (1) primer+-
enzyme; (2, 3) as in 1+dGTP: 0.5 mM and 5 mM, respectively; (4,
5) as in 1+dTTP: 0.5 mM and 5 mM, respectively. c: [all-SP] iso-
mer: (1) primer+enzyme; (2) as in 1+dGTP (5 mM); (3) as in
1+dTTP (5 mM). The numbers on the right indicate the length of
oligonucleotides.
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nism) [14,15]. Our results indicate that the enzyme is able to
recognize and elongate the tetramer d[ARpARpASpA] and the
pentamer d[ARpARpASpAPOT] but it does not bind to the
hexamer d[ARpARpASpAPOTPOT] which is not elongated and
accumulates as the ¢nal product. Even 2-fold higher concen-
tration of the TdT and prolonged incubation of the tetramer
5d with the enzyme did not change the length of the ¢nal
product. This hexamer as well as the pentamer
d[ARpASpARpAPOT] are not accepted as primers because in
both cases the Q phosphorothioate internucleotide function is
of the [SP] con¢guration. Summarizing, for binding to a phos-
phorothioate primer, terminal deoxyribonucleotidyl transfer-
ase requires the [RP] con¢guration at the phosphorus atom of
the Q internucleotide bond of a primer. For this reason, the
[(RP)10SP] isomer of d[(TPS)11T] is elongated only by two dT
residues to give the tetradecamer d[(TPS)11TPOTPOT] which
contains at this key position phosphorothioate internucleotide
linkage of [SP] con¢guration and, therefore, is not elongated
by the enzyme.

The elongation of oligonucleotide primers with dAMP or
dGMP requires the presence of a divalent cation with an
order of e¤ciency of Mg2�sZn2�sCo2�sMn2�. On the
other hand, the polymerization of pyrimidines is most e¤cient
in Co2�-containing bu¡ers [6]. For many enzymes a replace-
ment of the internucleotide phosphate by a phosphorothioate
can dramatically diminish an enzyme reactivity under normal
conditions, i.e. when Mg2� ions are present in a reaction
mixture. However, an addition of Mn2� or Zn2� can restore
enzyme activity. It is caused by di¡erent ability of metal ions
to coordinate sulfur: Mn2� readily accepts sulfur as a ligand
whereas Mg2� does not [16]. Trying to restore the TdT activ-
ity toward the phosphorothioate primer 5d containing an [SP]
linkage at the Q position, we used the cacodylate bu¡er with
Mn2� or other cations (Mg2�, Co2�, Zn2�). The correspond-
ing incubation mixtures were analyzed by PAGE. However,
the replacement of Mg2� or Co2� by manganese cations did
not restore the enzyme activity toward this primer (data not
shown). These experiments suggest that the metal ion required
for this reaction does not bind directly to the sulfur atom.
Mg2� or Co2� cations bind rather to the TdT protein than
to internucleotide bonds of primers.

Unexpectedly, the phosphorothioate tetramer
d[ASpARpARpA] (5b) containing the third internucleotide
phosphorothioate bond of the [SP] con¢guration was elon-
gated with a formation of a mixture of oligonucleotides of
di¡erent length, although the e¤ciency of this reaction was
lower (ca. 20%). We assume that the elongation of this primer
resulted from the presence of phosphate group at the 5P-end
of the tetramer, which was introduced in 32P-labeled form to
enable the analysis of TdT-catalyzed reactions by autoradiog-
raphy of electrophoretic gels. Because of the presence of the
unpreferred [SP] linkage at the Q position, the enzyme cannot
bind the primer using this linkage, but it may interact with the
phosphate group located at the 5P-end of the primer. This
interaction is relatively weak and allows for kinetically slow
elongation, which yields the pentamer d[POASpARpARpAPOT].
This product ful¢lls the enzyme's requirements much better (a
phosphate group at the K position and two [RP] phosphoro-
thioates at the L and Q positions) and is elongated very e¤-
ciently. The enzyme's a¤nity for this pentanucleotide is much
higher than the a¤nity for the tetramer 5b and therefore the
pentamer becomes the only compound which is elongated in

the next step of the reaction. To prove this hypothesis, unla-
beled (i.e. non-phosphorylated at the 5P-end) tetramer
d[ASpARpARpA] (5b) was incubated with TdT in the presence
of dTTP, followed by 5P-radiolabeling of products with the
polynucleotide kinase and [Q-32P]ATP. PAGE analysis showed
that the tetramer 5b was not elongated at all (Fig. 4). The
same experiment carried out with primer d[ARpARpARpA] (5a)
showed its e¤cient elongation. This experiment con¢rmed our
hypothesis and showed that the phosphate group in the N
position also plays an important role in activation of the
enzyme. This additional contact between the enzyme and
the phosphate or [RP] phosphorothioate in the N position is
not su¤cient for elongation of 5f, but makes it possible to
explain the presence of small amounts of longer products
generated by the TdT during the elongation of oligomers 3c
and 6b (Figs. 2 and 5B).

Our results show that TdT is a [RP] diastereoselective en-
zyme, however, this e¡ect is strongly in£uenced by the dNTP
used and/or the sequence of a primer. It was reported that for
purine triphosphates (dATP and dGTP) Vmax values are high-
er than those obtained with corresponding pyrimidine sub-
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Fig. 4. a: Extension of 5P-32P-labeled [SPRPRP]-d[(APS)3A] (5b) in
the presence of 0.5 mM dTTP. Lane 1: primer+enzyme; lanes 2, 3:
TdT-catalyzed elongation after 15 and 30 min of incubation, respec-
tively. b: Results of incubation of non-phosphorylated 5b with TdT
and dTTP followed by 5P-labeling with polynucleotide kinase carried
out after heat denaturation of TdT. Lane 1: primer+TdT ; lanes 2^
4: as in lane 1+0.5 mM dTTP after 5, 15 and 30 min of incubation
with TdT.
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strates [5]. Also the base composition of primers in£uences the
rate of TdT-catalyzed reaction. Homooligonucleotides con-
taining only dG or dA have much higher a¤nity for the
enzyme than dT- or dC-rich oligomers [5]. Therefore, in the
presence of dGTP, the dodecamer 3c was elongated not only
to the tetradecamer d[(TPS)11TPOGPOG] but the formation of
much longer products was also observed (Fig. 2). Due to
di¡erentiated activity of TdT towards primers of di¡erent
base composition, two oligomers [RPRPSP]-d[(APS)3A] (5d)
and [RPRPSP]-d[(TPS)3T] (6b) are elongated with di¡erent ef-
¢ciency although each of them contains at the K position the
phosphorothioate linkage of the [SP] con¢guration. Both are
elongated only by two dT residues, however the tetramer 5d is
elongated more e¤ciently than 6b for which we could observe
only traces of the penta- and hexanucleotide products (com-
pare lane 4 in Fig. 3 and lanes 4 and 5 in Fig. 5B).

The length of the phosphorothioate primer seems to be a
less important factor in£uencing enzyme activity although for

unmodi¢ed oligomers a correlation between primer length and
Km value was reported [5]. The results of our experiments with
elongation of 3a and 6a, and independently 3c and 6b, indi-
cate that tetramers d[(TPS)3T] are elongated with similar e¤-
ciency as dodecamers d[(TPS)11T]. Despite their di¡erent
lengths, both 3a and 6a were elongated with high e¤ciency
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Fig. 5. A: Extension of primers 3a and 6a in the presence of dGTP or dTTP. a: [all-RP]-d[(TPS)11T] (3a) : (1) primer+enzyme; (2, 3) as in
1+dGTP: 0.5 mM and 5 mM, respectively; (4, 5) as in 1+dTTP: 0.5 mM and 5 mM, respectively. b: [all-RP]-d[(TPS)3T] (6a) : (1) primer+en-
zyme; (2, 3) as in 1+dGTP: 0.5 mM and 5 mM, respectively; (4, 5) as in 1+dTTP: 0.5 mM and 5 mM, respectively. B: Extension of primers
3c and 6b in the presence of dGTP or dTTP. a: [(RP)10SP]-d[(TPS)11T] (3c) : (1) primer+enzyme; (2, 3) as in 1+dGTP: 0.5 mM and 5 mM, re-
spectively; (4, 5) as in 1+dTTP: 0.5 mM and 5 mM, respectively. b: [RPRPSP]-d[(TPS)3T] (6b) : (1) primer+enzyme; (2, 3) as in 1+dGTP:
0.5 mM and 5 mM, respectively; (4, 5) as in 1+dTTP: 0.5 mM and 5 mM, respectively.

C
Fig. 6. Extension of phosphorothioate oligonucleotides in the pres-
ence of dGTPKS. a: lane 1: [all-RP]-d[(TPS)11T] (3a) without TdT ;
lane 2: 3a elongated by TdT ; lane 3: [(RP)10SP]-d[(TPS)11T] (3c)
without the enzyme; lane 4: 3c after incubation with TdT ; lane 5:
[all-SP]-d[(TPS)11T] (3b) without the enzyme; lane 6: 3b after incu-
bation with TdT. b: lane 1: TdT-elongated 3a after treatment with
svPDE (0.05 Wg); lane 2: TdT-elongated 3a after treatment with
svPDE (0.5 Wg); lane 3: TdT-elongated 3a after incubation with
nP1 (0.1 Wg); lane 4: TdT-elongated 3a after incubation with nP1
(0.2 Wg).
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(V95%), while 3c and 6b containing a single [SP] bond at
their 3P-end were poor primers for TdT (Fig. 5A,B).

We have also studied the elongation of phosphorothioate
oligomers 3 and 5 in the presence of dGTPKS. The tetramer
[RPRPRP]-d[(APS)3A] (5a) was elongated very e¤ciently re-
sulting in a mixture of oligonucleotides up to 20-mers, while
tetramer [RPRPSP]-d[(APS)3A], due to the RP diastereoselec-
tivity of the enzyme, was elongated only by one or two dG
residues. However, a 3- or 6-fold increase of enzyme concen-
tration resulted in the accumulation of a hexamer
d[(APS)3APSGPSG] and the formation of small amounts of
much longer products (up to 20 mers). The elongation of
[all-RP]-d[(TPS)11T] in the presence of dGTPKS gave a mix-
ture of oligomers (up to 30-mers). Incubation of this mixture
with svPDE resulted in its complete digestion, which may be
an indication that internucleotide phosphorothioates were of
the [RP] con¢guration. Incubation of the same mixture with
[SP] speci¢c nuclease P1 showed that the products were resist-
ant to the enzyme (Fig. 6). This result con¢rmed our conclu-
sion that phosphorothioate products of TdT-catalyzed elonga-
tion were of the [RP] con¢guration.

4. Conclusions

The terminal deoxynucleotidyl transferase has been used for
elongation of phosphorothioate analogues of oligonucleotides.
The e¤ciency of this process depends upon several di¡erent
factors. The most important is the absolute con¢guration at
the phosphorus of the internucleotide phosphorothioate func-
tions of PS-oligos used as primers. [All-SP]-PS-oligos are not
accepted by the enzyme and are not elongated at all. On the
other hand, the [all-RP] isomers are very good primers for
TdT. Their elongation is almost as e¤cient as the extension
of natural oligonucleotides. The elongation of oligomers de-
pends upon the absolute con¢guration at the phosphorus
atom of the internucleotide bond located between the second
and the third nucleosides from the 3P-end (so called Q posi-
tion). The presence of [SP] linkage in this position strongly
reduces the enzyme activity while the Q-located [RP] bond
allows for e¡ective and fast elongation. This phenomenon is
observed for both short (4-mer) and long (up to 12-mer) prim-
ers. However, the [RP] diastereoselectivity of the TdT is also
in£uenced by the sequence of primer and the dNTP used in
the reaction. For the purine-rich primers, and in the presence
of dGTP as the substrate for the polymerization process, the

enzyme is very e¤cient and its [RP] diastereoselectivity is, to
some extent, suppressed. Under these conditions even the
primers containing [SP] linkages at the Q position are
elongated with a noticeable e¤ciency.

When dNTPKS were used as substrates for primer elonga-
tion, phosphorothioate oligonucleotide tails were found to
contain exclusively internucleotide phosphorothioate func-
tions of the [RP] con¢guration.
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