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SUMMARY
2’-Deoxy-6-thioguanosine 5’-triphosphate (S6dGTP), a metabo-
lite of the antileukemia agent 6-thioguanine, was evaluated as a
substrate for purified human DNA polymerases. Using bacterio-
phage M13 single-strand DNA as a template, S6dGTP substi-
tuted efficiently for dGTP and stimulated DNA synthesis in re-
actions without dGTP, with DNA polymerases a, t5, and �y from
the human leukemia cell line K562. The apparent Km values for
dGTP and S6dGTP were very similar, i.e., 1 .2 pM each for
polymerase ct, 2.8 and 3.6 � respectively, for polymerase b,
and 0.8 pM each for polymerase -y; however, the relative Vmax

values for the modified nucleotide were 25-50% lower than
those of the corresponding natural substrate. Using a highly
sensitive electrophoretic assay of chain elongation across
M13mp9 (+)-strand DNA by the aforementioned human DNA
polymerases, S6dGTP was shown to be incorporated at the 3’
end of the nascent growing DNA chain, and the patterns of chain
extension with S6dGTP as substrate were identical to those

obtained in the presence of dGTP. There were no major differ-
ences using S6dGTP in place of dGTP with these DNA polymer-
ases; however, at higher concentrations (1 -1 0 �M) the analog
stimulated primer elongation in reactions without dATP, indicat-
ing some misincorporation at sites of 56G . T base pairs during
DNA synthesis. Using p(dA)1218 as the initiator for calf thymus
terminal deoxynucleotidyltransferase, S6dGTP inhibited the in-
corporation of all four natural deoxyribonucleoside 5’-triphos-
phates into the primer, in a competitive manner. The apparent K,
values for the analog were 6-20 times lower than the Km values
for the four endogenous substrates. As a substrate, S6dGTP
was added to the 3’-hydroxyl termini of primer, although tailing
efficiency with the analog was lower than that in the presence of
the natural substrate. These findings indicate that S6dGTP is a
relatively good substrate for several mammalian DNA polymer-
ases, including terminal deoxynucleotidyltransferase.

The guanine analog S6G is an active antileukemia agent in

humans (1-3). Although the exact mechanism for the antitumor

activity of this compound is not completely understood, many

findings are consistant with the hypothesis that the incorpo-

ration of SG into DNA is the major cause of its cytotoxicity

(4-6). By alkaline elution analysis, Christie et al. (6) indicated

that S6G incorporation into the DNA of Chinese hamster ovary

cells was associated with cell killing and single-strand DNA

damage. Other investigators showed that double-strand DNA

breaks, DNA-protein cross-links, and interstrand cross-links

occur in TG-treated L1210 cells (7-9). Recently, Pan and

Nelson (10) found that TG produced single-strand breaks in

56G-containing and daughter DNA strands, presumably follow-

ing its incorporation during DNA replication.

Yoshida et al. (11) reported that S6dGTP was a substrate for

DNA polymerase a from calf thymus. In previous work, we

have applied a high resolution DNA-sequencing gel technique

to demonstrate substrate activity of the analog with the Klenow

fragment of Escherichia coli DNA polymerase I.’ Herein, we

have used this technique to determine whether mammalian cell

DNA polymerases can utilize S6dGTP as a substrate during

DNA replication. We used two kinds of purified DNA replica-

tion enzymes, polymerase a and polymerase �, one of mito-

chondrial DNA synthesis, polymerase -y, and TdT. The results

indicate that these enzymes readily utilize this modified sub-

strate in place of dGTP. A preliminary report of this work has

appeared (12).

This work was supported by Grant CA-28034 from the National Cancer

Institute and by Grant GM-25530 from the National Institute ofGeneral Medical
Sciences, National Institutes of Health.
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Materials and Methods

Chemicals. High performance liquid chromatography-purified

dNTPs, the corresponding 2’,3’ -dideoxynucleotides, and P(dA),2-,8

were purchased from LKB Pharmacia Biotechnology, Inc. (Piscataway,

NJ). S6dGTP was synthesized and purified as previously described.’

Seventeen-mer synthetic oligonucleotide primer was obtained from
New England Biolabs (Beverly, MA). M13mp9 and M13mp18 single-

stranded circular DNA were prepared as described by Messing (13). [-y-

32P]ATP (specific activity, >7000 Ci/mmol) and [ce-32PJdNTPs (spe-

cific activity, >600 Ci/mmol) were purchased from ICN Radiochemicals

(Irvine, CA). T4 polynucleotide kinase (10 units/pl) and Klenow frag-

ment of E. coli DNA polymerase I (5 units/pl) were from New England

Biolabs. TdT from calf thymus was obtained from United States

Biochemicals (Cleveland, OH). DNA polymerases a, b, and -y were

prepared and purified from the human chronic myelogenous leukemia

cell line K562, according to the method described by Parker et al. (14).

Ultrapure acrylamide and urea were from United States Biochemicals.
DE-81 ion exchange discs (24-mm diameter) were obtained from What-
man (Maidstone, UK). Other chemicals were purchased from sigma
Chemical Co. (St. Louis, MO).

Assay of DNA polymerase activity. Activities of DNA polymer-
ases were measured with M13mp9 or M13mp18 single-stranded DNA
as templates. The reaction mixture contained 30 mM Tris . HC1 (pH

7.5), 8 mM MgCl2, 2 mM dithiothreitol, 0.1 pmol of primer-M13mp9

DNA, 100 pg/ml BSA, 20 pM each of dATP and dTTP, 2 pM [a-�P]
dCTP (1000 cpm/pmol), various concentrations of dGTP or S6dGTP,

and 0.25 units of DNA polymerase, in a total reaction volume of 50 pl.

After incubation at 37’ for the indicated times, aliquots of the reaction
mixture were spotted onto DE-81 discs, washed three times with 5%

Na2HPO4 and twice with 95% ethanol, and dried. Radioactivity asso-

ciated with the discs was then determined using a Beckman LS8100
liquid scintillation counter.

Primer 5’-end labeling. Universal 17-mer primer (3 pmol) was

5’-32P-labeled in a 30-pl reaction buffer containing 50 mM Tris . HC1
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Fig. 1. A, DNA synthesis using M13mp9 single-strand DNA as template
and human DNA polymerase a. The reaction mixture contained 20 pM

dATP, 20 pM dTTP, and 2 pM [a-32P]dCTP, in the absence(#{149})or presence
of 20 pM dGTP (0) or with 20 pM S6dGTP (A). B, using human DNA
polymerase t5. C, using human DNA polymerase �y. The average values
for two separate experiments performed in duplicate are given.

TABLE 1
Kinetic analysis of S#{176}dGTPas a substrate for human DNA
polymerases
Incubations were performed as described for the DE-81 assay in Materials and
Methods. Km and V,� values were estimated by double-reciprocal plots of initial
velocity data�he results shown are the average values for two separate experi-
ments, each performed in duplicate.

(pH 7.5), 10 mM MgC12, 5 mM dithiothreitol, 50 pg/ml BSA, 0.25 mCi

of [-y-’2PJATP (>7000 Ci/mmol), and 10 units of T4 polynucleotide

kinase. After incubation at 3T for 30 mm, the reaction was terminated

by addition of 5 pl of 0.25 M EDTA (pH 8.0) and heating at 85� for 5

mm. The labeled primer was precipitated with 0.3 M sodium acetate

and cold ethanol.
Primer-template annealing. The procedure for annealing the

primer-template was as previously described.’ Briefly, 5’ -end-labeled

primer (0.5 ng, 0.1 pmol) was annealed to M13mp9 or M13mp18 (+)-

single-strand DNA (0.5 pg, 0.2 pmol) in 20 pl of annealing buffer

containing 0.5 M NaCl, 40 mM Tris.HC1 (pH 7.5), and 1 mM EDTA

(pH 8.0). After heating of the mixture at 65� for 5 mm and slow cooling
to room temperature, the primer-template complex was passed over a

Sepharose 2B column (0.7 cm x 20 cm) and eluted with 10 mM Tris, 1

mM EDTA buffer. The first peak of radioactivity, containing the :32p

labeled primer-template complex, was collected, precipitated with cold

ethanol, and finally dissolved in Tris-EDTA buffer.

Elongation of 32P-labeled primers by DNA polymerases. The
mixture for measurement of primer elongation contained, in a total
volume of 10 pi, 30 mM Tris.HC1 (pH 7.5), 8 mM MgCl2, 20 pM each

of three dNTPs, 2 nM 32P-primer/M13mp9 template, 100 pg/mi BSA,

0.15 units of human DNA polymerase a, tS, or ‘y, and the indicated

concentrations of omitted corresponding natural substrates or S6dGTP.
The reaction was performed at 3T for 1 hr and terminated by addition

of 5 pl of stopping solution containing 0.3% xylene cyanol FF, 0.3%

bromphenol blue, and 0.37% Na2EDTA. The terminated solutions were

denatured at 100’ for 5 mm and quickly cooled in an ice bath, and

aliquots (2-5 pi) were taken and subjected to electrophoresis in 7 M

urea-8% polyacrylamide gels (23 cm x 36.5 cm x 0.4 mm). For each

reaction minus dNTP, a corresponding dideoxy sequencing reaction
was carried out, as described by Sanger et al. (15). Briefly, a reaction

mixture volume of 8 pl contained 0.1 pmol of ‘2P-primed M13mp9 or

M13mp18 single-stranded DNA template, 100 pM dideoxynucleoside

triphosphate, 1.25 pM corresponding dNTP, 100 pM each of the other

three dNTPs, 40 mM Tris.HC1 (pH 7.5), 5 mM MgCl2, and 1 unit of

Klenow fragment of E. coli DNA polymerase I. After a 30-mm incu-

bation at 30’, the reaction was terminated by the addition of 4 pl of

95% (v/v) deionized formamide, 10 mM Na2EDTA, 0.1% (w/v) bro-

mophenol blue, 0.1% (w/v) xylene cyanol FF.

Measurement of TdT activity. Calf thymus TdT activity was

assayed with p(dA),2,s as the initiator and one of four [a-#{176}PIdNTP5

(1000 cpm/pmol) as the nucleotide substrate. The reaction mixture

contained, in a total volume of 10 pl, 50 mM HEPES-KOH (pH 7.5), 1

mM �-mercaptoethanol, 0.6 mM ZnSO4, 0.25 mM MnCl2, 10 pM P(dA),2

18, 100 pM [32P]dNTP, various concentrations of S6dGTP, and 5 units

of TdT. After a 30-mm incubation at 37�, the reaction mixture was

applied to DE-81 discs, washed twice with 5% Na2HPO4 and twice with

95% ethanol, and dried, and the radioactivity was determined by liquid
scintillation counting.

Gel electrophoretic assay of primer tailing reaction by TdT.
The preparation of 5’ -end-labeled 32P-primer was performed as de-

scribed above. The reaction mixture contained, in a total volume of 10

pl, 50 mM HEPES (pH 7.5), 0.25 mM MnCl2, 1 mM #{216}-mercaptoethanol,

0.6 mM ZnSO4, 0.1 pmol of 5’ -#{176}P-17-mer primer, and 10 pM dGTP or

S6dGTP. The tailing reaction was initiated by addition of 5 units of

calf thymus TdT. After incubation at 3T for the indicated times, the

reaction was stopped by the addition of an equal volume of deionized

formamide dye. The samples were denatured at 100� for 5 mm and

subjected to electrophoresis in 7 M urea-16% poiyacrylamide denaturing

Gel electrophoresis. The products from the chain elongation by
DNA polymerases or from the tailing reaction by TdT were dissolved

in formamide dye solution, denatured at 100� for 5 mm, and quickly

cooled in an ice bath. After loading of the samples (5 p1/well), the gels

were electrophoresed at 1200-1600 V until the xylene cyanol marker

had migrated 18 cm. The gels were then exposed to Kodak X-Omat

XAR-5 film at -70� overnight.

Polymerase Substrate Km�, Relative V,�

pM

a dGTP 1.2 1
a S6dGTP 1 .2 0.75
t5 dGTP 2.8 1
o S6dGTP 3.6 0.53
�1 dGTP 0.8 1
‘V S6dGTP 0.8 0.68
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Fig. 2. Elongation of 5’-32P-end-labeled primer from M13mp9 single-strand DNA (+)-template by human DNA polymerases. A, Reactions without
dGTP, in the presence or absence of dGTP or S6dGTP, with DNA polymerase a; B, DNA polymerase b; C, DNA polymerase -k’. The reaction
conditions and guanine-sequencing were performed as described in Materials and Methods. This result is representative of three separate
experiments.
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Results

Utilization of S6dGTP versus dGTP in the DE-81 as-

say of incorporation. Human DNA polymerases a, �, and �1

prepared from K562 cells were used to measure the incorpora-

tion of [a-32P]dCMP into primed M13mp9 DNA template, as

described in Materials and Methods. As shown in Fig. 1A,

polymerization in the absence of dGTP (due to misincorpora-

tion) catalyzed by polymerase a was about 27-30% of that in

the complete reaction during 10-60 mm of incubation. When

10 �sM S6dGTP was added to the mixture without dGTP, the

rate of DNA synthesis achieved was about 70% that of the

complete reaction within 10 mm of incubation and reached

approximately 80-85% of the complete reaction rate during 20-

60 mm of incubation. These results indicate that S6dGTP is a

good substrate in place of dGTP in DNA synthesis catalyzed

by human polymerase a. Qualitatively similar results were

obtained with DNA polymerases 5 and �y (Fig. 1, B and C).

The apparent Km values for dGTP and S6dGTP were 1.2 �M

each for DNA polymerase a, 2.8 and 3.2 pM, respectively, for

polymerase �, and 0.8 pM each for polymerase sy, (Table 1).

Thus, these DNA polymerases possess similar binding effi-

ciency for dGTP and S6dGTP. In comparison with the corre-

sponding natural substrate, the relative Vmax values for S6dGTP

were 0.76, 0.53, and 0.68 for polymerases a, #{244},and -y, respec-

tively.

Utilization of S6dGTP by human DNA polymerases,

analyzed by a gel electrophoretic assay. To gain further

A
C
A

C
Al
0
‘5

insight into the specificity of incorporation of the analog during

polymerization catalyzed by mammalian DNA polymerases, we

monitored 5’32Plabeled primer elongation along an M13mp9

single-stranded template DNA, using high resolution DNA

sequencing gels.’ As shown in Fig. 2A, in the reaction without

dGTP, primer elongation catalyzed by polymerase a was mainly

arrested one nucleotide before the guanine insertion site. After

addition of 0.001 pM dGTP, the primer chain was extended

past one to four cytosine residues in the template. Increasing

dGTP concentrations led to increased accumulation of longer

primer chains, until at 10 pM dGTP the primer bands appeared

at the top of the gel. When various concentrations of S6dGTP

were added to the reaction without dGTP catalyzed by human

polymerase a, stimulation of primer elongation was also seen,

indicating that the analog was incorporated into nascent grow-

ing primer strands in place of guanine. Although the patterns

of primer elongation with S6dGTP as substrate were identical

to those produced with dGTP, there was a reduction in the

efficiency of primer extension in the case of S6dGTP substitu-

tion for dGTP. For instance, with 0.1 pM S6dGTP the extent

of primer elongation was similar to that with 0.01 pM dGTP,

and at 10 pM S6dGTP the extent of chain elongation was

similar to that seen at 1 pM dGTP. As shown in Fig. 2, B and

C, DNA polymerase 5 or �y also readily incorporated S6dGTP

into elongating primer chains, with a reduction in elongation

when S6dGTP replaced dGTP similar to that seen with polym-

erase a. However, the efficiency of primer extension by polym-
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Fig. 3. Misincorporation of S6G in

place of adenine by human DNA
polymerases. Reactions without
dATP were performed in the ab-
sence or presence of S6dGTP,
analogous to the reactions without
dGTP illustrated in Fig. 2. A, DNA
polymerase a B, DNA polymerase
�; C, DNA polymerase �y.

0 1 10 i�10

dATP(uM) s6dGTP(UM)dATP ( uM ) s’dGTP( tiM ) dATP ( uM ) s6dGTP ( tiM)

s6dGTP (pM)

Fig. 4. Inhibitory effect of S6dGTP on calf thymus TdT. Experiments
were performed using p(dA)12,8 as initiator, under the assay conditions
described in Materials and Methods. #{149},[a-�P]dGTP; A, [a-�P]dATP;
0, [a-�P]dCTP; & [a-32P]dTTP. Values arethe average ofthree separate
experiments; bar, ± standard deviation.

erase t5 was lower than that with polymerases a and �y, possibly
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due to polymerase c5 being more slowed by secondary structure

in the template.

Additionally, we conducted experiments to ascertain whether

human polymerase a, 5, or -y can misincorporate S5dGTP in

place of dATP during in vitro primer elongation, as we had

observed previously with the E. coli Klenow I enzyme.’ Bands

due to the formation of S6G . T mismatched base pairs were

observed in the gel electrophoretic autoradiograms (Fig. 3) at

higher concentrations (1-10 �zM) of S8dGTP in place of dATP.

These data suggest a greater propensity of polymerase a to

misincorporate S6G in place of adenine than the other two

mammalian polymerases. Because the reaction mixture con-

tamed 20 pM dGTP, these mammalian DNA polymerases did

not misincorporate guanine for adenine under these conditions

(i.e., absence of bands in the 0 pM S6dGTP lanes).

S6dGTP-induced inhibition of utilization of dNTPs by

calf thymus TdT. Inhibitory effects of various concentrations

of S8dGTP on TdT activity were assessed using p(dA),2 ,� as

0

E
C

a-
�10

Fig. 5. Inhibition of calf thymus TdT by S6dGTP. The conditions described in Materials and Methods and in Fig. 4 were used to assay TdT activity.
The concentrations of S6dGTP used were 0 (S), 5 pM (A), or 10 pM (0). The substrates were [a-32PIdGTP (A), [a-�P]dATP (B), [a-�P1dCTP (C), or
[a-�P]dUP (D).
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TABLE 2

Inhibitory effect of S6dGTP on calf thymus TdT activity using
p(dA)121. as initiator
Assay conditions were described in Materials and Methods. Km�, and K, values
were calculated from replots of the slopes of Lineweaver-Burk regression lines.
The results shown are the average values for three separate experiments. each
performed in duplicate.

Substrate Inhibitor Km�,, K,

pM pM

dGTP S6dGTP 86 5.0
dATP S6dGTP 120 6.2
dCTP S6dGTP 65 10.8
dTTP S6dGTP 75 3.5

0 0.5 1 2.5 5 10 0 0.5 1 2.5 5 10 ( mm )
dGTP ( lOuM ) s6dGTP ( lOuM)

Fig. 6. Time-course for 32P-primer tailing reaction catalyzed by calf
thymus TdT in the presence of 10 pM dGTP or S6dGTP. The measure-
ments were performed as described in Materials and Methods. After
incubation at 37#{176}for the indicated times, aliquots ofthe reaction mixtures
were subjected to electrophoresis in 7 M urea-i 6% polyacrylamide gels.

the initiator and all four dNTPs as substrates. As shown in

Fig. 4, S6dGTP inhibited the dNTP incorporation into initiator

by TdT in a concentration-dependent manner. The utilization

of dNTPs by TdT was decreased by approximately 50% in the

presence of 5 pM S6dGTP and by more than 75% at 10 pM

S6dGTP. Initial velocities of dNTP incorporation into initiator

in the absence or presence of 5 or 10 �uM S#{176}dGTP were deter-

mined at different concentrations of the four natural dNTPs.

Double-reciprocal plots indicated that S6dGTP was a typical

competitive inhibitor with respect to the endogenous dNTPs

(Fig. 5). The kinetic parameters are presented in Table 2. The

K�, values for the normal dNTPs are similar to each other, in

agreement with the report by Modak (16). The K, values for

S6dGTP were lower than the Kn values for the natural dNTPs.

Gel electrophoretic assay of the TdT-catalyzed homo-

polymer tailing reaction in the presence of S6dGTP. In

order to determine whether TdT can use S#{176}dGTP as a substrate

and catalyze its addition to the 3’-hydroxyl terminus of the

primer, the tailing products generated by incorporation of sub-

strate onto the 3’-hydroxyl of 5��32P�labeled�primer were sub-

jected to gel electrophoresis and visualized by autoradiography.

As shown in Fig. 6, S6dGTP, like the natural substrate dGTP,

was utilized by TdT and rapidly resulted in a number of

extended primer bands during the 0.5-10-mm incubation. How-

ever, the tailing efficiency for S6dGTP was markedly lower

than that for dGTP. For instance, within 0.5 mm of incubation,

only one to five S’G residues were added to each primer,

whereas more than 12 guanine residues were incorporated per

primer. Moreover, during 10 mm of incubation, the largest

extent of SG tailing was about 11 residues, compared with at

least 35 guanine residues. The extent of primer tailing by TdT

at various concentrations of dGTP or SdGTP is shown in Fig.

7. The length of tailing products dramatically increased as a

function of dGTP concentrations from 0.1 to 1 pM, reaching a

plateau between 1 and 10 pM. Further, the bulk of the extended

primers centered in the 9-13-base addition range, with some

extending to about 35 residues. In the case of S6dGTP, however,

there was increased primer extension in the range of 0.1-10 pM

(but less than with dGTP), with marked inhibition of primer

tailing at 50-200 pM.

Discussion

DNA polymerases a and #{244}are considered the main candidate

enzymes for DNA replication in eukaryotic cells (17-19). DNA

polymerase �y is located in mitochondria, where it is involved

in DNA synthesis in this organelle (20). In previous work, we

demonstrated that prokaryotic DNA polymerase (Klenow frag-

ment of E. coli DNA polymerase I) can use S6dGTP, incorpo-

rating the analog into DNA in place of dGTP and also misin-

corporating the analog in place of dATP.’ From the results

presented herein, we conclude that purified human leukemia

DNA polymerases a, t5, and ‘y are able to utilize S6dGTP as a

substrate in place of dGTP and incorporate it into the growing

primer chain. Interestingly, kinetic analysis showed that the

apparent Km values for dGTP and S8dGTP with these three

human DNA polymerases are similar, suggesting that replace-

ment of the 0#{176}-position of guanine by sulfur does not markedly

alter the binding affinity of the nucleotide for the DNA polym-

erase. The same Km values for dGTP and S6dGTP were ob-

served for the Klenow fragment of E. coli DNA polymerase I’

and for calf thymus DNA polymerase a (11). Although base

pair recognition/discrimination generally occurs at the level of

binding of substrate (21, 22), the discrimination against

S#{176}dGTP utilization apparently occurs at a step of the polym-

erase reaction after nucleotide binding.

Using a highly sensitive electrophoretic assay to measure

chain elongation of 5’ ��‘2P4abeled primer on bacteriophage M13

single-stranded DNA template, we found that 0.001-10 pM

dGTP stimulated primer extension by human DNA polymer-

ases in a reaction without dGTP, in a concentration-dependent

manner. At higher concentrations of dGTP (10 pM), polymer-

ases a and ‘y extended the primer by about 250 bases, whereas

polymerase t5 extended the primer chain by only about 35 bases

(Fig. 2). When S8dGTP replaced dGTP, the extent of primer

elongation also increased as a function of nucleotide concentra-

tion with polymerases a, �, and -y. However, the efficiency of

primer elongation with the analog was reduced approximately

1 order of magnitude. For instance, the pattern of primer

elongation produced with 1 pM SCdGTP was similar to that
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Fig. 7. Concentration effects of dGTP or S6dGTP on the
32P-labeled primer tailing reaction. The tailing reactions
were as described in Materials and Methods. The tailing
products were analyzed with 7 M urea-i6% polyacrylamide
gels, as shown in Fig. 6.

with 0.1 pM dGTP (Fig. 2). There are several possibilities to

account for the reduced primer elongation when S6dGTP re-

places dGTP. The formation of S6G . C base pairs may desta-

bilize or distort the base-paired structure at the 3’-end of the

primer-template, such that binding of the polymerase or addi-

tion of the next nucleotide is disrupted. Analysis of the struc-

tures of S6G and guanine by X-ray diffraction demonstrated

that replacement of the U’ atom in guanine by sulfur increased

the hydrogen bond lengths in the respective base pairs (23).

Another possibility is that alteration in the conformation of

the DNA polymerase-dNTP-primer-template complex after

S6G incorporation may slow down the chemical step (phospho-

diester bond formation). The kinetic data suggest that the

analog is able to bind normally in the polymerase active cleft

but that a rate-limiting step for formation of phosphodiester

bonds is affected.

The ability of S6dGTP to be misincorporated in place of

dATP, to form S6G . T mismatched base pairs, was also dem-

onstrated herein (Fig. 3). Such misincorporation during DNA

synthesis could produce biological effects such as induction of

mutations or distortion of normal gene structure and functions.

The mechanism of S6G misincorporation could involve tautom-

erization, ionization, or wobbling (24, 25).

TdT is a very unique DNA polymerase-like enzyme, which

exists only in the thymus and bone marrow. This nuclear

enzyme may contribute to both immunoglobulin and T cell

receptor diversity, through the addition of nucleotides at certain

functional regions during gene rearrangement (26-28). In ad-

dition, it has been reported that the expression of TdT is

elevated in T lymphocytic leukemia cells. Certain nucleotide

analogs that are active against neoplastic cell growth or virus

proliferation, such as the triphosphates of arabinosyl cytosine,

arabinosyl adenine, azidothymidine, and 2 ‘3’ -didehydro-2 ‘-3’-

dideoxythymidine, can competively inhibit TdT activity (29-

31). In the present work, we tested the inhibitory effect of

S6dGTP on calf thymus TdT. The compound inhibited TdT

activity with all four natural dNTPs as substrates. Kinetic

analysis demonstrated that S6dGTP is a typical competitive

inhibitor (Fig. 5). Furthermore, the K, values for S6dGTP were

lower than the Km values for the endogenous dNTPs, suggesting

that the analog has a higher affinity for TdT than do the

normal dNTPs (Table 2). Similar results were reported regard-

ing the inhibitory effects of Ara-CTP and Ara-ATP on Molt-4

human leukemia TdT (29). In the analysis of primer tailing by

TdT, the enzyme was observed to use S6dGTP as a substrate,

adding it onto the 3’-hydroxyl of the primer, although the

tailing efficiency with S6dGTP as substrate was lower than

with dGTP as substrate (Fig. 6). At higher concentrations (>10

pM), S6dGTP inhibited the tailing reaction by TdT (Fig. 7). As

observed with the DNA polymerases, incorporation of S6G onto

the 3’-end of the primer may inhibit subsequent nucleotide

incorporation. Because some investigators have demonstrated

that reduction or cessation of TdT activity in T lymphocytic

leukemia cells may be associated with the blockage of cell

growth or induction of maturation (32, 33), we also tested

whether S6dGTP could suppress the activity of TdT prepared

from human T lymphocytic leukemia cells (NCLB-6). Prelim-

mary results indicated that the analog competitively inhibited

the utilization of dNTPs by the enzyme when p(dA),2�,5 was

used as initiator (data not shown). However, the possible rela-

tionship between TdT inhibition and S6G-induced cytotoxicity

for T lymphocytic leukemia cells is not known.

In summary, the data presented herein clearly demonstrate

that S8dGTP is a substrate for mammalian cell DNA polymer-

ases, including TdT, being incorporated into the nascent DNA

strands in place of guanine. Several important questions re-

main, including those regarding the behavior of S6G-containing

DNA strands when used as templates by DNA polymerases and

 at U
niversidade do E

stado do R
io de Janeiro on D

ecem
ber 4, 2012

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/


514 Lingetal.

the resultant changes in structure and function of the newly

replicated DNA. Further studies may reveal how S8G incorpo-

ration into DNA can ultimately lead to the death of target cells.
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