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Abstract Two 2'-deoxynucleoside 5'-¢~-methylenephosphonyl- 
18,y-diphosphates were synthesized. They were incorporated into 
the DNA chain by DNA polymerase a from human placenta. 
Meanwhile, they were not recognized by DNA polymerases E and 
18 of the same origin as well as by reverse transcriptases from 
human immunodeficiency virus and avian myeloblastosis virus. 

Key words." DNA polymerase; Reverse transcriptase; 
Terminal deoxynucleotidyl transferase; Modified nucleoside 
5'-triphosphate 

1. Introduction 

O 0 
II II 

-- PCH20~ O ~'i' H'~O6P20- PCH20~ 0 T@y H306P20 

I I 
OH NH 2 

I a) B = Thy I1 
b) B = Ade 

o 
II 

H306P20- PCH20~ 0 Gua 

OH 

Mammalian DNA polymerases ~ and e display close specific- 
ity toward modified substrates. Therefore, it is rather difficult 
to estimate their individual contribution to DNA biosynthesis 
in the cell. To date, no specific substrate inhibitors discriminat- 
ing between DNA polymerases c~ and e have been found. 

We synthesized a series of 2'-deoxynucleoside 5'-W-methyle- 
nephosphonyl-P~,W-diphosphates (I-III)  and studied their 
substrate properties towards mammalian DNA polymerases ~, 
e, fl and TdT, as well as HIV and AMV RTs. A methylene 
group was also introduced into the acyclic nucleotide analog 
acyclovir to estimate the effect of this modification on both 
deoxyribose-related and acyclic nucleotide analogs. 

2. Materials and methods 

Compound Ia was synthesized as described in [1], lb was 
prepared by a similar method. The procedures for synthesis of 
other compounds used in this work will be reported later. DNA 
polymerases ~ and e were isolated from human placenta ac- 
cording to [2]. We used HIV RT [3], AMV RT (Omutninsk 
Chemicals, Russia), TdT and KFr  (Amersham), and DNA 
polymerase fl from calf thymus [4]. Phage M 13mp 10 DNA was 
isolated from the culture medium of the recipient E. coli 
K12XL1 strain according to [5]. The tetradecanucleotide 
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Abbreviations." RT, reverse transcriptase; HIV, human immunodefi- 
ciency virus; AMV, avian myeloblastosis virus; TdT, terminal deoxynu- 
cleotidyl transferase; KFr, DNA polymerase I Klenow fragment from 
E. coli; dNTP, 2'-deoxynucleoside 5'-triphosphate; dNMP, 2'-deoxynu- 
cleoside 5'-monophosphate; d?NTP, 2',3'-dideoxynucleoside 5'-tri- 
phosphate. 
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primer was labeled at the 5'-terminus using [y-nP]dATP with 
a specific activity of 3,000 Ci/mmol (Izotop, Russia) as de- 
scribed in [5]. DNA polymerase assays were carried out as 
described in [6]. Kinetic measurements were performed within 
the linear region of the product formation vs. time curve ac- 
cording to [7], the reaction time was 2.5 min. 

3. Results 

The substrate properties of la,b were evaluated using 
M13mpl0 DNA and a synthetic tetradecanucleotide as the 
template-primer (Scheme 1). Fig. 1 presents the results of a 
primer extension assay employing DNA polymerase ~. Clearly, 
la was incorporated into the DNA chain (lane 3), the efficiency 
of incorporation being only slightly lower than that for dTTP 
(lane 2). The primer containing a residue of Ia was efficiently 
extended to give a modified heptadecamer (lane 5). In the con- 
trol assay (lane 4), dTMP and dGMP residues were incorpo- 
rated into the primer. The heptadecamer containing two resi- 
dues of la was elongated, but its extension in the presence of 
dATP (lane 7) was markedly less efficient than elongation of 
the control oligonucleotide (lane 6). Lanes 7 and 9 are similar, 
implying that the enzyme can incorporate no more than two 
nucleotide residues of Ia into the DNA chain; the control reac- 
tion with four natural dNTPs is shown in lane 8, Compound 
Ib was incorporated three times, the insertion of the third 
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3 ' -GGGTCAGTGCTGCAACATTTTGCTCCGGTCA ........ 

5 ' -CCCAGTCACGACGT .... > 

Scheme I. Structure of the template~rimer complex used in this work. 
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Fig. 1. Primer extension catalyzed by DNA polymerase c~. (1) Primer- 
template + enzyme; (2) as (1) + 10 ktM dTTP; (3) as (1) + 10 pM Ia; 
(4) as (1) + 10¢tM dTTP + 10#M dGTP; (5) as (1) + 10#M la + 10 
#M dGTP; (6) as (1) + 10#M dTTP + 10#M dGTP + 10#M dATP; 
(7) as (1) + 10 ,uM Ia + 10 ,uM dGTP + 10 ,uM dATP; (8) as (1) + 10 
,uM dTTP + 10 #M dGTP + 10/IM dATP + 10 #M dCTP; (9) as (1) 
+ 10 ,uM Ia + 10 #M dGTP + 10/IM dATP + 10 ktM dCTP; (10) as 
(1)+ 10#M Ib+  10,uM dGTP+ 10,uM dTTP; (11) as (1)+ 10#M 
Ia + 10,uM Ib + 10 #M dGTP + 10#M dCTP. 
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ration of  one nucleotide residue was observed (lane 2); this 
effect is well known [6]. We also evaluated it as a chain termi- 
nator  in several sequencing assays using different D N A  polym- 
erases. Termination of  HIV RT-catalyzed D N A  synthesis by 
I l l  is shown in Fig. 4. The band intensity depended on the 1II 
concentration, the minimal concentration producing the termi- 
nation picture being 5 # M  (I I I /dGTP concentration ratio 2.5). 

4. Discussion 

Among  all examined D N A  polymerases, D N A  polymerase 
c~ is one of  the most substrate-specific enzymes [8,9]. To date, 
no nucleotide substrates specific to D N A  polymerase ~ have 
been found. We showed compounds la,b to be specific sub- 
strates for template-dependent D N A  polymerase ~ and tem- 
plate-independent TdT. Meanwhile, they were not  recognized 
by such low-specific enzymes as retroviral RTs, E. coli KFr, 
and mammalian repair D N A  polymerase ft. Besides, they did 
not display substrate properties toward human replicative 
D N A  polymerase s .  We successfully capitalized on this selec- 
tivity during simultaneous isolation of  D N A  polymerases c~ and 
s ,  which often co-purify upon chromatography on different 
resins. The purity of  D N A  polymerase s preparations was mon- 
itored by primer extension tests in the presence of  Ia. This 
method proved to be very sensitive, and its results were con- 
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residue being markedly less efficient (lane 10). When both la 
and Ib were added to the assay mixture, incorporation of  two 
residues of  Ia and one residue of  Ib (lane 8) was observed. 

It can be seen in Fig. 2 that A M V  RT (series A), HIV RT 
(B), and D N A  polymerase s (D) did not utilize Ia. D N A  polym- 
erase fl also did not recognize the compound (data not shown). 
At the same time, the nucleotide residue of  Ia was incorporated 
into D N A  chain twice by D N A  polymerase ~ (series C) and 
once by TdT (series E). In the TdT assay, chasing with dTTP 
resulted in extension of  the primer containing a residue of  la 
by only two d T M P  residues (lane 5). 

To estimate the relative affinity of  la to the ( D N A  polym- 
erase o- templa te-pr imer)  complex, we determined the kinetic 
parameters for this compound and dTTP in the one-step primer 
extension reaction. The K m values for la and dTTP were 
8.9 _+ 0.3 and 3.8 + 0 . 2 # M ,  the Vm,x(la)/Vma,(dTTP) ratio was 
equal to 0.48. 

Compound  II was not utilized by all the enzymes examined 
(data not  shown). 

As can be seen in Fig. 3, IIl  was a substrate for A M V  RT 
(series A), and HIV RT (B), comparatively poor  substrate for 
K F r  (C), and D N A  polymerase ~z (E), but was not recognized 
by D N A  polymerasef l  (D). For  A M V  RT, nonspecific incorpo- 
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Fig. 2. Primer extension catalyzed by AMV RT (series A), HIV RT (B), 
DNA polymerases a (C), e (D), and TdT (E). In series A-D: (1) tem- 
plate primer + enzyme; (2) as (1) + 10J3M dTTP; (3) as (1) + 10,uM 
dTTP+ 10 /~M dGTP; (4) as (1)+ 10 /IM |a; (5) as (1)+ 10 #M 
Ia + 10 #M dGTR In series E: (1) primer + enzyme; (2) and (3) as 
(1) + 10/~M dTTP; (4) and (5) as (I) + 10 ,uM la; assays (3) and (5) were 
chased with 300 ¢tM dTTR 
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firmed by tests with monoclonal  antibodies specific to DNA 
polymerase c~. 

In all experiments, compounds Ia,b were efficiently incorpo- 
rated into the D N A  chain only twice, implying that the oligonu- 
cleotide containing two modified residues cannot  serve as a 
primer, presumably, because of the conformational  distortion 
of the extended template-primer complex. This effect has been 
earlier observed with arabinonucleoside 5'-triphosphates [10]. 

Our data raise the question of what properties of compounds 
Ia,b determine their selectivity. In view of the fact that 3'- 
amino-2' ,3 '-dideoxythymidine 5'-triphosphate is a substrate for 
DNA polymerase c~ [11], we synthesized compound II contain- 
ing an amino group at the 3' position. This modification, how- 
ever, inactivated the compound.  The presence of the 3' hy- 
droxyl is not necessary to maintain  the substrate properties of 
the nucleotide analog to DNA polymerase ~: compound III, as 
well as acyclovir 5'-triphosphate [12] and acyclo-2',3'-dideoxy- 
2' ,3'-didehydronucleoside 5'-triphosphates [13] were shown to 
be substrates for D N A  polymerase c~. Thus, it remains unclear 
which structural elements of Ia,b impart  them with the unique 
property of being specific substrates for mammal ian  DNA 
polymerases and, specifically DNA polymerase c~. 

Our results and the earlier reported data [14] indicate that 
introduction of a methylene group into the molecule of a deo- 
xyribose-related nucleotide markedly alters its substrate prop- 
erties, whereas the same modification of an acyclic nucleotide 
analog, acyclovir, has no marked effect on its substrate proper- 
ties toward retroviral RTs and human D N A  polymerase c~. It 
has been assumed [15] that upon binding to the DNA-synthesiz- 
ing complex, the glycone dNTP functions only as a framework 
maintaining the correct distance between the nucleic base and 
triphosphate residue, whereas the latter directly binds specifi- 
cally to the enzyme's active center. We suppose that for acyclic 
nucleotide analogs, the change of this distance, caused by intro- 
duction of an additional group is compensated by a higher 
flexibility of the open pseudosugar residue, while for deoxyri- 
bose-related compounds,  the modification markedly changes 
the structure and thus precludes binding to the DNA polym- 
erase active center. 

We are planning to evaluate compounds 1 as substrates and 
inhibitors of mammal ian  D N A  polymerases 5 and ?'. Regard- 
less of the results obtained with these enzymes, our data on 
DNA polymerase ~ and TdT can be used in designing anti- 
cancer agents. 
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Fig. 3. Primer extension catalyzed by AMV RT (series A), HIV RT (B), 
KFr (C), DNA polymerase fl (D), and DNA polymerase ~ (E). 
(1) template primer + enzyme; (2) as (1) + 5 #M dTTP + 5 m M dGTP: 
(3) as (1) + 5 #M dTTP + 5#M III; (4) as (1) + 5#M dTTP + 10¢tM 
II1. 
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Fig. 4. Termination of DNA synthesis catalyzed by HIV RT. (1) DNA 
synthesis in the absence of terminators (control); (2 9) in the presence 
of 0.5 #M (2) and 1/~M (3) ddATP; 1 /~M (4) and 2 #M (5) ddGTP; 
1 ¢tM (6) and 2 #M (7) ddCTP; 2,uM (8) and 4#M (9) ddTTE (10-16) 
in the presence of 0.5 #M (10), 1 #M (11), 2 ,uM (12), 5 ~M (13), 
10/~M (14), 20 ,uM (15), and 50 #M (16) lI1. All assays were chased 
with a mixture of 500 #M dNTPs. 
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