
Reverse transcriptases, which stimulate rapid incor�

poration of viruses into eukaryotic cells, can be selective�

ly suppressed with dNTP analogs containing a modified

ribose residue. Such analogs terminate the reaction of

DNA elongation due to introduction of the dNMP

residue modified at the terminal 3′�hydroxyl of the grow�

ing DNA chain. In particular, this principle is used in cre�

ating preparations, which suppress the development of

human immunodeficiency virus. These preparations

include nucleotide analogs with modified ribose, such as

azidothymidine and acyclovir [1]. It has been found that

dNTP containing a modified ribose residue can be easily

utilized by DNA polymerase β, which is a key DNA poly�

merase of base excision repair (BER), and this results in

inhibition of BER system and seems to promote the

development of side effects [2, 3]. Studies on the interac�

tion of DNA polymerases with new dNTP analogs are

very interesting because these analogs are promising as

terminators of DNA synthesis and, thus, effective

inhibitors of viral polymerases. The inhibition of the

DNA synthesis catalyzed by DNA polymerase β by new

analogs might not be too strong, and this would be of help

in creating effective and less toxic inhibitors. A number of

morpholinonucleoside triphosphates were studied in the

present work as possible new inhibitors. Their substrate

properties in the reaction of DNA elongation catalyzed

by DNA polymerase β and reverse transcriptases of

human immunodeficiency and mouse leukemia viruses

were compared. The purpose of this work was to find

inhibitors effectively suppressing the DNA synthesis cat�

alyzed by viral polymerases and less affecting the repair

synthesis of DNA.

MATERIALS AND METHODS

Non�radioactive dNTP and T4 polynucleotide

kinase from SibEnzyme (Russia), [γ32�P]ATP from
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polymerase β and HIV�1 reverse transcriptase as substrates, which terminated further synthesis of DNA, but were virtually
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dine (MorU) were determined in the reaction of primer elongation catalyzed by DNA polymerase β and HIV�1 reverse tran�

scriptase. MorC was a more effective substrate of HIV�1 reverse transcriptase and significantly less effective substrate of DNA

polymerase β than MorU. The possible use of morpholinonucleoside triphosphates as selective inhibitors of HIV�1 reverse

transcriptase is discussed.
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Biosan (Russia), and reagents for electrophoresis and

buffer components from Sigma (USA) were used. Other

reagents were of special purity or chemical purity qualifi�

cation.

Recombinant proteins DNA polymerase β and HIV�

1 reverse transcriptase were isolated from Escherichia coli

as described in [4, 5].

Reverse transcriptase of Moloney murine leukemia

virus (M�MuLV) lacking the RNase H domain was kind�

ly presented by Biosan company. Before use, this reverse

transcriptase was additionally purified on a column with

phosphocellulose P�11 to remove minor admixtures. The

preparation of reverse transcriptase (15 mg, 3.5 mg/ml in

buffer containing 50 mM Tris�HCl (pH 8.0), 100 mM

NaCl, 1 mM EDTA, 5 mM dithiothreitol, 50% glycerol,

and 0.1% NP�40) was fivefold diluted in buffer A (50 mM

Tris�HCl, pH 8.0, 0.1% NP�40, 1 mM EDTA, 10 mM β�

mercaptoethanol) and placed onto a column with phos�

phocellulose (3 ml) equilibrated with 50 mM NaCl in

buffer A. The column was washed with 10 ml of 0.1 M

NaCl in buffer A. The protein was eluted with a linear

concentration gradient of NaCl in buffer A (0.1�0.6 M;

the total volume of the gradient was 40 ml). The purity of

the enzyme was assessed by Laemmli electrophoresis in

polyacrylamide gel [6]. Reverse transcriptase was eluted

with 0.29 M NaCl. Fractions containing the homogenous

enzyme were combined and dialyzed against buffer A and

then against the storage buffer: 50 mM Tris�HCl

(pH 8.0), 100 mM NaCl, 1 mM EDTA, 5 mM dithio�

threitol, 50% glycerol, and 0.1% NP�40.

Morpholinonucleoside triphosphates were synthe�

sized as described in [7].

Oligonucleotides used in this work were synthesized

by Eurogentec (Belgium):

primer 5′�GGCGATTAAGTTGGG�3′,

templates 5′�GGAAGACCCTGACGTTACCCAAC�

TAATCGCC�3′,

5′�GGAAGACCCTGACGTTGCCCAACTAATCG�

CC�3′.

The 5′�end of the oligonucleotide was radiolabeled

as described in [8]. The labeled oligonucleotides were

purified by electrophoresis as described in [9]. The primer

and template were hybridized at equimolar ratio by heat�

ing at 95°C for 5 min and following slow cooling to room

temperature.

Synthesis of DNA catalyzed by various DNA poly�
merases. The radiolabeled primer was elongated with

DNA polymerase β or with HIV�1 or M�MuLV reverse

transcriptases in 10 µl of reaction mixture containing

standard buffer components (50 mM Tris�HCl, pH 8.6 at

25°C, 50 mM NaCl, 5 mM MgCl2 or 1.5 mM MnCl2),

0.05 µM complex 5′�P32�labeled primer–template,

0.1 µM DNA polymerase (one of them), and 100 µM ter�

minator or mixture of all terminators (100 µM each), or

mixture of the natural dNTP (10 µM each). The mixtures

were incubated for 45 min at 37°C. The reaction was

stopped by addition of 5 µl of 0.1% Bromophenol Blue

and 50 mM EDTA in 90% formamide. The samples were

heated for 3 min at 95°C. The products were separated by

electrophoresis in 20% polyacrylamide gel (acrylamide/

bis�acrylamide 20 : 1) with 8 M urea. Electrophoresis was

performed in 50 mM Tris�borate buffer (pH 8.3).

Determination of kinetic parameters. Kinetic param�

eters for the terminating substrates in the reaction cat�

alyzed by DNA polymerase β or HIV�1 reverse transcrip�

tase were determined in 10 µl of the reaction mixture con�

taining standard buffer components (50 mM Tris�HCl,

pH 8.6 at 25°C, 50 mM NaCl, 5 mM MgCl2), 0.05 µM

duplex 5′�32P�labeled primer–template, 0.1 µM DNA

polymerase (one of them), and 0.05�10 µM of one of the

terminators. The reaction samples were treated as in the

previous case. The quantities of the initial and of the one

step elongated primer were determined by scanning of the

gels with a phosphorimager (Molecular FX; BioRad,

USA). Values of kinetic parameters (Km, Vmax, kcat) were

determined from the Michaelis−Menten equation based

on experimental data using the Microcal Origin program

(Microcal Software, USA).

RESULTS AND DISCUSSION

Analogs of dNTP containing the modified ribose

residue, morpholinonucleoside triphosphates (terminat�

ing substrates), which were prepared as analogs of natural

deoxyribonucleotides, are especially interesting due to

inexpensive starting reagents and low toxicity [10, 11].

Such derivatives were first obtained many years ago, but

they did not become widely used as terminators of DNA

synthesis catalyzed by DNA polymerases [12]. It was ear�

lier shown that the morpholinothymidine triphosphate

derivative is a terminating substrate of the thermophilic

Taq DNA polymerase and is specifically incorporated

into positions complementary to adenine. This was asso�

ciated with termination of the further synthesis of the

chain, i.e., this analog seemed to be a suitable substrate

for creating a DNA�sequencing set [13].

We have studied the substrate properties of some new

dNTP analogs containing the morpholino residue instead

of deoxyribose (MorA, MorC, MorG, and MorU) in the

reaction of DNA primer elongation catalyzed by various

DNA polymerases including reverse transcriptases of

human immunodeficiency and mouse leukemia viruses

(HIV�1 RT and M�MuLV RT, respectively). The struc�

tures of these new dNTP analogs are shown in Fig. 1.

Figure 2 shows that in the presence of all four natural

nucleoside�5′�triphosphates all used DNA polymerases

generate a radiolabeled product, which corresponds in



DNA POLYMERASE β, VIRAL REVERSE TRANSCRIPTASES, AND dNTP ANALOGS 3

BIOCHEMISTRY  (Moscow)  Vol.  70   No. 1   2005

Fig. 1. Structural formulas of dNTP analogs.
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length to the product of the primer completion (lanes 2,

4, 6). However, in the presence of all four morpholinonu�

cleoside triphosphates, the initial DNA primer is elongat�

ed by only one step in the case of DNA polymerase β and

HIV�1 reverse transcriptase (lanes 3, 7), which suggests

termination of the reaction of the DNA chain elongation.

With M�MuLV reverse transcriptase, no reaction of initial

primer elongation was observed (lane 5). It should be

noted that increase in the concentration of morpholi�

nonucleoside triphosphates as well as changes in the

experimental conditions did not result in the primer elon�

gation. Thus, these dNTP analogs were not substrates of

M�MuLV RT. However, they were competitive inhibitors

of this enzyme (data not presented). Consequently, M�

MuLV RT interacted with morpholinonucleoside

triphosphates but did not utilize them as substrates for the

reaction of elongation.

To determine the optimal conditions for the reaction

of DNA elongation, the ability of HIV�1 reverse tran�

scriptase for incorporating morpholinonucleoside

residues (MorU and MorC) complementary to the tem�

plate base depending on the enzyme and substrate con�

centrations and also on the reaction duration was studied.

Figure 3 shows results of electrophoretic separation of

products of the reaction catalyzed by HIV�1 RT in the

presence of different concentrations of the terminators.

One can see that the 32P�labeled primer in the presence of

MorC was elongated with virtually every used concentra�

tion of the dNTP analog (from 0.05 to 5 mM). Under

conditions chosen for the reaction, only decrease in the

MorC concentration to 10 µM resulted in disappearance

of the primer elongation products (Fig. 3, lane 2). In the

presence of MorU, the primer elongation was observed

only at high concentration of the substrate beginning

from 1 mM (Fig. 3, lane 12). Note that increase in the

HIV�1 RT concentration to 1 µM and in the reaction

duration caused the appearance of products of the primer

3′�end elongation even at 10 µM substrate (MorC).

It is known that substitution of the bivalent magne�

sium cation by manganese is associated with increase in

the number of errors in the DNA replication catalyzed by

DNA polymerases from various sources [14�23].

Moreover, in the presence of manganese ions T7 DNA

Fig. 2. Electrophoretic separation of products of reactions cat�

alyzed by DNA polymerase β and M�MuLV and HIV�1 reverse

transcriptases. Lane 1 corresponds to the primer�template com�

plex. The reaction mixtures containing 0.05 µM duplex 32P�

labeled primer−template, mixture of analogs (0.1 mM each), mix�

ture of dNTPs (0.01 mM each), the enzymes Pol�β, HIV�1 RT, or

M�MuLV RT, and standard buffer components (see “Materials

and Methods”) were incubated for 45 min at 37°C. Conditions of

the separation: 20% polyacrylamide gel (acrylamide/bis�acryl�

amide 20 : 1) with 8 M urea.

1       2         3        4        5       6         7

32�mer →

dNTP        —        +       —        +      —         +      —

MorN        —       —       +        —      +         —      +

16�mer →
15�mer →

Pol�β

M
�M

uLV
 R

T

HIV
�1

 R
T

Fig. 3. Electrophoretic separation of products of reactions catalyzed by HIV�1 reverse transcriptases in the presence of different concentra�

tions of MorC and MorU. Lane 1 corresponds to the primer−template complex. The reaction mixtures containing 32P�labeled primer−tem�

plate, 0.1 µM HIV�1 RT, MorC, MorU, and buffer (see “Materials and Methods”) were incubated at 37°C for 45 min. Conditions of the sep�

aration: 20% polyacrylamide gel (acrylamide/bis�acrylamide 20 : 1) with 8 M urea.

1          2         3         4         5         6          7         8          9         10      11       12       13      

16�mer →

Concentration, mM                0         0.01    0.05     0.1      0.5       1          5       0.01    0.05     0.1     0.5       1          5

15�mer →

MorC MorU
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polymerase, Taq DNA polymerase, and DNA polymerase

I of E. coli more effectively utilize dideoxyribonucleoside�

5′�triphosphates as substrates [24, 25]. Therefore, it was

interesting to compare the effect of manganese ions on

the interaction of the terminating substrates with HIV�1

and M�MuLV reverse transcriptases to the effect on DNA

polymerase β. Figure 4 shows that the substitution of

magnesium by manganese increases the efficiency of

incorporation of dNTP analogs in the case of DNA poly�

merase β and HIV�1 reverse transcriptase (Fig. 4, lanes 2,

4, 5, 7). In the presence of manganese ions, HIV�1

reverse transcriptase utilizes MorU even at the concentra�

tion of 0.5 mM (lane 5). However, in the case of M�

MuLV RT residues of the terminating substrates were not

incorporated into the 3′�end of the primer even in the

presence of manganese ions (Fig. 4, lanes 3, 6).

To study in more detail the interaction of dNTP with

DNA polymerases in the polymerase reaction, the kinetic

parameters (Km and Vmax) of the elongation reaction were

quantitatively determined for the terminating substrates

in the presence of the primer−template complex. The Km

and Vmax values were determined for MorC and MorU as

substrates of the reaction of the primer elongation cat�

alyzed by DNA polymerase β and HIV�1 reverse tran�

scriptase. Values of kinetic parameters Km and Vmax of the

elongation reaction were determined in the presence of

MgCl2. The Km and Vmax values are presented in the table.

On certain assumptions, the value of the Michaelis

constant characterizes the affinity of the substrate for the

enzyme. This value is useful for assessing tightness of the

substrate−enzyme complex [26]. The table shows that in

the case of HIV�1 RT, the Km value for MorU is an order

higher than for MorC, whereas Vmax value is lower; thus,

MorU is a less effective substrate for HIV�1 RT than

MorC. However, MorC is utilized by Pol�β worse than

MorU, and this seems to provide its sparing effect on the

repair synthesis of DNA.

Then the sensitivity of DNA polymerases to modifi�

cation of ribose was studied using analogs with different

substitutes in the morpholino residue. Synthesis of these

dNTP analogs will be described elsewhere. The structur�

al formulas are presented in Fig. 1. Compounds were pre�

pared which contained a hydrocarbon linker with NH2

Fig. 4. Effect of Mn2+ on the substrate properties of MorC and MorU in reactions catalyzed by Pol�β, HIV�1 RT, or M�MuLV RT. Lane 1

corresponds to the primer−template complex. The reaction mixtures containing 32P�labeled primer−template, MorC, MorU, Pol�β, HIV�1

RT, M�MuLV RT, and buffer (see “Materials and Methods”) were incubated at 37°C for 45 min. Conditions of the separation: 20% poly�

acrylamide gel (acrylamide/bis�acrylamide 20 : 1) with 8 M urea.

1           2          3          4          5          6          7         8          9          10       11       12        13      

16�mer →

15�mer →

MorC MorU

HIV�1 RT             —        +            —        —         +         —         —       +           —         —         +         —        —

M�MuLV RT        —       —            +         —        —         +          —      —           +          —        —         +         —

Pol�β —       —           —         +         —         —         +       —           —         +         —         —        +

MorUMorC

Mn2+ Mg2+

Enzyme

Pol�β

HIV�1 RT

Km, µM

2.5 ± 0.1

0.28 ± 0.01

20 ± 1

130 ± 10

kcat × 10–4, sec–1

1.16 ± 0.06

0.44 ± 0.03

0.17 ± 0.01

0.04 ± 0.008

Vmax, pM/sec

5.8 ± 0.3

2.2 ± 0.1

16.7 ± 1.0

4.2 ± 0.2

Values of kinetic parameters Km and Vmax for the termi�

nating substrates MorC (numerator) and MorU (denom�

inator) in the reaction catalyzed by HIV�1 reverse tran�

scriptase as compared to DNA polymerase β
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group bound to the nitrogen atom in the morpholino

residue (MorU�L); another analog contained the biotin

residue (MorU�B). DNA polymerase β effectively uti�

lized the analog without additional modifications as a

substrate (Fig. 5, lane 2), whereas the primer was 50%

elongated in the case of the analog with the hydrocarbon

linker MorU�L (Fig. 5, lane 3) and only 10% in the case

of MorU�B (lane 4). In the case of HIV�1 RT, any modi�

fication of the morpholino residue eliminated the sub�

strate properties of a dNTP analog in the reaction of

primer elongation (lanes 6, 7).

Thus, based on the findings, we conclude that the

most effective terminating substrate of HIV�1 reverse

transcriptase is MorC, which seems promising as a specif�

ic inhibitor of this enzyme. Substrates with bulky sub�

stituents in the deoxyribose residue can be used only for

the directed inhibition of the DNA synthesis catalyzed by

Pol�β. The directed inhibition of the activity of DNA

polymerase β is also interesting for practice because of the

increase in the concentration of this enzyme observed in

proliferating cells [27].

Then we studied the resistance of DNA containing

on the 3′�end residues terminating the further synthesis

against the 3′→5′ exonuclease activities concomitant

with DNA polymerases. Such an analysis is essential for

searching for the most effective and stable pathways for

inhibition of the virus�induced DNA synthesis. In fact,

the 3′→5′ exonuclease cleavage of the 3′�end terminating

Fig. 5. Substrate properties of analogs containing different modifications of the morpholino residue. Lane 1 corresponds to the primer−tem�

plate complex. The reaction mixtures containing 32P�labeled primer−template, MorU, MorU�L, MorU�B, Pol�β, HIV�1 RT, and buffer (see

“Materials and Methods”) were incubated at 37°C for 45 min. Conditions of the separation: 20% polyacrylamide gel (acrylamide/bis�acryl�

amide 20 : 1) with 8 M urea.

1                  2                     3                     4                     5                    6                     7

16�mer →

15�mer →

MorU                  —                  +                   —                   —                      +                     —                  —                
MorU�L             —                 —                    +                   —                     —                     +                   —               
MorU�B              —                 —                   —                   +                       —                    —                  +       

HIV�1 RTPol�β

14�mer →

Fig. 6. 3′→5′ exonuclease excision of modified dNMP residues by APE�1. Lane 1, primer–template complex. After inactivation of Pol�β,
APE�1 was added into reaction mixtures at the designated concentration.

1              2           3              4           5             6             7             8              9

MorU           —             +            —             +             —            +            —             +            —
MorU�L       —             —            +             —             +            —            +             —            +

← 16�mer

← 15�mer

5 µM АРЕ�1 0.5 µM АРЕ�1 0.05 µM АРЕ�1 Without APE�1
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residue can completely neutralize its inhibiting effect on

synthesis of viral DNA.

Apurinic/apyrimidinic endonuclease 1 (APE�1) is a

protein interacting with intermediates of base excision

repair. APE�1 displayed 3′→5′ exonuclease activity [28],

which manifested itself stronger in the case of misincor�

poration of the dNMP residue into the 3′�end of DNA

[29]. DNA polymerase β is known to interact with APE�

1 during base excision repair [30]. Consequently, the

3′→5′ exonuclease activity of APE�1 can contribute to

accuracy of the repair synthesis, and this is very important

because Pol�β lacks the correcting 3′→5′ exonuclease

activity but is characterized by frequent errors in the

replication of DNA. APE�1 can remove from the 3′�end

of the primer residues of antiviral nucleoside analogs,

such as 3′�azido�3′�deoxythymidine, 3′�dideoxythymi�

dine, etc. [29]. Therefore, the ability of APE�1 to remove

residues of the dNTP analogs under consideration was

studied after their incorporation into the 3′�end of the

primer catalyzed by DNA polymerase β. The results are

shown in Fig. 6. After elongation with DNA polymerase

β of the 32P�labeled primer in the presence of one of the

dNTP analogs, the reaction mixtures were heated at 95°C

for 5 min to inactivate Pol�β and then cooled to continue

the reaction of exonuclease cleavage. The efficiency of

removing of the 3′�terminal residues of dNTP analogs

was tested at varied concentrations of APE�1. The 3′�ter�

minal residue of the dNTP analog containing the hydro�

carbon linker with NH2 group bound to the nitrogen atom

in the morpholino residue (MorU�L) was removed more

efficiently than the residue MorU without modifications

in the morpholino residue (Fig. 6, compare lanes 4 and 5,

6 and 7). At high concentration of APE�1 (5 µM), along

with removing of residues of dNTP analogs, the initial

primer was degraded (Fig. 6, lanes 2, 3), and this is in

agreement with our earlier data [31]. Thus, it is conclud�

ed that morpholinonucleoside triphosphates terminate

the DNA synthesis catalyzed by DNA polymerase β, but

the associated inhibition of the repair synthesis can be not

very significant because APE�1 removes the terminating

residue of the nucleotide due to its 3′→5′ exonuclease

activity. Due to effective cooperation with DNA poly�

merase β [30, 32], APE�1 can provide a sparing effect of

such inhibitors on the repair synthesis concurrently with

the effective inhibition of the DNA synthesis catalyzed by

HIV�1 reverse transcriptase.

This work was supported by the Russian Foundation

for Basic Research (the project Nos. 02�04�48404, 04�04�

48525).
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