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The acyclic nucleoside phosphonate drug (5)-9-[3-hydroxy-(2-phosphonomethoxy)propyl]adenine [(S)-
HPMPA], is a broad-spectrum antiviral and antiparasitic agent. Previous work has shown that the active
intracellular metabolite of this compound, (S)-HPMPA diphosphate [(S)-HPMPApp], is an analog of dATP
and targets DNA polymerases. However, the mechanism by which (S)-HPMPA inhibits DNA polymerases
remains elusive. Using vaccinia virus as a model system, we have previously shown that cidofovir diphosphate
(CDVpp), an analog of dCTP and a related antiviral agent, is a poor substrate for the vaccinia virus DNA
polymerase and acts to inhibit primer extension and block 3’-to-5’ proofreading exonuclease activity. Based on
structural similarities and the greater antiviral efficacy of (S)-HPMPA, we predicted that (S)-HPMPApp would
have a similar, but more pronounced effect on vaccinia polymerase than CDVpp. Interestingly, we found that
(S)-HPMPApp is a good substrate for the viral enzyme, exhibiting K,, and V,,,, parameters comparable to
those of dATP, and certainly not behaving like CDVpp as a functional chain terminator. Metabolic experiments
indicated that (S)-HPMPA is converted to (S)-HPMPApp to a much greater extent than CDV is converted to
CDVpp, although both drugs cause identical effects on virus DNA replication at their 50% effective concen-
tration. Subsequent studies showed that both compounds can be faithfully incorporated into DNA, but when
CDV and (S)-HPMPA are incorporated into the template strand, both strongly inhibit frans-lesion DNA
synthesis. It thus appears that nucleoside phosphonate drugs exhibit at least two different effects on DNA

polymerases depending upon in what form the enzyme encounters the drug.

(8)-9-[3-Hydroxy-(2-phosphonomethoxy)propyl]adenine [(S)-
HPMPA] is an acyclic analog of dAMP and was the first of the
nucleoside phosphonate drugs described in the research liter-
ature (11). (S§)-HPMPA was first shown to exhibit activity
against a range of DNA viruses, including herpesviruses, vac-
cinia virus, and adenovirus, as well as Moloney murine sar-
coma retrovirus (11). Later work has shown that it is also
effective against hepatitis B viruses (42, 43). Although the drug
did not show any activity against human immunodeficiency
virus in its original formulation (30), Hostetler et al. have
recently shown that the alkoxyalkyl ester derivatives are active
against this virus, as well as against mutant viruses resistant to
azidothymidine, lamivudine, tenofovir, and nevirapine (14).
The antimicrobial range of (§)-HPMPA also includes parasites
such as trypanosomes (17, 18), Schistosoma mansoni (7), and
Plasmodium falciparum and Plasmodium berghei (13, 34).

(S)-HPMPA is taken up into cells by endocytosis (29) and
converted into the active metabolite (§)-HPMPA diphosphate
[(S)-HPMPApp] by cellular kinases (25). (S)-HPMPApp is an
analog of dATP, and different studies have described a variety
of cytotoxic effects at higher drug doses, which are most likely
caused by the inhibition of cellular DNA replication (8, 38, 39).
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Rat cell DNA polymerases «, 3, and € can use (S)-HPMPApp as
a substrate and incorporate two to four consecutive (S)-HPMPA
molecules into a growing DNA strand (6, 21). More specifically
(S)-HPMPApp is a strong inhibitor of DNA polymerase
€ (K/K,, = 0.07), a moderate inhibitor of DNA polymerase &
(K/K,,, 0.25) and a weak inhibitor of DNA polymerase
a (K/K,,, = 2.29) (21), but is not an inhibitor of DNA polymerase
B (26). Interestingly, both DNA polymerases & and € can still
excise (S)-HPMPA from a primer terminus, with polymerase €
showing more effective removal of the drug (6).

Similar studies have examined the effects of (S)-HPMPApp
on parasitic and viral DNA synthesis. (S)-HPMPA inhibits the
replication of human and duck hepatitis B viruses (42, 43) and
herpes simplex virus type 1 (12). Herpes simplex virus DNA
polymerase can use (S)-HPMPApp as a substitute for dATP,
but curiously (S)-HPMPApp is a poor inhibitor of the enzyme
itself (26). Adenovirus DNA polymerases are inhibited by (S5)-
HPMPApp, which causes a block in replication at the level of
DNA elongation (28). Trypanosomal DNA replication is also
inhibited by (S)-HPMPA (16), but although P. falciparum
DNA polymerases « and vy are inhibited by ($)-HPMPApp, the
in vivo target of the drug appears to be polymerase 8 (13, 35).

These studies suggest that (S)-HPMPApp affects different
polymerases in different ways, but the mechanism linking the
effects on DNA synthesis to a cytotoxic, antiviral, or antipara-
sitic effect is not well understood. To address this question, we
have chosen to examine the antiviral effects of nucleoside
phosphonate drugs using vaccinia virus and vaccinia DNA
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Template studies:
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Primer extension:
5° TGACCATGTAACAGAGAG 3’ P.1 5:*
3 ACTGGTACATTGTCTCTCTACACAAACAAAACACAC 5 T.11
3* ACTGGTACATTGTCTCTCTTCACAAACAAAACACAC 5 T.12
Replication fidelity:
5° TGACCATGTAACAGAGAG 3’ P.1
3 ACTGGTACATTGTCTCTCGTCTTCTCTCTCTTCTCT 5° T.9
3° ACTGGTACATTGTCTCTCATCTTCTCTCTCTTCTCT 5’ T.19 5:*
3¢ ACTGGTACATTGTCTCTCCTCTTCTCTCTCTTCTCT 5° T.20
3 ACTGGTACATTGTCTCTCTCTTTCTCTCTCTTCTCT 5° T.21
5¢ TGACCATGTAACAGAGAG 3’ Pl
3 ACTGGTACATTGTCTCTCTCTACAAACAAAACACAC 5’ T.22
3 ACTGGTACATTGTCTCTCCGTACAAACAAAACACAC 5° T.23
3 ACTGGTACATTGTCTCTCGCTACAAACAAAACACAC 5 T.24
3 ACTGGTACATTGTCTCTCACTACAAACAAAACACAC 5’ T.25

Biotin-TTTTTTTTTTTGACCATGTAACAGAGAG 3’ P9
3’ ACUGGTACAUTGTCUCUCGTCUTCTCUCTCUTCTCT 5 T.13

3’ TCTTCTCTCTCTTCTCT 5 P.10

3’ GTCTTCTCTCTCTTCTCT 5’ P.13

3’ CGTCTTCTCTCTCTTCTCT 5’ P.14

TTTTTTTTTTTGACCATGTAACAGAGAGCAGAAGAGAGAGAAGAGA 3° T.14

Biotin-TTTTTTTTTTTGACCATGTAACAGAGTG 3’ P.11

3’ ACUGGTACAUTGTCUCACTCGUCAUACAAUACUCAC 3° T.17

3’ CGTCATACAATACTCAC 5° P.17

3’ TCGTCATACAATACTCAC 5’ P.18

3’ CTCGTCATACAATACTCAC 5° P.19
TTTTTTTTTTTGACCATGTAACAGAGTGAGCAGTATGTTATGAGTG 3° T.18

TTTTTTTTTTTGACCATGTAACAGAGTG  3° P.20

FIG. 1. Oligonucleotide primer-template pairs used in the present study. Primer P1 was originally described by Xiong et al. (40). The primer
DNA was 5’ end labeled with [y->*P]ATP and polynucleotide kinase prior to annealing with the template DNA.

polymerase as a model system. Orthopoxviruses are acutely
sensitive to nucleoside phosphonate drugs, and it has been
suggested they might prove useful for treating renascent small-
pox (3, 19). Vaccinia polymerase is a B-family DNA polymer-
ase (15) and possesses both 5'-to-3" polymerase and 3’-to-5’
exonuclease activities (9). We have previously shown that when
a related compound, cidofovir [(§)-1-(3-hydroxy-2-
phosphonylmethoxypropyl)cytosine] [(S)-HPMPC] diphosphate
(CDVpp), is incorporated into DNA it inhibits both primer
extension and drug excision by vaccinia DNA polymerase (23).
(S)-HPMPA and CDV differ only in the structure of the base
moiety, so we hypothesized that the two compounds would
have a similar mechanism of inhibition. (§)-HPMPA has been
shown to be more toxic in mice than CDV (8), but subsequent
work has yielded conflicting results on the relative cytotoxicity
and therefore selectivity indices between the two drugs (3, 5,
19, 22, 36). The latter results are most likely due to differences
in the sensitivity of the various cells lines used to (S)-HPMPA
and CDV. (§)-HPMPA shows greater efficacy against or-
thopoxviruses in culture (12, 19, 22, 36) and the hexadecyl-
oxypropyl (HDP) ester of (S)-HPMPA is 80-fold more active
than the HDP-ester of CDV (5, 20). Therefore, we predicted
that (§)-HPMPA would have a more profound effect on these
aspects of enzyme activity than does CDV. Oddly, (§)-
HPMPApp is not as good an inhibitor of primer extension as
is CDVpp. We demonstrate that both drugs, when incorpo-
rated into the template strand, cause a profound block in DNA
elongation. These results show that CDV and (S)-HPMPA are
more complex drugs than has been previously recognized, af-
fecting DNA elongation when in both the primer and template
strands, and blocking 3'-to-5’" exonuclease activity when lo-
cated in the primer strand.

MATERIALS AND METHODS

Chemicals. (S)-HPMPApp and CDVpp were prepared by custom synthesis by
TriLink Biotechnologies. (S)-HPMPA was a gift from G. Andrei, Rega Institute
for Medical Research, Leuven, Belgium. CDV was obtained from Moravek
Biochemicals. Radiolabeled cordycepin triphosphate ([a->?P]3'-deoxyATP) was
purchased from Perkin-Elmer, [y-**P]JATP and [a-*?P]dATP were obtained from

GE Healthcare, and the unlabeled deoxynucleoside triphosphates (ANTPs) were
from Fermentas. Oligonucleotides were purchased from Sigma-Genosys or In-
tegrated DNA Technologies. [2-'*C]CDV (56 mCi/mmol), [8-'“C]-(S)-HPMPA
(57 mCi/mmol), and their alkoxyester derivatives HDP-[2-'*C] CDV (50 mCi/
mmol) and HDP-[8-'“C] (S)-HPMPA (50 mCi/mmol) were synthesized by
Moravek Biochemicals using unlabeled intermediates and methods provided by
James R. Beadle as previously described (5).

Enzymes. Vaccinia virus DNA polymerase was purified from cells coinfected
with recombinant vaccinia VTIMPOL and vIF7.5 viruses as described previously
(24). The enzyme was freshly diluted in polymerase dilution buffer (25 mM
potassium phosphate [pH 7.4], 5 mM B-mercaptoethanol, 1 mM EDTA, 10%
[vol/vol] glycerol, 0.1 mg of bovine serum albumin/ml) prior to use. T4 polynu-
cleotide kinase, the Klenow fragment of DNA polymerase I, uracil-DNA glyco-
sylase (UDG), and terminal deoxynucleotidyl transferase (TdT) were purchased
from Fermentas. Moloney murine leukemia virus (MMLV) reverse transcriptase
was obtained from Invitrogen.

Cells and virus. All cells and virus were obtained from the American Type
Culture Collection. MRC-5 human lung fibroblasts were grown in minimal es-
sential medium with Earle’s salts containing 2% fetal bovine serum. BSC40
African green monkey kidney epithelial cells and vaccinia virus (Western Re-
serve [WR] strain) were cultured in minimal media containing 5% fetal calf
serum, 1% amino acids, 1% L-glutamine, and 1% antibiotic/antimycotic. Cells
were maintained at 37°C in a 5% CO, atmosphere.

Plaque reduction assays. Plaque reduction assays were performed in triplicate
using 200 PFU of virus per 60-mm dish. Virus-infected BSC40 cells were cultured
for 48 h and then stained with crystal violet. The 50% effective concentration
(ECsp) was calculated from a nonlinear curve fit by using Prism 4.0b software.

Slot blot hybridization. BSC40 cells were infected with vaccinia virus at a
multiplicity of infection of 10 in 60-mm dishes. The cells were then incubated at
37°C and harvested at the times indicated by scraping and centrifugation. [To
examine the effects of drugs on virus replication, cells were preincubated with
(S)-HPMPA or CDV for 24 h prior to infection, and then more drug was added
after the virus was added.] The cell pellets were washed and resuspended in 1.5
ml of 10X saline sodium citrate containing 1 M ammonium acetate and stored at
—80°C. The samples were frozen and thawed three times and clarified by cen-
trifugation, and then 25-ul aliquots were mixed with an equal volume of 0.8 M
NaOH plus 20 mM EDTA, boiled for 10 min, cooled on ice, and diluted with 125
plof 0.4 M NaOH and 10 mM EDTA. The samples were applied in duplicate to
a Zeta-Probe membrane (Bio-Rad) by using a vacuum manifold, washed, and
immobilized with UV light. A 3.1-kb probe spanning the DNA polymerase gene
was prepared by using the PCR (2, 41), purified, and labeled with [a-**P]dATP
using a random priming labeling kit (Roche). The membrane was processed by
using a Southern blot hybridization procedure (31) and label detected by using
a Typhoon phosphorimager.

DNA polymerase and exonuclease assays. Oligonucleotide primer-template
pairs (Fig. 1) were used as substrates for DNA polymerase and exonuclease assays
as previously described (23). The primers were first end labeled by using [y->*P]ATP



588 MAGEE ET AL.

ANTIMICROB. AGENTS CHEMOTHER.

TABLE 1. Metabolic properties of CDV, (§)-HPMPA, and their hexadecyloxypropyl esters and antiviral activity against vaccinia
virus strain Copenhagen in vitro”

Cell uptake

Anabolic phosphorylation Antiviral activity

Drug Drug Mean uptaki Source or Drug Source or Mean ECs, Source or
conen (pmol/well) = reference conen N Np Npp reference (pM) = SD? reference
(uM) SD* (uM)
CDV 3.0 3.60 = 0.29 (3) 1 10 274 1.0 1.3 1 46 =12 (2) 20
HDP-CDV 3.0 187 = 12.0 (2) 1 10 697 63 132 1 0.80 = 0.40 (2) 20
(S)-HPMPA 3.0 2.77 £0.20 (4) This study 10 29 6.0 21 This study 2.70 = 2.40 (2) 5
HDP-(S)-HPMPA 3.0 155 =16 (4) This study 10 93 68 451 This study 0.01 = 0.004 (2) 5

“ Drug uptake was measured in MRC-5 fibroblasts in 24-well plates 24 h after each compound was added to the culture media. Anabolic phosphorylation was assessed
in MRC-5 cells grown in T-75 flasks, 24 h after the addition of '#C-labeled versions of each compound. Abbreviations: N, nucleotide; Np, nucleotide monophosphate;

Npp, nucleoside diphosphate.
’ Values in parentheses are the numbers of independent replicates.

and T4 polynucleotide kinase. Reaction products were resolved on 10 to 15%
polyacrylamide gels and also analyzed as described previously (23). To determine the
K, and V. values for (S)-HPMPApp, we prepared 10-ul reaction mixtures con-
taining ~9 pmol of *?P-labeled primer P1, 35 pmol of template T11, 25 ng of vaccinia
polymerase, 10 uM dGTP, various concentrations of dATP [or (S)-HPMPApp], and
polymerase buffer [30 mM Tris-HCI (pH 7.9), 5 mM MgCl,, 70 mM NaCl, 1.8 mM
dithiothreitol, 80 wg of bovine serum albumin/ml]. The reaction products were
separated on 15% polyacrylamide gels and analyzed using phosphorimaging. To
determine the fidelity of drug incorporation, 10-pl reactions were prepared contain-
ing 1 pmol of 5'-3?P-end-labeled primer P1, 3 pmol of template DNA (templates T9
or T19 to T25, Fig. 1), 10 pM CDVpp or (S)-HPMPApp, buffer, and 25 ng of
vaccinia virus DNA polymerase. In controls, dCTP and dATP were substituted for
CDVpp and (S)-HPMPApp, respectively. Reactions were incubated for 1 min at
37°C for CDVpp and dCTP reactions and at 25°C for (S)-HPMPApp and dATP
reactions and stopped by adding 5 ul of gel loading buffer.

Preparation of CDV- and (S)-HPMPA-containing templates. CDV-containing
templates were prepared by using a two-step procedure. First, ~25 pmol of primer
P9 was annealed to a threefold excess of the deoxyuridine-containing template T13
(Fig. 1), followed by incubation at 37°C for 5 min in a reaction containing 25 pM
(each) CDVpp (or dCTP), dATP, and dGTP and 2.5 ng vaccinia virus DNA poly-
merase/pl in polymerase buffer. The reactions were stopped by adding EDTA (to 45
M), and the DNA was purified by using chloroform extraction and G-25 MicroSpin
columns (GE Healthcare). The DNA was incubated at 37°C for 15 min with 1 U of
UDG and then heated at 95°C for 10 min to cleave apyrimidinic sites. The reactions
were extracted with phenol and chloroform, and the DNA was precipitated with
ethanol. An aliquot of this DNA was also labeled using TdT and [a->?P]3'-de-
oxyATP to assess the extent of primer extension.

(S)-HPMPA-containing templates were prepared in a similar way except that
(S)-HPMPA was incorporated using a different template plus one additional
enzymatic step. About 30 pmol of primer P11 was mixed with a threefold excess
of template T17 (Fig. 1), and the primer was then extended by two residues at
37°C for 1 hin a reaction containing 10 pM each (S)-HPMPApp and dGTP, 0.01
M dithiothreitol, first-strand buffer, and 8 U of MMLYV reverse transcriptase/pl.
The DNA was purified by using chloroform extraction and G-25 MicroSpin
columns and precipitated with ethanol. This (S)-HPMPA-containing primer was
then converted to a full-length extension product using vaccinia polymerase and
all four dNTPs, purified, treated with UDG, purified again, and characterized as
described above. A template containing dAMP [instead of (S)-HPMPA] was
prepared the same way, except that the reverse transcriptase step was omitted.

DNA polymerase assays using CDV- or (S)-HPMPA-containing templates.
Enzyme substrates were prepared by annealing 5'-end-labeled primers to drug-
containing templates in a ~3:1 (template/primer) molar ratio. These DNAs were
added to reactions containing the indicated dNTPs (50 wM each), polymerase
buffer, and 2.5 ng of vaccinia DNA polymerase/ul and incubated at 37°C. The
reactions were stopped by adding EDTA, and the biotinylated strands (and
hybridized DNAs) were recovered by using M-280 streptavidin Dynabeads as
directed by the manufacturer (Invitrogen). The products were then size frac-
tioned and detected by phosphorimaging. Size standards were generated by using
dideoxy-sequencing reactions and Klenow DNA polymerase plus the same 5’
end-labeled primers used in the vaccinia DNA polymerase assays annealed to
templates T14 and T18 (Fig. 1).

Cell uptake and HPLC analysis of (S)-HPMPA and CDV metabolites.
[8-14C](S)-HPMPA and HDP-(S)-[8-'*C]JHPMPA (3 uM) were added to 24-well
plates containing MRC-5 fibroblasts, and after 24 h at 37°C the media was

removed, the cell monolayer was washed twice with cold phosphate-buffered
saline, and the cell uptake of drug was assessed by liquid scintillation counting in
quadruplicate as previously described (1). For measurement of (S)-HPMPA and
HDP-(S)-HPMPA conversion to their mono- and diphosphates, radioactive
drugs were added to 25-cm? flasks of near-confluent MRC-5 cells (10 pM),
followed by incubation for 24 h. The medium was removed, and the monolayer
was washed twice with cold phosphate-buffered saline, followed by the addition
of 0.6 ml of distilled water. The flasks were twice frozen and thawed and
sonicated for 5 min in a cold sonicator bath, and the flask contents were scraped
into a glass tube. Cold trichloroacetic acid was added to a final concentration of
8%, and the contents were vortex mixed and centrifuged for 10 min at 4°C. The
supernatant was removed, an aliquot was subjected to liquid scintillation count-
ing, and another aliquot (10,000 dpm) was subjected to high-pressure liquid
chromatography analysis as previously described (1). The method used a Partisil
10 SAX column (4.6 by 15 cm), with SAX guard column, equilibrated with 20
mM potassium phosphate buffer (pH 5.8) and operating at a flow rate of 1
ml/min. The sample was applied to the column and, after 9 min of isocratic
operation, eluted with a 20 to 700 mM potassium phosphate buffer gradient, over
20 min, followed by a 5-min terminal hold. Each 1-ml fraction was collected and
analyzed by liquid scintillation counting using FloScint IV fluid. The retention
times of [2-'*C]CDVpp (25 to 27 min) (1) and (S)-[8-'*CJHPMPApp (32 to 33
min) were identical to that of pure reference standards. The data shown are the
average of two separate determinations.

RESULTS

Effect of (S)-HPMPA on vaccinia DNA replication. (S5)-
HPMPA inhibits viral DNA replication in vivo, but at lower
concentrations than seen using CDV. A plaque reduction assay
was first performed to determine the ECs, values for each drug
against vaccinia virus strain WR in BSC40 cells. These values
were determined to be 18 pM for (S)-HPMPA and 46 wM for
CDV, confirming the greater efficacy of (S)-HPMPA against
vaccinia virus (12, 19, 22, 36) and similar to values determined
previously using vaccinia virus strain Copenhagen and in
MRC-5 cells (Table 1). To determine the effect of (S)-HPMPA
and CDV on virus DNA synthesis, we then tested two concen-
trations of each drug corresponding to the ECs, and twice the
ECs,,. BSC40 cells were pretreated (or mock treated) with drug
for 24 h prior to infection and then infected with virus while
maintaining the drug selection pressure. The cells were har-
vested, and the amount of viral DNA accumulated was deter-
mined at different time points by slot blot hybridization using
a *2P-labeled vaccinia gene probe. Figure 2 shows the results of
this experiment. No viral DNA was detected in any of the
mock-infected samples (data not shown) or in any of the in-
fected cell samples at 2 h postinfection. In drug-free media,
viral DNA began to be detected at 4 h postinfection, followed
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FIG. 2. Effect of (§)-HPMPA and CDV on vaccinia virus DNA
synthesis in vivo. BSC40 cells were cultured for 24 h, with or without
the indicated concentrations of drugs, and then infected with vaccinia
WR at a multiplicity of infection of 10. Fresh culture medium was
added, also containing (§)-HPMPA or CDV where indicated, and then
all of the nucleic acids recovered at 2, 4, or 6 h postinfection. A slot
blotting protocol, followed by phosphorimager analysis, was used to
quantify the amount of accumulated viral DNA (in arbitrary units)
using a *?P-labeled vaccinia DNA polymerase gene as a probe. The
concentrations of each drug used correspond to the ECs, (18 and 45
wM) and twice the ECs, (36 and 90 pM) for (§)-HPMPA and CDV,
respectively.

by a large accumulation at 6 h postinfection. As predicted,
CDV and (§)-HPMPA cause a substantial reduction in DNA
synthesis relative to what was detected in cells infected with
virus in the absence of drug. Moreover, DNA replication is
inhibited to a similar extent when cells are treated with con-
centrations of drug corresponding to the respective ECs,s or to
twice their respective ECs,s. Thus, both drugs cause compara-
ble effects on viral replication, but less (S)-HPMPA is required
than CDV in the culture media.

Cellular uptake and metabolism of (S)-HPMPA and CDV
and their hexadecyloxypropyl esters. To further evaluate the
reasons for the much greater inhibitory effect of (§)-HPMPA
and HDP-(S)-HPMPA versus CDV and HDP-CDV, we mea-
sured the uptake and conversion of these compounds to their
diphosphates (the triphosphate equivalent and the active me-
tabolite) as shown in Table 1. The cell uptake of CDV and
(S)-HPMPA was comparable (4.0 versus 2.8 pmol/well), but
the conversion of (§)-HPMPA to the diphosphate in 24 h was
16-fold greater than that of CDV (21 versus 1.3 pmol/plate).
Esterification with hexadecyloxypropyl increased the cell up-
take of both CDV and (S)-HPMPA by 47- and 55-fold, respec-
tively. However, the amount of (S)-HPMPApp formed was still
greater than CDVpp, (451 versus 132 pmol/flask; Table 1) (1).
Thus, the intracellular level of CDVpp and (S)-HPMPApp
correlate roughly with antiviral efficacy of the compounds
shown in Table 1.

(S)-HPMPApp is a weak chain terminator. These observa-
tions suggested that the greater bioactivity of (S)-HPMPA,
relative to CDV, is at least partially explained by differences in
the uptake and conversion of the two drugs to their diphos-
phoryl derivatives. Nevertheless, we decided to test the effect
of (S)-HPMPApp on vaccinia DNA polymerase, to confirm
that (S)-HPMPApp and CDVpp then have comparable effects
on this enzyme. Curiously, they do not.

We first examined what happens when (S)-HPMPApp is
added to a primer extension assay in a reaction containing an
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FIG. 3. (S)-HPMPApp is a weak inhibitor of primer extension as-
says. The reactions contained *?P-labeled primer P1 annealed to tem-
plate T11, four dNTPs (5 pM dATP, 10 uM dCTP, 10 .M dGTP, and
10 pM dTTP), 2.5 ng of vaccinia DNA/pl, and 0 uM (A) or 10 pM
(B) (S)-HPMPApp. The mixture was incubated at 37°C, and samples
were removed at the indicated time points and mixed with a form-
amide-containing stop/loading buffer. The reaction products were then
separated on 10% denaturing polyacrylamide gels, and the radioactiv-
ity was detected by using a phosphorimager. The control reactions
(lanes numbered 1) were incubated for 15 min with no added DNA
polymerase. Size markers were prepared by using dideoxy sequencing
reactions and Klenow DNA polymerase (lanes 8 to 11). The band
corresponding to the (§)-HPMPA+1 extension product was seen (ar-
rowed, panel B) but comprised ~1.4% of the total label in each of
lanes 3 to 7. The same band comprised ~0.3% of the extension prod-
ucts in panel A.

18-nucleotide *?P-labeled primer annealed to a 36-nucleotide
template (primer P1 and template T11, Fig. 1). The reactions
also contained all four dNTPs at concentrations approximating
those observed in vivo (5§ pM dATP, 10 puM dCTP, 10 uM
dGTP, and 10 pM dTTP) and were incubated at 37°C. When
10 uM (S)-HPMPApp was added to the reactions, it caused a
very weak stop at the N+1 position, where N is the expected
site of incorporation of (S)-HPMPA opposite a dTMP residue
in the template (compare Fig. 3A and B). We also noted that
adding (S)-HPMPApp caused a slight reduction in the produc-
tion of molecules terminated at the N, N+2, and N+3 posi-
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tions compared to the ladder of incomplete extension products
seen in the control reaction. Since adding (S)-HPMPApp to
the primer extension reaction produced only a weak stop,
whereas adding CDVpp to a similar reaction mixture resulted
in a strong stop one nucleotide after a template dG (23), we
investigated whether the yield of premature termination prod-
ucts was affected by the (§)-HPMPApp concentration. No sub-
stantial differences in the intensity of the N+1 (or other)
termination products were detected using (S)-HPMPApp con-
centrations varying from 0.1 to 100 wM (data not shown).

Vaccinia DNA polymerase can use (S)-HPMPApp as a sub-
strate and extend a primer containing (S)-HPMPA. We next
wanted to compare the substrate properties of (S)-HPMPApp
versus dATP using the same P1-T11 primer-template combi-
nation. These experiments were complicated by the fact that,
in the absence of other dNTPs, both compounds were incor-
porated into DNA and then sometimes excised so rapidly as to
cause the complete degradation of the labeled primer strand in
less than a minute at 37°C (data not shown). After some ex-
perimentation with reaction temperatures ranging from 0 to
25°C, we found that the problem can be avoided by incubating
the reactions at 25°C (data not shown). This sufficiently slows
the reaction to permit ready detection of both polymerase and
exonuclease activities under steady-state conditions, and most
of the subsequent experiments were performed at 25°C unless
otherwise noted.

These assays were next used to determine the K,,, and V.,
for (S)-HPMPApp and for dATP. The *?P-labeled primer P1
was annealed to template T11, mixed with various concentra-
tions of (S)-HPMPApp or dATP, followed by incubation at
37°C for 0, 1, 2, or 4 min with vaccinia DNA polymerase. We
also added the nucleotide found at the 3’ end of the P1 strand
to each reaction (dGTP, 10 wM) to minimize attack on that
end by the 3'-to-5" exonuclease and permit the use of a 37°C
reaction temperature. The reaction products were separated
by using a 15% polyacrylamide gel and detected by using a
phosphorimager. The amount of primer extended by one nu-
cleotide in each reaction was determined by using ImageQuant
software, and the results were analyzed using one-phase expo-
nential association, to determine an initial velocity, and the
Michaelis-Menten equation. The K,,, of (S)-HPMPApp was
calculated to be 3.8 = 0.8 uM, and the V., was calculated at
2.1 = 0.1 pmol/min. The K,, and V,,,, of dATP were deter-
mined to be 4.6 £ 0.5 uM and 2.0 = 0.07 pmol/min, respec-
tively. These data indicate that (S)-HPMPApp is as good a
substrate for vaccinia DNA polymerase as is dATP.

Having shown that (§)-HPMPApp is a good substrate for
vaccinia polymerase, we next examined what effect the pres-
ence of the drug near the primer terminus would have on chain
extension. Of particular interest was the effect of (§)-HPMPA
when incorporated into the penultimate position of the primer
strand [“(S)-HPMPA+1”], since it is the CDV+1 structure
that is less well used by vaccinia and herpes DNA polymerases.
Figure 4A shows such a stepwise comparison of the substrate
properties of dAMP versus (§)-HPMPA at 25°C. As noted
above, (S)-HPMPA can be incorporated into DNA with kinet-
ics resembling dATP. The next nucleotide (dTTP) was then
added to the (S)-HPMPA-terminated primer in a manner also
similar to that seen in the dAMP-terminated control reaction.
Finally, when an equimolar mixture of dCTP, dGTP, and
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FIG. 4. (S)-HPMPA can be incorporated into DNA and extended
by vaccinia DNA polymerase. (A) Primer P1 was labeled with P,
annealed to template T11, and incubated for 1 min with 2.5 ng of
vaccinia DNA polymerase/ul plus 10 pM dATP or (S)-HPMPApp at
25°C. A sample of the product was removed from each reaction and
added to formamide stop buffer. dTTP was then added to each of the
remaining mixtures, to a final concentration of 10 wM, and the incu-
bation continued for another minute. A second sample was removed,
followed by the addition of dCTP, dGTP, and dTTP (all to 10 uM final
concentration), and the incubation was continued with periodic sam-
pling. The reaction products were then size fractionated and detected
by phosphorimaging. A slight lag may be seen in the extension of
molecules terminated by (S)-HPMPA+dGMP, but the majority of the
primer chases into a series of extension products in less than a minute
at 25°C. (B) Experiment similar to that in panel A except that template
T12 directs the incorporation of two consecutive molecules of dAMP
or (S)-HPMPA.

dTTP was added to each of these reactions (to 30 uM total
concentration) the primer was rapidly extended out to the end
of the template strand. We noted that there might be a slight
lag in the production to the full-length products from a primer
terminating in (S)-HPMPA plus dTMP compared to extension
from a primer terminating in dAMP plus dTMP (Fig. 4A).
Nevertheless, nearly all of the (S)-HPMPA-containing labeled
primer was rapidly chased into higher-molecular-weight prod-
ucts within moments of starting the reactions.

Vaccinia DNA polymerase can use primers containing two
consecutive (S)-HPMPA molecules. CDV has been shown to
greatly reduce the rate of primer extension by vaccinia virus
and cytomegalovirus DNA polymerases whenever the template
contains two consecutive dG residues (23, 40). These data have
led to the suggestion that CDV might be especially prone to
causing chain termination whenever it is incorporated into
adjacent sites in the primer (10) and led us to test whether
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FIG. 5. Vaccinia DNA polymerase can excise (S)-HPMPA from the primer terminus but not if (§)-HPMPA is the penultimate 3'-nucleotide.
Primer P1 was labeled with 3P, annealed to template T11, and incubated for 1 min with 2.5 ng of vaccinia DNA polymerase/pl at 25°C in the
presence of 10 uM dATP, 10 uM (S)-HPMPA, 10 uM (each) dATP and dTTP or 10 uM (each) (S)-HPMPA and dTTP. This produced molecules

bearing the 3’ structures indicated in the Figure [“H” = (S)-HPMPA].

The unincorporated nucleotides and (S)-HPMPApp were removed by gel

filtration, and the purified substrates were incubated with fresh enzyme at 25°C. The reactions were sampled at the times indicated, mixed with
formamide stop buffer, and size fractionated on 10% polyacrylamide gels, and the radioactivity was detected by phosphorimaging. Water was
substituted for DNA polymerase in the “no polymerase” controls (indicated by “—” symbols). Primers terminated with (S)-HPMPA+dTMP are
highly resistant to exonuclease attack (lanes 14 to 18, at right) but did not inhibit exonuclease attack on a trace of contaminating molecules

terminated with dAMP or ($)-HPMPA (asterisk).

(S)-HPMPA might have similar effects on vaccinia DNA poly-
merase. For this experiment, a **P-labeled primer P1 was an-
nealed to template T12 (Fig. 1) and used as an alternative
substrate. The P1-T12 primer-template was incubated with
vaccinia DNA polymerase and with either 10 uM dATP or 10
uM (S)-HPMPApp (Fig. 4B) for 1 min. A sample was taken of
each reaction, and the next nucleotide (dGTP) was added to
the remainder to a final concentration of 10 WM. After another
minute of incubation, a sample was taken, and the remaining
reaction mixture was adjusted to include 10 wM each for dTTP
and dCTP. The reaction was then sampled at different time
points. We observed that vaccinia DNA polymerase can readily
incorporate two consecutive molecules of dATP into DNA,
extend this primer further by one nucleotide, and then rapidly
extend this primer in the presence of all four dNTPs. Replac-
ing dATP with (S)-HPMPApp produced similar results. Al-
though there is again a slight lag on the initial production of
fully extended primer products, as seen by the decreased in-
tensity of the full-length bands in the first minute, the incor-
poration of two consecutive (S)-HPMPA molecules into the
growing DNA strand did not cause a dramatic reduction in the
rate of DNA elongation compared to the two molecules of
CDV (23).

Effect of (S)-HPMPA on the 3'-to-5" proofreading exonucle-
ase activity. To determine what effect (S)-HPMPA has on the
3'-to-5" exonuclease activity of vaccinia DNA polymerase, the
5'-to-3" polymerase activity was first used to incorporate (S)-
HPMPA (or dAMP) into the terminus of *?P-labeled primer
P1 annealed to template T11. We also added dTTP to some
reactions to position the (S)-HPMPA/dAMP moiety at the
penultimate location in the primer strand. Unincorporated

nucleotides and (S)-HPMPApp were removed by gel filtration.
The substrates were then incubated with fresh DNA polymer-
ase, in the absence of dANTPs and at 25°C, to examine exonu-
clease activity in the absence of any polymerase activity. Figure
5 (left panel) shows the results obtained when the enzyme is
presented with substrates incorporating dAMP or (S)-HPMPA
at the 3'-primer terminus. A primer terminated with dAMP
was completely converted to an array of smaller products by
vaccinia DNA polymerase in less than a minute. A primer
terminated with (S)-HPMPA was also rapidly degraded, al-
though we noted that there was still a trace of the (S)-HPMPA-
terminated primer band visible after 1 min of incubation (Fig.
5B, lane 12). A primer terminating in dAMP plus dTMP was
also rapidly degraded by the vaccinia DNA polymerase (Fig. 5,
right panel) with nearly complete conversion of this primer to
smaller products seen after a minute of incubation. In contrast,
a primer terminating in (S)-HPMPA plus dTMP was refractory
to exonuclease activity. We estimate that the half-life of this
product at 25°C is about 7 min and, although the exonuclease
is more active if the reaction is incubated at 37°C, the half-life
is still at least ~4 min (data not shown). It should also be noted
that these (§)-HPMPA-containing molecules are not irrevers-
ible inhibitors of the exonuclease activity. During the prepara-
tion of these substrates a small amount of a contaminating
product is left behind that is one nucleotide smaller than the
original primer P1 (Fig. 5, asterisk). This DNA should bear
either a 3’-terminal dAMP or (§)-HPMPA residue and, even
in the presence of the molecules terminated with (S)-
HPMPA +dTMP, it is completely degraded within a minute of
adding the enzyme.
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FIG. 6. CDV and (S)-HPMPA are faithfully incorporated into
DNA by vaccinia DNA polymerase. The reaction mixtures contained
32P-end-labeled primer P1 annealed to different template strands and
were incubated with the indicated nucleotides (each at 10 uM) and 2.5
ng of vaccinia DNA polymerase/pl at 37°C (dCTP and CDVpp) or
25°C [dATP and (S)-HPMPApp]. The nucleotide encoded by the tem-
plate strand at the position immediately after the primer terminus is
indicated on the figure. Each reaction was stopped after 1 min, and the
products were separated by gel electrophoresis and detected by using
a phosphorimager.

CDV and (S)-HPMPA are faithfully incorporated into DNA
by vaccinia DNA polymerase. One mechanism that might ac-
count for the greater in vivo activity of (§)-HPMPA, relative to
CDV, could be that (§)-HPMPA is a substrate, but one that is
especially prone to misincorporation by vaccinia polymerase.
This would cause mutations and deleterious effects on replica-
tion. To examine whether (§)-HPMPA is misincorporated into
DNA by this enzyme, a simple primer extension analysis was
performed. For these reactions, **P-labeled primer P1 was
annealed to different templates containing each of the four
nucleotides located immediately after the primer terminus
(Fig. 1). These primer-template pairs were incubated with vac-
cinia DNA polymerase and 10 pM CDVpp (or dCTP) or 10
pM (S)-HPMPApp (or dATP) for 1 min. The results are pre-
sented in Fig. 6, where it can be seen that CDV and dCMP are
incorporated opposite only dG and that (S)-HPMPA and
dAMP are incorporated opposite only dT. Thus, under the
conditions of this experiment (which we estimate could detect
1 to 2% misincorporation), both CDV and (S)-HPMPA are
faithfully incorporated into DNA by vaccinia polymerase.

Preparation of oligonucleotide templates containing CDV or
(S)-HPMPA. When one considers the data outlined above, one
factor that differentiates (S)-HPMPA from CDV is that (S)-
HPMPA could be more readily incorporated into DNA than is
CDV. This raises the interesting question of what effects the
two drugs have on DNA synthesis when located in the template
strand. Since there is currently no chemical method to synthe-
size these drug-containing DNAs, we used the enzymatic ap-
proach illustrated in Fig. 7 to produce these templates.

In order to synthesize a CDV-containing template, the 5’
biotinylated primer, P9, was annealed to template T13 (Fig. 1)
and extended using vaccinia DNA polymerase and CDVpp (or
dCTP for control purposes) plus dATP and dGTP. The T13
template strand contains seven uracil residues that permitted
its degradation using uracil-DNA glycosylase and heat. The
UDG-resistant, CDV-containing (or dCMP-containing) DNAs
were then purified for use as template strands. Aliquots of the
UDGe-resistant template DNA were also end labeled with 3P
using TdT and cordycepin triphosphate, in order to assess the
extent of P9 extension.
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FIG. 7. Scheme used to incorporate CDV and (S)-HPMPA into a
template strand. The figure shows the method used to incorporate
(S)-HPMPA into DNA. MMLYV reverse transcriptase was used to add
(5)-HPMPA (“H”) and dGMP to a DNA comprising primer P11
annealed to template T17 (Fig. 1). The products were purified and
further extended using vaccinia DNA polymerase and four dNTPs.
The T17 strand was then degraded with uracil glycosylase, and the
(S)-HPMPA-containing strand was purified and annealed to **P-la-
beled primers P17, P18, or P19 (Fig. 1). Molecules containing CDV,
and control DNAs, were prepared the same way, except that we omit-
ted the MMLV reverse transcriptase step. We also used different
primers and templates to direct the incorporation of CDV and dCMP

(Fig. 1).

The preparation of an (§)-HPMPA-containing template fol-
lowed a similar procedure, using 5’ biotinylated primer P11
annealed to template T17. However, this approach was com-
plicated by the fact that the uracil in the template can promote
the incorporation of many (S)-HPMPA molecules and at-
tempts to add the drug in a stepwise manner, using vaccinia
polymerase, were frustrated by exonuclease attack on the P11
primer. Therefore, we used MMLYV reverse transcriptase to
incorporate (S)-HPMPA plus the next nucleotide (dGMP)
into the terminus of primer P11, purified the product, and
generated a full-length copy using vaccinia polymerase and
four dNTPs. The product was then processed as described
above. We tried using the same method to prepare a dAMP-
containing control template, but the extensive misincorpora-
tion of dAAMP and/or dGMP by MMLYV reverse transcriptase
prevented us from doing so (Fig. 8, lanes 4 and 9). This prob-
lem can be avoided by limiting the time of incubation of the
reverse transcriptase with (§)-HPMPApp and dGTP (Fig. 8,
lane 10), but we found no good method to avoid it using dATP
plus dGTP. As a result, this template was prepared like the
CDV- and dCMP-containing templates, namely, by incubating
the primer-template pair P11-T17 with vaccinia polymerase
plus all four dNTPs, followed by UDG and heat treatment and
ethanol precipitation.

During the preparation of these substrates, aliquots were
taken of the reaction intermediates and labeled with **P using
terminal transferase to assess the extent of elongation of
primer P11. We observed little or no labeling of the biotinyl-
ated-P11 products if they were expected to contain (S)-
HPMPA (Fig. 8, lanes 3 and 5). We hypothesized that these
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FIG. 8. (S)-HPMPA inhibits labeling with TdT. (A) Primer P11
was annealed to strand T17 and incubated at 37°C with vaccinia DNA
polymerase (1 min) or MMLV reverse transcriptase (1 h), in the
presence of 10 puM dGTP and either 10 uM dATP or 10 pM (S)-
HPMPApp. The T17 strand was degraded using UDG and heat, and
the biotinylated P11 strand was recovered by using magnetic beads.
The DNAs were labeled using terminal transferase and [a*?P]3'-
deoxyATP and subjected to electrophoresis, and the radioactivity was
detected by using a phosphorimager. Primer P11 was purified and
labeled the same way but not incubated with either polymerase (lane
1). (B) Primer P20 was 5’ end labeled and annealed to template T17
and then incubated with vaccinia polymerase or MMLYV reverse tran-
scriptase as described above. The reaction products were size fraction-
ated by electrophoresis and detected by using a phosphorimaging.
Both polymerases can incorporate (S)-HPMPA (and dGMP) into
DNA, as judged by using prelabeled primers (lanes 8 and 10), but these
N+1 products are not postlabeled with terminal transferase (lanes 3
and 5). The TdT is still active, as shown by the capacity to label any of
the molecules encoding dAMP (lanes 2 and 4). VAC, vaccinia DNA
polymerase; RT, reverse transcriptase.

might be poor substrates for TdT and confirmed this by per-
forming control reactions using the nonbiotinylated primer
P20 instead of P11 (Fig. 1). This permitted 5’ end labeling of
the primer using T4 polynucleotide kinase and showed that the
“absence” of an extension product (Fig. 8, lanes 3 and 5) was
an artifact of the TdT not being able to extend (S)-HPMPA-
containing primers.

CDV or (S)-HPMPA are faithfully copied by vaccinia DNA
polymerase. To test the coding properties of these drug lesions,
the newly prepared templates were annealed to 5'->?P-end-
labeled primers and incubated with vaccinia DNA polymerase
plus one each of the four dNTPs at 50 uM. After a 1-min
incubation, the products that had annealed to the template
were retrieved using Dynabeads, size fractionated, and visual-
ized by phosphorimaging. As shown in Fig. 9 (top panel), only
dGMP is incorporated opposite dCMP and CDV and only
dTMP is incorporated opposite dAMP and (S)-HPMPA (Fig.
9, bottom panel). These results show that CDV and (S)-
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FIG. 9. CDV and (S)-HPMPA are faithfully copied by vaccinia
DNA polymerase. The four template strands were prepared containing
dCMP/CDV (upper panel) or dAMP/(S)-HPMPA (lower panel) and
annealed to **P-labeled primers P10 or P17 as indicated. These
primer-template pairs were incubated with 2.5 ng of vaccinia DNA
polymerase/pl at 37°C for 1 min in the presence of each of the indi-
cated single dNTPs (50 wM), and the products were recovered using
magnetic beads. The reaction products were then separated on a 10%
polyacrylamide gel, and the radioactivity was visualized by phosphor-
imaging. CDV and (§)-HPMPA direct the incorporation of dGMP and
dTMP, respectively. Each of the enzymatically prepared template
strands was also separately labeled with terminal transferase to mea-
sure the length of the original extension products (template). Sequenc-
ing ladders were prepared using primer P10 annealed to template T14
(upper panel) or primer P17 annealed to template T18 (lower panel).

HPMPA are both faithfully incorporated into DNA and then
copied by vaccinia DNA polymerase.

The presence of CDV or (S)-HPMPA in the template strand
blocks primer extension. We next examined what effect these
drug lesions had on primer extension. We synthesized three
kinds of primers for the present study, designed so that the 3’
terminus was located one nucleotide preceding, next to, or one
nucleotide past the site of incorporation of the drug residue
(Fig. 1, primers P10 to P14 and P17 to P19). These strands
were *?P end labeled, annealed to the prepared templates, and
incubated at 37°C with vaccinia DNA polymerase and all four
dNTPs at 50 wM each. The results of the present study are
shown in Fig. 10. In all of these experiments, the primers
annealed to control (i.e., drug-free) strands were all rapidly
extended the full length of the enzymatically copied strand,
regardless of where we positioned the 3’ end relative to
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FIG. 10. Effects of templates bearing nucleoside phosphonate drugs on trans-lesion DNA synthesis. Templates were prepared bearing
dCMP/CDV (upper panels) or dAMP/(S)-HPMPA (lower panels) and annealed to the six indicated **P-labeled primer strands. These primers
terminate at positions N+1 (P10 and P17), N (P13 and P18), and N—1 (P14 and P19), where N is the site of drug incorporation [“X” = CDV,
“H” = (§)-HPMPA]. Each of these primer-template pairs was incubated with 2.5 ng of vaccinia DNA polymerase/ul at 37°C for 0, 1, 2, 5, 10, or
15 min (triangles) in the presence of all four dNTPs (50 wM each), and the products were recovered by using magnetic beads. The reaction products
were then separated on a 10% polyacrylamide gel, and the radioactivity was visualized by phosphorimaging. All of the six primers were rapidly
extended across control molecules bearing dCMP or dAMP residues. In contrast, P10 and P17 were extended only one nucleotide (left-hand
column), and the drugs blocked net DNA synthesis from the other four primers. Each of the enzymatically prepared template strands was also
separately labeled with terminal transferase and [«®?P]3’-deoxyATP to measure the length of the original extension products (“T”). The
electrophoretic properties of unmodified primer strands are illustrated in lanes marker “P.”

the dAMP or dCMP template nucleotide. This demonstrated
the integrity of templates produced in this manner. In con-
trast, the presence of CDV or (5)-HPMPA strongly inhibited
primer extension.

With CDV-containing templates (Fig. 10, top panel), primer
P10 was first extended by just one nucleotide and then attacked
and degraded by the 3'-to-5' exonuclease. At no point did we
ever see the complete conversion of the primer to the primer
plus one nucleotide (N+1), instead a mix of molecules corre-
sponding to N—1, N, and N+1 products was formed and then
degraded (Fig. 10, top left image). No net DNA synthesis was
seen with primers P13 and P14; instead, these DNAs were
progressively degraded to a series of shorter molecules, with
the most prominent products being the N—1 and N—2 bands
(for P13) and N—2 and N-3 bands (for P14) (Fig. 10, top
middle and top right images). A similar effect was seen with
templates containing (S)-HPMPA. Primer P17 was converted
to a mix of N and N+1 products, P18 was converted to a mix
of N and N—1 products, and P19 was converted to a mix of
N—1 and N—2 products (Fig. 10, bottom images). However,
although both drugs had similar inhibitory effects on DNA
extension, a dramatic difference was seen in the stability of the
DNAs formed in these reactions. All of the substrates and
products detected in reactions using the CDV-containing tem-
plate were completely degraded in less than 15 min, whereas
products that result from using the (S)-HPMPA-containing

templates were stable throughout the entire reaction. This
exonucleolytic attack on these strands occurs despite the use of
high (200 wM) concentrations of dNTPs and suggests that the
two different drugs, and resulting DNA structures, may have
dramatically different effects on the rate of nucleotide turnover
by vaccinia DNA polymerase.

DISCUSSION

The nucleoside phosphonate family of drugs exhibits a vary-
ing degree of activity against orthopoxviruses, with the purine
analog, (S)-HPMPA, being more active than the pyrimidine
analog, CDV, as judged by a 3- to 17-fold difference in ECs, in
vivo (Table 1). Metabolic studies provide some insight into the
reasons for this difference since cells exposed to these drugs
also appear to more rapidly convert (S)-HPMPA into (S)-
HPMPApp and provide intracellular concentrations of (S5)-
HPMPApp that are 16-fold higher than that of CDVpp with
the unmodified nucleotides and 3.4-fold higher with HDP-(S)-
HPMPA versus HDP-CDV (Table 1). A variety of data also
clearly implicates the replication machinery, and DNA poly-
merase in particular, as being the primary target of both drugs.
In particular, one selects for spontaneous mutations in the E9L
(DNA polymerase) gene by continued passage of vaccinia virus
in the presence of CDV, and such CDV-resistant mutations
create cross-resistance to most other nucleoside phosphonate
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drugs, including (§)-HPMPA (2). When one exposes vaccinia
virus-infected cells to biologically equivalent concentrations of
both drugs (i.e., concentrations equal to the ECs,), one sees
nearly equal levels of inhibition of virus DNA replication, as
judged by the amount of virus DNA synthesized (Fig. 2). How-
ever, what is not clear is what might be “wrong” with the
substrate properties of (§)-HPMPApp, as judged by the primer
extension assays used in the present study.

We have previously shown that the diphosphoryl derivative
of CDV, CDVpp, can be used and incorporated into DNA by
vaccinia DNA polymerase (23). CDVpp is a poor substrate for
the vaccinia enzyme relative to the natural substrate, dCTP
(K., covpp = 23 = 6 uM, K, gorp = 3.8 £ 0.7 pM [23]). Its
incorporation results in only a slight decrease in the rate of
chain extension after adding one CDV molecule but causes
premature chain termination, as evidenced by the appearance
of “pause sites,” after the addition of the next nucleotide (23).
DNA synthesis is also profoundly inhibited when two consec-
utive molecules of CDV are incorporated into the 3’ end of the
primer strand. These effects of CDVpp on vaccinia DNA poly-
merase are similar to the effects on cytomegalovirus DNA
polymerase (40). Given that (S)-HPMPA is more biologically
active than CDV but shares a similar chemical structure within
the nucleoside phosphonate moiety, we hypothesized that (S5)-
HPMPApp would interact with vaccinia DNA polymerase in a
manner similar to CDVpp but that the effects of the drug
would simply be more exaggerated and perhaps detectable at
lower concentrations. This is not what is observed.

The first experiment we performed was a simple primer exten-
sion assay containing all four ANTPs. When (S)-HPMPApp was
added to this reaction, a weak stop at a position corresponding to
two nucleotides longer than the original primer strand was de-
tected (Fig. 3B). This is in contrast to that seen with CDVpp,
where the addition of this compound at an equal concentration
(10 wM) resulted in the formation of a strong stop at this N+1
position (23). We next examined the kinetics of incorporation of
(S)-HPMPApp relative to dATP. These studies showed that (S)-
HPMPApp is as good if not a better substrate for the polymerase
than is dATP (K, (—upmpapp = 3-8 = 0.8 uM versus
K, aatp = 4.6 £ 0.5 uM, with a comparable V,,,,,), and it is also
very rapidly excised with kinetics comparable to AAMP from the
3" end of the primer strand (Fig. 5). Our experiments also showed
that when (S)-HPMPA is incorporated into DNA, it can then
serve as a primer for further extension with kinetics similar to that
seen in a control reaction, where dATP replaced (S)-HPMPApp
(Fig. 4A). Finally, whereas molecules encoding CDV+1 nucleo-
tide are poor primers, and molecules bearing two consecutive
molecules of CDV are nearly inert in elongation reactions (23),
the analogous (5)-HPMPA containing structures have not nearly
as marked effects on the elongation rate (Fig. 4). The only striking
difference between molecules bearing (5)-HPMPA and dAMP,
as the penultimate 3’ nucleotide, is that the presence of (S)-
HPMPA clearly inhibits the activity of the 3'-to-5" exonuclease
(Fig. 5). This is a property common to both (S)-HPMPA and
CDV. Thus, these primer extension assays have identified no
particular effect of (S)-HPMPApp on vaccinia polymerase that
can directly account for the enhanced activity in vivo.

These observations suggested that (§)-HPMPA exerts its
effects on vaccinia replication in a more indirect manner than
CDV and in a way that is exacerbated by the relatively higher
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intracellular concentrations of (S)-HPMPApp versus CDVpp.
A lower K,, for (S)-HPMPApp (versus CDVpp), combined
with a greater amounts of (S)-HPMPApp relative to dATP
(compared to the CDVpp to dCTP ratio) and little effect of
(S)-HPMPA on chain extension, would lead to relatively more
incorporation of (§)-HPMPA than CDV into viral DNA. One
possible consequence might then be that more (S)-HPMPA
can be misincorporated into DNA than CDV. However, we
examined incorporation of CDV and (S)-HPMPA opposite all
four dNMPs and found that both drugs are faithfully incorpo-
rated opposite dGMP and dTMP, respectively (Fig. 6).

This led us to investigate what effects CDV and (§)-HPMPA
have on DNA synthesis when located in the template strand.
Most nucleoside and nucleotide analogues act as obligate
chain terminators, whereas CDV, which still bears a 3’ hy-
droxyl, is generally classified as a nonobligate chain terminator.
Since (S)-HPMPA can be incorporated into DNA without
causing much chain termination (Fig. 4), some of the antiviral
effects of this drug could be explained by what happens at the
next round of replication. Since there are currently no chem-
ical methods for the synthesis of CDV- and (§)-HPMPA-con-
taining DNAs, we developed an enzymatic approach using
vaccinia DNA polymerase, or vaccinia DNA polymerase in
combination with MMLV reverse transcriptase (Fig. 7). A
number of quality controls were conducted during the prepa-
ration of these substrates and one of the more interesting
effects that we noted was that (§)-HPMPA-containing DNAs
are also poorly labeled by TdT (Fig. 8). This suggests that
DNAs bearing a nucleoside phosphonate drug, at the penulti-
mate 3’ position, likely exhibit some structural feature that is
broadly inhibitory to many different nucleotidyl transferases.
Since TdT plays a key role in the development of immune
diversity (37), this observation also raises some questions re-
garding what effect prolonged exposure to these drugs might
have on immune responses to viral infection.

These new substrates were used to show that templates
containing CDV and (S)-HPMPA cause a severe block in
DNA extension. Although the polymerase can faithfully incor-
porate a nucleotide opposite either drug residue (Fig. 9), fur-
ther elongation is inhibited (Fig. 10). Vaccinia DNA polymer-
ase also rapidly degraded primers extending one nucleotide
past the drug lesion in the presence of dNTPs, suggesting that
such structures tend to be recognized as being mismatched by
the 3'-to-5" proofreading exonuclease. Although such effects
have not been much studied, there have been a few reports of
similar effects caused by other polymerase inhibitors and using
other enzymes. For example Mikita and Beardsley (27) showed
that arabinosylcytosine template residues partially blocked
DNA elongation by Klenow, T4, and human o, DNA poly-
merases, although it did not efficiently inhibit avian myeolo-
blastosis virus reverse transcriptase. Satake et al. (32, 33) also
noted that 5-trifluoromethyl-2’-deoxyuridine caused a strong
arrest one nucleotide before or after the lesion site using
Klenow polymerase and human DNA polymerase «, respec-
tively. Collectively, these results show that if nucleotide ana-
logues are incorporated into the template strand, they can
severely inhibit polymerase activity, much like some forms of
DNA damage (4). This mechanism of action is not relevant for
common DNA polymerase inhibitors, since most are obligate
or de facto chain terminators. However, (S)-HPMPApp is a



596 MAGEE ET AL.

good substrate and a not very effective chain terminator (Fig.
4) and thus might well act more by inhibiting secondary rounds
of DNA synthesis. Since both CDV and (S)-HPMPA block
DNA synthesis to a similar extent, once incorporated into the
template strand, the relatively greater efficacy of (§)-HPMPA
is probably explained by a combination of factors related to
higher intracellular levels of (S)-HPMPApp plus a greater
likelihood that (§)-HPMPA would be incorporated into an
irreparable DNA lesion.

Viewed from this perspective, these new insights into this
mode of drug action can shed new light on the genetics of
drug-resistant poxviruses. We have shown that CDV-resistant
vaccinia viruses exhibit cross-resistance to (S)-HPMPA and
acquire mutations in the E9L gene in both the DNA polymer-
ase and the 3'-to-5' exonuclease domains (2). Substitution
mutations located in the exonuclease domain are probably the
primary determinant of resistance and likely act to enhance
drug excision from DNA (2). However, it is less clear how the
substitution mutations located in the polymerase domain pro-
mote drug resistance. We have suggested that they might en-
hance the discrimination against CDVpp and (S)-HPMPApp
during nucleotide selection (2). Based on the results of the
present study, it is also possible that these mutations affect how
mutant polymerases copy drug-containing (or otherwise dam-
aged) templates and might help explain the weak mutator
phenotype exhibited by virus encoding the A684V substitution
mutation (2). Work is currently in progress to isolate these
mutant polymerases, so they can be used in biochemical assays
to investigate the role of these mutations on DNA polymerase
activity.
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