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Cyclopropavir (CPV) is a promising antiviral drug against human cytomegalovirus (HCMV). As with ganciclovir (GCV), the
current standard for HCMV treatment, activation of CPV requires multiple steps of phosphorylation and is enantioselective. We
hypothesized that the resulting CPV triphosphate (CPV-TP) would stereoselectively target HCMV DNA polymerase and termi-
nate DNA synthesis. To test this hypothesis, we synthesized both enantiomers of CPV-TP [(+) and (—)] and investigated their
action on HCMYV polymerase. Both enantiomers inhibited HCMV polymerase competitively with dGTP, with (+)-CPV-TP ex-
hibiting a more than 20-fold lower apparent K; than (—)-CPV-TP. Moreover, (+)-CPV-TP was a more potent inhibitor than
GCV-TP. (+)-CPV-TP also exhibited substantially lower apparent K,,, and somewhat higher apparent k_,, values than (—)-
CPV-TP and GCV-TP for incorporation into DNA by the viral polymerase. As is the case for GCV-TP, both CPV-TP enantiomers
behaved as nonobligate chain terminators, with the polymerase terminating DNA synthesis after incorporation of one addi-
tional nucleotide. These results elucidate how CPV-TP acts on HCMV DNA polymerase and help explain why CPV is more po-

tent against HCMYV replication than GCV.

yclopropavir (CPV), a methylenecyclopropane analogue (1)

of 2'-deoxyguanosine, is currently undergoing phase I clinical
safety studies as a potential drug against human cytomegalovirus
(HCMV) (2—4), a common opportunistic pathogen responsible
for diseases in multiple organ systems, particularly in immuno-
compromised patients and newborns (5). Previous mechanism of
action studies have revealed that CPV, like ganciclovir (GCV), the
first-line therapy for HCMV infection, is initially phosphorylated
by the virus-encoded UL97 kinase (6), while conversion of CPV
monophosphate (CPV-MP) to CPV triphosphate (CPV-TP) can
be performed by cellular kinases (7, 8). Accordingly, certain
HCMYV UL97 mutations confer CPV resistance (9, 10). CPV in-
hibits viral DNA replication (3), and accumulation of CPV-TP has
been detected during viral infection (11). As certain mutations
affecting the catalytic subunit (UL54, Pol) of the HCMV DNA
polymerase also confer CPV resistance, it has been hypothesized
that CPV-TP targets HCMV Pol (12) and terminates viral DNA
synthesis. However, whether and how CPV-TP acts to inhibit
HCMYV Pol have not been determined. In particular, whether
CPV-TP inhibits competitively, whether it is a substrate for incor-
poration into DNA, and whether it causes chain termination are
not known.

Interestingly, CPV is substantially more potent than GCV
against HCMV replication in cell culture (2, 3). Some of this in-
creased potency may be due to greater accumulation in infected
cells of CPV-TP than GCV-TP at equivalently effective concentra-
tions, which is consistent with more extensive phosphorylation of
CPV than GCV by UL97 (6, 11). However, CPV is also more
potent than GCV against HCMV lacking UL97 (3, 9, 13). We
hypothesized that this could be due to more potent inhibition of
HCMV Pol by CPV-TP than by GCV-TP.

The initial phosphorylation and the interaction of the triphos-
phate with viral polymerase are the most crucial steps in the de-
termination of enantioselectivity of antiviral nucleoside analogues
(14). Previous studies showed that the (+) enantiomers are the
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preferred substrates during enzymatic conversion of CPV to CPV-
diphosphate by UL97 and GMP kinase (6, 7). Although there is
precedent for stereoselective inhibition of a herpesvirus polymer-
ase by GCV-TP (15), whether CPV-TP is also stereoselective in its
activity against HCMV Pol has not been tested.

To investigate these questions, we synthesized CPV-TP in both
enantiomeric forms and investigated their actions on HCMV Pol.

MATERIALS AND METHODS

Chemicals and reagents. All solvents and reagents, unless otherwise in-
dicated, were analysis-grade commercial products and were used as re-
ceived. CPV-TP enantiomers were synthesized according to the routes
presented in Fig. 1, as described below. CPV-TP enantiomers are soluble
in water at a concentration of 5 mM, and their purity was confirmed using
high-pressure liquid chromatography.

Chemical syntheses. (i) (Z)-9-{[2-(Acetoxymethyl)-2-(hydroxym-
ethyl)cyclopropylidene]methyl}-N?-isobutyrylguanine phosphate
(compound 3). A mixture of phosphite 2 (88 mg, 0.2 mmol) and imida-
zole (67 mg, 8 mmol) in pyridine (5 ml) was sonicated at room tempera-
ture for 20 min. Trimethylsilyl chloride (0.5 ml, 4 mmol) was added drop-
wise with stirring. After 20 min, iodine (103 mg, 0.4 mmol) in pyridine (1
ml) was added, and the stirring was continued for 16 h. The solvent was
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FIG 1 Synthesis of CPV-TP enantiomers (+)-4 and (—)-4. The reaction con-
ditions were as follows: (A) (a) (1) Me;SiCl, imidazole, pyridine; (2) L; (b) (1)
Bu;N, N,N'-carbonyldiimidazole; (2) MeOH. (3) (Bu;NH),P,0,, MeOH; (4)
NH,OH, 48 h, room temperature; (B) (a) Ac,0, AcONEt,, pyridine; (b) (1)
Bu;N, N,N'-carbonyldiimidazole; (2) MeOH; (3) (Bu,NH),P,0,, MeOH; (4)
NH,OH, 3 h. According to the tentative configurational assignment of the
corresponding CPV monophosphates (7), the CPV triphosphate (+)-4 can be
assigned the S configuration and (—)-4 can be assigned the R configuration.

evaporated in vacuo, and the residue was partitioned between water (30
ml) and dichloromethane (3 times, 30 ml each). The aqueous portion was
lyophilized, and the residue was passed through Dowex-50 WX2 (H™) in
water to give phosphate 3, 77 mg (84%). >'P nuclear magnetic resonance
(NMR) indicated the presence of 17% deacetylated compound 3 (Ac re-
placed with H). "H NMR (dimethyl sulfoxide [DMSO]-d,) 8 12.11, 11.72
(2s,2H,NH), 8.21 (s, 1H, Hy), 7.26 (s, 1H, H,.), 5.50 (bs, OH), 4.30, 4.02
(AB partially overlapped with s, 4H, ] = 11.0 Hz, CH,OAc, CH,OP), 2.76
(m, 1H, CH of isobutyryl), 1.90 (s, 3H, CH; of acetate), 1.65 (m, 2H, H;.),
1.10 (d, 6H, CH; of isobutyryl, ] = 6.7 Hz). >*C NMR 180.9, 170.6 (CO),
155.4, 149.1, 148.1, 137.0, 120.5 (purine), 118.1 (C,.), 112.6 (C;.), 66.9
(poorly resolved d, CH,OP), 65.4 (CH,0OAc), 35.4 (CH of isobutyryl),
26.4 (d, ] = 9.0 Hz, C,.), 21.1 (CHj; of acetate), 19.5 (CH; of isobutyryl),
12.8 (C;.). >'P NMR —0.21 (7, 83%), 0.15 (phosphate 3, Ac=H, 17%).
Negative electrospray ionization-mass spectroscopy (ESI-MS) 454 (100.0,
M — H).

(ii) Cyclopropavir triphosphate (+)-4. The mixture of phosphate 3
(40 mg, 0.09 mmol) and tributylamine (21 pl, 0.09 mmol) in dimethyl-
formamide (DMF) (1 ml) was stirred at room temperature for 30 min.
N,N’-Carbonyldiimidazole (71.6 mg, 0.44 mmol) was added, and the
mixture was stirred for 3 h. The excess of N,N'-carbonyldiimidazole was
removed by adding methanol (29 pl, 0.7 mmol) and stirring for 30 min.
Tri-n-butylammonium pyrophosphate (620 mg, 1.67 mmol) was then
added, and the mixture was stirred for 16 h at room temperature. The
solvent was evaporated, the residue was dissolved in aqueous ammonia
(30%, 50 ml), and the solution was stirred for 48 h at room temperature.
The volatile components were evaporated, and the crude product was
chromatographed on a DEAE Sephadex A-25/HCO; ", 20- by 1-cm col-
umn using a discontinuous gradient of NH,HCO5: 0.1 M, 0.15 M, 0.20 M,
0.25M, and 0.3 M (50 ml of each). Appropriate fractions were combined
and lyophilized to give triphosphate (+)-4 (12 mg, 24%) as a white solid.
Molecular weight was 648.18 as determined spectrophotometrically for
tetraammonium salt with 4.9 H,O using €, 12,000 (pH 7.0) for cyclo-
propavir, [a]*’;, 17.2° (¢ 0.5, H,0). Storage of this material at —70°C or
lower is recommended. '"H NMR (D,0) 8 8.30 (s, 1H, Hyg), 7.19 (s, 1H,
H,), 4.31,3.98 (2dd, ] = 10.5, 5.1 Hz, 2H, CH,OP), 3.84, 3.66 (AB, 2H,
J = 11.8 Hz, CH,OH), 1.61, 1.55 (AB, 2H, ] = 9.4 Hz, H;.). *'P NMR
—4.83 (d, ] = 19.8 Hz, Py), —10.18 (d,] = 18.7 Hz, P), —20.69 (t,] =
19.8 Hz, PB)' Negative ESI-MS (methanol [MeOH]) 502 (M — H, 100.0),
422 (M — H,PO;, 49.1).

(iii) (Z)-9-{[2-(Acetoxymethyl)-2-(hydroxymethyl)cyclopropylidene]
methyl}guanine phosphate (compound 6). A mixture of phosphate'?
(—)-5 (47 mg, 0.14 mmol) and tetraethylammonium acetate (352 mg,
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1.37 mmol) in pyridine (0.5 ml) was stirred for 30 min at room tempera-
ture, whereupon the solvent was evaporated and the residue was dried in
vacuum for 16 h. Pyridine (2 ml) and acetic anhydride (0.13 ml, 1.37
mmol) were added, and the mixture was stirred for 16 h at room temper-
ature. The solvent was evaporated, and an aqueous solution of the residue
was passed through a Dowex-50 WX2 200, H* column to give product 6
(39 mg, 74%) as a white solid. "H NMR (D,0) 8 8.79 (s, 1H, Hy), 7.13 (s,
1H, H,.), 4.32,3.95 (AB, 2H, ] = 11.6 Hz, CH,0Ac), 4.10, 3.73 (2dd, 2H,
J = 4.9,11.0 Hz, CH,OP), 1.82 (s, 3H, CHj), 1.62 (s, 2H, H;.). ?"C NMR
(D,0) 173.9 (CO), 155.9, 155.2, 149.3, 135.7, 124.1 (purine), 111.2, 109.5
(C,»C,),67.4 (d, ] = 4.8 Hz, CH,OP), 66.0 (CH,0Ac), 26.0 (d, ] = 10.0
Hz, C,.), 20.2 (CHj;), 12.7 (C5/). >'P NMR 0.75. Negative ESI-MS 384
(100.0, M — H).

(iv) Cyclopropavir triphosphate (—)-4. The procedure described for
triphosphate (+)-4 was followed with phosphate 6 (18.65 mg, 0.05
mmol). The deacetylation was performed in aqueous ammonia (30%, 50
ml) for 3 h at room temperature. Further workup, including chromatog-
raphy on a DEAE Sephadex A-25 column, followed the procedure de-
scribed for triphosphate (+)-4 to give enantiomer (—)-4 (19.6 mg, 71%)
as a white solid. A molecular weight of 596.69 was determined spectro-
photometrically as described for triphosphate (+)-4 as a tetraammonium
salt with 1.4 H,0. [a]*";, —20.0° (¢ 0.5, H,0). For storage, see enantiomer
(+)-4. 'TH NMR, *!'P NMR, and negative ESI-MS corresponded to those
of (+)-4.

Purification of triphosphates (+)-4 and (—)-4. Prolonged storage of
triphosphates (+)-4 and (—)-4 leads to a partial decomposition to
diphosphates. The crude triphosphate dissolved in a minimum amount of
water was loaded onto a Polygram Cell 300 polyethyleneimine (PEI) cel-
lulose thin-layer chromatography (TLC) plate 0.1 mm thick which was
developed in a 1:1 mixture, LiCl (2 M)-HCO,H (2 M). The slower-mov-
ing triphosphate band was scraped off, and it was washed with water to
remove LiCl. The triphosphate was then eluted with NH,HCO; (0.6 M),
and the eluate was lyophilized to give a white solid of (+)-4 or (—)-4.

Preparation and purification of HCMV Pol. Wild-type (WT) HCMV
Pol, expressed as a glutathione S-transferase (GST) fusion protein, was
expressed, prepared, and purified as previously described (16).

Polymerase assays. Four different analyses were performed: 50% in-
hibitory concentration (IC5,) determinations, measurements of apparent
K; values, measurements of apparent K,,, and k_,, values, and assays of
chain termination.

ICs,s for each enantiomer of CPV-TP were determined using a poly-
merase assay described previously (16), with some modifications. Briefly,
all reactions were performed in 10-pl volumes and reaction mixtures
contained 0.25 uM unlabeled hairpin primer template T1 (Integrated
DNA Technologies), 6 nM HCMV Pol, 0.5 uM dGTP containing 0.1 p.Ci
[a-?*P]dGTP (PerkinElmer), (+)-CPV-TP with concentrations ranging
from 0 to 200 pM or (—)-CPV-TP with concentrations ranging from 0 to
500 wM, 50 mM Tris (pH 8.0), 1 mM dithiothreitol (DTT), 100 mM KCl,
and 40 pg/ml bovine serum albumin (BSA). Reactions were initiated by
adding MgCl, to 10 mM and quenched using 10 wl of stopping buffer
(0.05% bromophenol blue, 0.05% xylene cyanol, and 10 mM EDTA in
formamide) after incubation at 37°C for 10 min. The stopped reactions
were analyzed on 20% denaturing polyacrylamide gels, and the gel images
were quantified using a phosphorimager (Bio-Rad). IC5,s were deter-
mined using GraphPad Prism version 6 software.

Apparent K; values were determined with a similar assay, with some
changes to meet the requirements for Michaelis-Menten kinetic analysis
and to monitor dGTP incorporation using a filter-based method. Each
10-pl reaction mixture contained unlabeled 0.27 wM primer template T1;
1 nM HCMV Pol; various concentrations of dGTP containing 1% [a-
*2P]dGTP (specific activity, 2 Ci/mmol); and either 1, 4, or 8 pM (+)-
CPV-TP, 30 uM (—)-CPV-TP, or 3 M GCV-TP. The reaction without
inhibitors was also tested to measure the apparent K, and k_,, values for
dGTP incorporation. All the reactions were linear for at least 8 min. Ali-
quots from the reaction mixtures were taken at 0, 1, 2, and 5 min;
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quenched with equal volumes of 0.2 M EDTA; and then loaded on DE81
ion exchange paper (Whatman). After two washes in 0.2 M Na,HPO, and
one wash in 95% ethanol, the amount of dGTP incorporated into the
primer template was quantified using a scintillation counter (Perkin-
Elmer), and the values were converted to rates. The data were fitted to a
competitive inhibition model using GraphPad Prism (version 6) to gen-
erate apparent K; values.

Apparent K,,, and k_,, values for incorporation of CPV-TP enantiom-
ers were measured using the same polymerase assay as that used for the
IC5, analysis, but with some changes in conditions to meet the require-
ment for Michaelis-Menten kinetic analysis and the use of a radiolabeled
primer template. Each 10-l reaction mixture contained 0.27 wM primer
template T1 radiolabeled at its 5" end using [y-**P]JATP and T4 polynu-
cleotide kinase, 3 nM HCMYV Pol for (+)-CPV-TP or 9 nM Pol for (—)-
CPV-TP, various concentrations of (+)-CPV-TP ranging from 0 to 5 uM,
or various concentrations of (—)-CPV-TP ranging from 0 to 50 uM. All
the reactions were linear for 8 min and were stopped at 5 min. Kinetic
parameters were measured using previously described methods (16, 17).

To assess chain termination, in each 10-pl polymerase reaction mix-
ture, 0.25 wM radiolabeled primer template T1 was incubated with
HCMV Pol at 7.2 nM, 36 nM, or 72 nM; a 2-fold molar excess of
UL44AC290 (kindly provided by Gloria Komazin-Meredith, Harvard
Medical School); 25 puM dGTP; 25 pM (+)-CPV-TP or 25 pM (—)-CPV-
TP; and 25 wM dCTP/dATP/dTTP in the same buffer used for the IC;,
analysis. The reactions were quenched after incubation at 37°C for 15 min
and analyzed by electrophoresis on a 20% denaturing polyacrylamide gel,
followed by quantification using a phosphorimager.

Measurement of intracellular concentrations of CPV-TP in HCMV-
infected cells. CPV-TP levels in human foreskin fibroblasts infected with
HCMV strain Towne were measured at 120 h postinfection (hpi) using
reverse-phase high-pressure liquid chromatography as described previ-
ously (11), except that the cells were treated with 0.5 wM radiolabeled
CPV (the 50% effective concentration [EC,,] rather than 2.5 pM [5X
ECsol).

RESULTS

Synthesis of CPV-TP enantiomers. Enantiomeric phosphates or
intermediates thereof served as starting materials for synthesis of
CPV-TP (+)-4 and (—)-4 (Fig. 1). Initial experiments with race-
mic CPV-MP (7, 18) using phosphoromorpholidate (19) or N,N'-
carbonyldiimidazole (20) and inorganic pyrophosphate led to a
complex mixture of products. This indicated the necessity of
keeping one hydroxymethyl group protected during the synthesis.
Thus, phosphite 2 available from enantiomeric (7) acetate (+)-1,
an intermediate in the synthesis of (+)-CPV monophosphate, was
oxidized to acetylated phosphate 3 in 84% yield (Fig. 1A). The
reaction with N,N’-carbonyldiimidazole and inorganic pyro-
phosphate (20) afforded triphosphate (+)-4 in 24% yield after
N,0O-deacylation by NH,OH. A modified approach was employed
for the synthesis of enantiomer (—)-4 (Fig. 1B). In order to im-
prove theyield of the triphosphate by preventing the cyclization to
cyclic phosphate and limiting the exposure to NH,OH in the final
deacylation step, the unprotected CPV monophosphate (—)-5 (7)
was acetylated using acetic anhydride and excess tetraethylammo-
nium acetate in pyridine to give acetate 6 in 74% yield. Similar
conditions that prevented cyclization to 2',3'-cyclic phosphates
were used for synthesis of 2’-O-acetylribonucleoside 3’-phos-
phates (21). Reaction of acetate 6 with N,N’-carbonyldiimidazole
and inorganic pyrophosphate gave, after deacetylation by
NH,OH, triphosphate (—)-4 in 71% yield. Although the yield of
triphosphate is higher, it is necessary to prepare the deprotected
starting phosphate first and protect the remaining hydroxymethyl

group.
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FIG 2 Dose-dependent inhibition of HCMV Pol by CPV-TP enantiomers.
(A) Primer template T1. (B) Inhibition of HCMV Pol incorporation of radio-
labeled dGTP into T1 by various concentrations of CPV-TP enantiomers.
Error bars show standard errors of the means.

Inhibitory effect of CPV-TP on HCMV Pol. With two
CPV-TP enantiomers in hand, we began to investigate their action
on HCMYV Pol. In an initial experiment, we incubated HCMV Pol
and **P-labeled dGTP with various concentrations of each of the
CPV-TP enantiomers and tested dGTP incorporation by HCMV
Pol using the primer template T1 (Fig. 2A) described previously
(16) and then analyzed incorporation using polyacrylamide gels
and autoradiography. This primer template accepts dGTP or a
dGTP analogue as the first incorporated nucleotide opposite a C
on the template strand. As shown in Fig. 2B, both of the enantiom-
ers could inhibit HCMV Pol in a dose-dependent manner. The
concentration that inhibited incorporation by 50% (IC5,) ob-
tained for (+)-CPV-TP was 12 pM, 10-fold lower than that of
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TABLE 1 Apparent kinetic constants for substrates of HCMV Pol*

1

Substrate K,, pM ke min~
dGTP® 0.44 = 0.05 22 +0.70
GCV-TP? 5.5+ 1.2 1.7 £ 0.17
(+)-CPV-TP? 0.51 = 0.10 2.7*02
(—)-CPV-TP® 15+ 2.0 1.3 0.1

“ Values for dGTP and GCV-TP are from reference 16.
b Apparent K, values for CPV-TP enantiomers were determined by fitting data points

m
to the Michaelis-Menten equation using GraphPad Prism (version 6). Apparent k_,,

values were determined by dividing apparent V, . values by the enzyme

concentrations.
¢ Values are means * standard errors on the basis of two independent replicates.

(—)-CPV-TP (120 uM), indicating that (+)-CPV-TP is more po-
tent than (—)-CPV-TP in inhibiting HCMV Pol.

We next measured apparent K; values for inhibition of dGTP
incorporation by HCMV Pol, again using unlabeled primer tem-
plate T1 and radiolabeled dGTP. As described previously (16), we
took a steady-state approach, omitting the presumptive HCMV
polymerase processivity subunit, UL44, to reduce any contribu-
tion of dissociation of polymerase from primer template to the
rate of incorporation, and conducting the assays under Michaelis-
Menten conditions. However, for these measurements, we used a
filter-binding assay to measure incorporation, rather than the gel-
based assay used previously. In this assay, HCMV Pol incorpo-
rated dGTP with an apparent K,, of 1.1 wM and an apparent k,, of
50 min "', both values roughly 2-fold higher than the values pre-
viously obtained using a labeled primer template, unlabeled
dGTP, and polyacrylamide gel electrophoresis and autoradiogra-
phy (16) (Table 1). We compared inhibition by GCV-TP, (+)-
CPV-TP, and (—)-CPV-TP. Inhibition by all three drug triphos-
phates was, as expected, most consistent with a competitive
model, based on fitting the data to that model versus other models
and based on Lineweaver-Burk plots (example in Fig. 3). For (+)-
CPV-TP, the probability of a competitive model was 99%, while
the probabilities of noncompetitive and uncompetitive inhibition
models were <1%. (+)-CPV-TP exhibited an apparent K; value
0f 0.81 = 0.2 WM. (This value is substantially lower than the ICs,,
most likely because the latter was determined using a higher con-
centration of Pol and a time point at which incorporation was no
longer linear with time.) Consistent with its much higher ICs,
than that of (+)-CPV-TP, (—)-CPV-TP exhibited a more than
20-fold higher apparent K; value (18 = 3.3 uM). Using this assay,
we obtained an apparent K; value for GCV-TP of 3.4 pM. This
value is slightly lower than that obtained previously from an assay
using radiolabeled primer template and unlabeled dGTP followed
by polyacrylamide gel electrophoresis and autoradiography (16);
this difference is likely explained by the previous assay overesti-
mating the apparent K; due to small amounts of incorporation of
GCV-TP. Regardless, in the present assay, the apparent K; for
GCV-TP was about 4-fold higher than that of (+)-CPV-TP. Thus,
(+)-CPV-TP was a more potent inhibitor of HCMV Pol than
GCV-TP in this assay.

Kinetic analysis of CPV-TP as a substrate for HCMV Pol.
Most antiviral nucleoside analogue triphosphates act as both in-
hibitor and substrate for viral polymerase. With the demonstra-
tion that CPV-TP is able to inhibit HCMYV Pol, we further tested if
CPV-TP is also a substrate of this enzyme. To investigate this, we
measured incorporation of CPV-TP into DNA by HCMV Pol,
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using the same primer template T1, radiolabeled on its 5" end,
followed by polyacrylamide gel electrophoresis and autoradiogra-
phy. We measured apparent K,,, and k,, values using the steady-
state kinetic approach reported previously (16, 17) and used
above, running all the experiments under the conditions required
for Michaelis-Menten kinetic analysis. As shown in Table 1, the
apparent K,,, value for (+)-CPV-TP was 0.51 = 0.1 wM, very close
to the apparent K; value, and very close to the apparent K, ob-
tained for dGTP using this assay, suggestive of high binding affin-
ity between (+)-CPV-TP and HCMYV Pol. The apparent k_,, for
(+)-CPV-TP was, however, roughly 10-fold lower than that of
dGTP, suggesting that differences between the drug triphosphate
and the natural nucleotide, such as a more rigid ring moiety and
the lack of a 2’ position equivalent, mainly affect steps after bind-
ing. Consistent with its less potent inhibition of HCMV Pol, (—)-
CPV-TP exhibited a ~30-fold-higher apparent K,,, for HCMV Pol
than did (+)-CPV-TP; however, there was only a 2-fold-lower
apparent k_,,. Notably, (+)-CPV-TP exhibited an apparent K,,, value
almost 10-fold lower than that of GCV-TP and a slightly higher ap-
parent k., than that of GCV-TP, translating to an apparent 17-fold
difference in kinetic efficiency. Thus, (+)-CPV-TP was a better sub-
strate than GCV-TP for incorporation by HCMV Pol.

DNA termination induced by CPV-TP. We wondered
whether CPV-TP incorporation by HCMV Pol results in termina-
tion of DNA synthesis, as the drug triphosphate is not an obligate
chain terminator; i.e., it has the equivalent of a 3" hydroxyl moiety.
To investigate this, we incubated radiolabeled primer template T1
with HCMV Pol in the presence of either (+)-CPV-TP; (—)-
CPV-TP; or dGTP, dATP/dCTP/dTTP, and UL44, the presumed
HCMYV polymerase processivity subunit. In the presence of dGTP,
as expected, the enzyme synthesized a variety of longer products,

e OuM CPV-TP

1.8+ = 1M CPV-TP
2+ 4M CPV-TP P
1.5 v 8uM CPV-TP o7
7/
//
- 1.2- //
: /
: 0.9+ 4 gl
< e 7
‘= /7 Vv P
V4 Pt
E 06- yar
4 o"' o’..
"o A -__4
0.3 /{-" "

1/[dGTP] uM™!

FIG 3 Lineweaver-Burk plot for inhibition of dGTP incorporation by (+)-
CPV-TP. Primer template T1 was incubated with HCMV Pol and various
concentrations of dGTP containing [a-**P]dGTP in the presence of 0 uM
(circles), 1 uM (squares), 4 WM (triangles), or 8 wM (inverted triangles) (+)-
CPV-TP. The amount of dGTP incorporated into primer template in each
reaction was quantified by scintillation counting, the values were converted to
rates (nanomolar concentration per minute), and then the reciprocals of the
concentrations and rates were plotted and the data were fitted (dashed lines)
using GraphPad Prism (version 6).

aacasm.org 4179


http://aac.asm.org

Chen et al.
(+)-CPV-TP (-)-CPV-TP

T Co. POl il PO

-~ l€— full length
——

’ZF'?'F
- ,..." =T

1 2 3 4 5 6 7 8

FIG 4 DNA extension by HCMV DNA polymerase following CPV incorpo-
ration. Radiolabeled primer template T1 (Fig. 2A) was incubated with either
dGTP, (+)-CPV-TP, or (—)-CPV-TP, dATP, dCTP, and dTTP, and various
concentrations of HCMV Pol (7.2 nM, lanes 2, 3, and 6; 36 nM, lanes 4 and 7;
72 nM, lanes 5 and 8; increasing polymerase concentrations indicated as
wedges above the panel) in the presence of UL44, and the products were ana-
lyzed by polyacrylamide gel electrophoresis and autoradiography. Lane 1, un-
treated radiolabeled T1; lane 2, DNA extension by HCMV Pol and UL44 in the
presence of all four deoxynucleoside triphosphates without CPV-TP (Co.);
lanes 3 to 5, DNA extension in the presence of (+)-CPV-TP; lanes 6 to 8, DNA
extension in the presence of (—)-CPV-TP. The arrows at the right of the panel
indicate the major species observed. P-T, unmodified primer template T1;
P-T-CPV, T1 with either (+)-CPV-TP or (—)-CPV-TP added; P-T-CPV-dC*,
T1 with either (+)-CPV-TP or (—)-CPV-TP and the next nucleotide added,
the asterisk indicating that it has not been established that this residue is dC;
full length, the largest product observed in lane 2.

including ones corresponding to extension of the primer to the
end of the template (full length) (Fig. 4,lane 2), and also produced
some shorter products, as expected from its 3'-5" exonuclease
activity. For CPV-TP, as expected from the kinetic analysis, there
was more efficient incorporation of the (+) enantiomer than the
(—) enantiomer. Interestingly, in the presence of either enan-
tiomer, HCMV Pol incorporated no more than one additional
nucleotide after the drug triphosphate (n + 1 position) (Fig. 4),
akin to the termination pattern induced by GCV-TP (16, 22-25),
even when using higher concentrations of HCMV Pol (Fig. 4,
lanes 3 to 8). There was also more accumulation of shorter 3'-5’
exonuclease products than when dGTP was present. In the ab-
sence of UL44, HCMYV Pol alone also efficiently terminated DNA
elongation after incorporating either of the CPV-TP enantiomers
and an additional nucleotide (data not shown). Thus, like GCV-
TP, CPV-TP is a nonobligate chain terminator of DNA synthesis
by HCMV Pol; i.e., it causes chain termination despite having the
equivalent of a 3’ hydroxyl group.

Levels of CPV-TP in HCMV-infected cells treated with the
50% effective concentration of CPV. It has previously been
shown that following treatment of HCMV-infected cells with 2.5
M CPV, which is 5 times the concentration that reduces viral
replication by 50% (ECs,), CPV-TP accumulates linearly with
time, starting at 24 h postinfection (hpi) and reaching a level of
121 pmol/10° cells at 120 hpi (11). To assess the levels of CPV-TP
at the EC,,, we treated infected cells with 0.5 uM CPV (EC;,). We
found that CPV-TP levels at 120 hpi were 25.3 = 6.7 pmol/10°
cells. The relationship of these levels to the kinetic parameters
determined above is discussed below.
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DISCUSSION

CPV is a promising anti-HCMYV drug. Previous work had estab-
lished that CPV is phosphorylated to CPV-TP in HCMV-infected
cells (11), that CPV inhibits HCMV DNA synthesis (3), and that
mutations in the HCMV pol gene can confer CPV resistance (12).
These results suggested that CPV-TP targets HCMV Pol to block
viral DNA synthesis, but the action of CPV-TP on HCMV Pol had
not been explored. In this study, we investigated the action of two
enantiomeric forms of the triphosphate of CPV on HCMV Pol,
comparing them with the triphosphate of the current standard
treatment, GCV. We found that the (+) enantiomer was not only
a more potent inhibitor of this enzyme than either the (—) enan-
tiomer or GCV-triphosphate, it was also a better substrate for
incorporation. As is true for GCV-triphosphate (16, 22-25), CPV-
triphosphate proved to be a nonobligate chain terminator of DNA
synthesis catalyzed by HCMV Pol with termination occurring af-
ter incorporation of the next nucleotide.

The identification of CPV resistance mutations in both the
UL97 and pol genes (9, 10, 12) implies that both UL97 and Pol are
important for the selectivity of CPV, much as they are for GCV
(26). However, CPV exhibits more potent anti-HCMV activity
than GCV (2, 3). Because higher levels of CPV-TP than GCV-TP
were detected in HCMV-infected cells when CPV and GCV were
used at equivalently effective concentrations, it was suggested that
the higher potency of CPV may stem from more efficient phos-
phorylation of CPV by UL97 instead of more potent action of
CPV-TP against HCMV Pol (11). In the present study, our results
suggest that both UL97, which phosphorylates CPV more exten-
sively than GCV, and Pol, which both is more potently inhibited
by CPV-TP than GCV-TP and incorporates CPV-TP into DNA
more efficiently than GCV-TP, are important for CPV’s greater
potency than GCV against wild-type (WT) HCMYV replication
(2). Our results further suggest that the greater potency of CPV
than GCV against UL97-null HCMV (3) is due to more potent
action of CPV-TP on HCMV Pol.

The HCMV UL97 kinase stereoselectively phosphorylates CPV
to its (+)-monophosphate, and this enantiomer in turn is prefer-
entially converted to its diphosphate by GMP kinase (6-8). Thus,
it is likely that HCMV Pol is primarily exposed to the (+) enan-
tiomer of CPV-TP. Here, successful synthesis of CPV-TP enan-
tiomers allowed us to show that the (+) enantiomer is also a more
potent inhibitor and better substrate of HCMV Pol. Thus, the (+)
enantiomer is favored at multiple steps of antiviral action. This
pattern of enantioselectivity is in line with the results of certain
other methylenecyclopropane nucleoside analogues such as syn-
guanol, whose (+) enantiomer is active against HCMV but whose
(—) enantiomer is not (27-29).

It is interesting to compare the kinetic parameters for inhibi-
tion and incorporation of (+)-CPV-TP with the levels of CPV-TP
found in infected cells following treatment with CPV at the ECs,,.
Assuming an intracellular volume of 5 pl (30), this translates to a
concentration of 5 wM at 120 hpi. Previous results (11) indicate
that at the time when viral DNA replication starts (24 to 48 hpi)
CPV-TP levels are 5- to 10-fold lower, which would correspond to
a concentration of 0.5 to 1 wM. That range of concentrations is
very similar to the apparent K; and K,,, values that we determined
for (+)-CPV-TP inhibition and incorporation, respectively.

Our current results show that CPV-TP targets HCMV Pol in a
manner similar to that of GCV-TP: it competes with dGTP to
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inhibit HCMV Pol and also serves as a substrate of Pol whose
incorporation results in chain termination after incorporation of
one nucleotide (1 + 1). GCV causes chain termination at the n +
1 position because the incorporated GCV prevents removal of the
n + 1 nucleotide by the 3'-5" exonuclease, while increasing the
rate of removal of the n + 2 nucleotide by the exonuclease so that
it at least matches the rate of extension of the n + 1-terminated
primer (idling) (16). Because the methylenecyclopropane ring of
CPV contains the equivalent of a 3'-hydroxyl group, it is not sur-
prising that HCMV Pol is able to continue to synthesize DNA at
least for one residue after CPV-TP incorporation. We have not
identified the nucleotide incorporated after CPV-TP in our assays.
The nucleotide that would Watson-Crick base-pair with the next
position in the template is dCTP. However, given the rigid struc-
ture of CPV, we cannot exclude the possibility that this affects the
structure of the primer so that other nucleotides can be incorpo-
rated at the n + 1 position.

Regardless, what happens next to prevent extension of the n +
1-terminated primer is not yet known. One possibility is that, as
rapidly as the polymerase extends from the n + 1-terminated
primer, the exonuclease excises the #n + 2 nucleotide, similar to
what is seen with GCV (16). We have also considered the possi-
bility that incorporated CPV and/or the #n + 1 nucleotide is de-
graded rapidly by the 3’-5' exonuclease, which might explain the
increased amounts of shorter exonuclease products in the pres-
ence of CPV-TP. However, we think that is unlikely, given that
with increasing concentrations of DNA polymerase in the pres-
ence of CPV-TP, we observed both less accumulation of exonu-
clease products and greater accumulation of n + 1 chain-termi-
nated products. That result is more consistent with the possibility
that either the CPV-terminated primer template and/or the
primer template terminated at the n + 1 position is a poor sub-
strate for the 3'-5" exonuclease, as observed for primer templates
terminated at the n + 1 position following GCV-TP incorporation
(16). Thus, we think it more likely that the increased amounts of
exonuclease products in the presence of the CPV-TP enantiomers
are due to their lower rate of incorporation relative to dGTP,
thereby permitting more effective competition by the 3’-5" exo-
nuclease activity.

It is not clear which step of CPV-TP action is most important
for CPV inhibition of viral replication. In the case of GCV, incor-
poration and chain termination are clearly important for drug
action, as pol mutations that ablate exonuclease activity to permit
full-length extension after incorporation of GCV confer resistance
(16). Interestingly, such mutations do not confer CPV resistance
(12). Why this occurs is unclear, but one speculation is that CPV
incorporation into the primer might so drastically reduce the rate
of extension of the primer by HCMV Pol that the absence of exo-
nuclease activity has little impact. This and other possibilities are
under investigation.

It is known that incorporation of nucleoside analogues into
DNA is potentially mutagenic. Indeed, approved anti-HCMV nu-
cleoside analogues exhibit significant genotoxicity (31). Although
CPV can also be incorporated into DNA, so far, we have not de-
tected any genotoxicity during preclinical toxicology studies (J.
Brooksand T. L. Bowlin, unpublished data). A simple comparison
of the structures of GCV, CPV, and dG reveals that GCV has 7
rotatable bonds, whereas CPV has only 5 and the natural nucleo-
side dG has 4. Thus, reduced entropy of CPV may help to explain
its decreased genotoxicity relative to GCV.
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The more potent antiviral activity, good bioavailability with-
out prodrug modification (4), highly efficient phosphorylation by
viral UL97 kinase, potent action on HCMV Pol, and lack of sig-
nificant cross-resistance with GCV in clinical isolates endow CPV
with very promising antiviral properties for the treatment or pro-
phylaxis of HCMV diseases. Further examination of its mecha-
nism of action and its continued development as an antiviral ther-
apy appear warranted.
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