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The metabolism and mode of action of penciclovir [9-(4-hydroxy-3-hydroxymethylbut-1-yl)guanine; BRL
39123] were studied and compared with those of acyclovir. In uninfected MRC-5 cells, low concentrations of
the triphosphates of penciclovir and acyclovir were occasionally just detectable, the limit of detection being
about 1 pmol/l0 cells. In contrast, in cells infected with either herpes simplex virus type 2 (HSV-2) or
varicella-zoster virus (VZV), penciclovir was phosphorylated quickly to give high concentrations of the
triphosphate ester. Following the removal of penciclovir from the culture medium, penciclovir-triphosphate
remained traPpd within the cells for a g time hlf-lives, 20 ad 7 -h in HSV-2- and VZV-infected cels,
respectively). In HSV-2-infected cells, acyclovir was phosphorylated to a lesser extent and the half-life of the
triphosphate ester was only 1 h. We were unable to detect any phosphates of acyclovir in VZV-infected cells.
(S)-Penciclovir-triphosphate inhibited HSV-1 and HSV-2 DNA polymerases competitively with dGTP, the Ki
values being 8.5 and 5.8 FM, respectively, whereas for acyclovir-triphosphate, the 1I value was 0.07 ,uM for
the two enzymes. Both compounds had relatively low levels of activity against the cellular DNA polymerase cm,
with Kg values of 175 and 3.8 ,uM, respectively. (S)-Penciclovir-triphosphate did inhibit DNA synthesis by
HSV-2 DNA polymerase with a defined template-primer, although it was not an obligate chain terminator like
acydovir-triphosphate. These results provide a biochemical rationale for the highly selective and effective
inhibition ofHSV-2 and VZVDNA synthesis by penciclovir and for the greater activity of penciclovir than that
of acyclovir when HSV-2-infected cells were treated for a short time.

Penciclovir, through its triphosphate ester (Fig. 1), is a
potent and selective antiherpesvirus agent, particularly
against herpes simplex virus types 1 and 2 (HSV-1 and
HSV-2, respectively) and varicella-zoster virus (VZV) (9, 3,
4). Previous studies (3, 4, 9) showed that penciclovir has a
spectrum of antiviral activity similar to that of acyclovir, but
that penciclovir has an antiviral effect that is longer lasting
than that of acyclovir. This may relate to the efficient
trapping of the active metabolite, the triphosphate ester of
penciclovir, within virus-infected cells (22). Penciclovir and
its well-absorbed oral form, famciclovir (23), are undergoing
clinical trials for their efficacies not only against HSV-1
infections but also against HSV-2 and VZV infections. There
may be appreciable quantitative differences between the
rates of metabolism of penciclovir in HSV- and VZV-
infected cells. The uptake and phosphorylation in VZV-
infected cells has been reported for a pyrimidine analog,
1-3-D-arabinofuranosyl-E-5-(2-bromovinyl)uracil (25), and for
acyclovir at 250 ,uM (1), but we are unaware of any reports
of similar work with acycloguanosine analogs at clinically
relevant concentrations. Only recently (2) have we been able
to provide a clear indication that penciclovir has prolonged
antiviral activity in VZV-infected cells. Therefore, it was of
particular interest to determine whether penciclovir-triphos-
phate (PCV-TP) is formed and then remains at high concen-
trations within VZV-infected cells following treatment of the
cell culture for a short period.

In this report, we describe the continuation of our studies
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of the mode of action of penciclovir in comparison with that
of acyclovir. We investigated the phosphorylation of the
acyclonucleosides in HSV-2- and VZV-infected human cells
and the stability of PCV-TP in these cells. Also, we report
results of our initial studies in which we investigated the
effect of PCV-TP on HSV and VZV DNA polymerases. The
phosphate esters of penciclovir, unlike those of acyclovir,
are chiral with the possibility that the (R) and (S) enanti-
omers of the triphosphate ester are formed, although the (S)
enantiomer is the predominant form in HSV-1-infected cells
(11). Also, because of the availability of a hydroxyl group
corresponding to the 3'-hydroxyl of the 2'-deoxyribose ring,
penciclovir is not an obligate DNA chain terminator as is
acyclovir (18, 19). We compared racemic and (S)-PCV-TPs
as inhibitors of viral and cellular DNA polymerases and
investigated their effects on DNA chain extension.

MATERIALS AND METHODS

Radiochemicals. [4'-3HJpenciclovir (27.8 GBq/mmol; 27.0
GBq/mmol after allowing for purity) was prepared by Smith-
Kline Beecham Pharmaceuticals, and [2'-3H]acyclovir (925
GBq/mmol) was obtained from NEN Research Products, Du
Pont (UK) Ltd., Stevenage, United Kingdom. [methyl-3H]
thymidine 5'-triphosphate (1.63 TBq/mmol), [8-3H]deoxy-
guanosine 5'-triphosphate (603 GBq/mmol), and adenosine
5'-[y-32P]triphosphate (110 TBq/mmol) were obtained from
Amersham International plc., Little Chalfont, United King-
dom.

Cells and viruses. MRC-5 cells were grown by standard
cell culture techniques. HSV-1 strain SC16 (10) was pro-
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FIG. 1. Structure of (S)-PCV-TP.

vided by H. J. Field, Department of Pathology, University of
Cambridge, Cambridge, United Kingdom, and HSV-2 strain
MS and VZV strain Ellen were obtained from the American
Type Culture Collection.
Formation and stability of penciclovir and acyclovir phos-

phates. With HSV-2-infected cells, experiments were per-

formed essentially as descnbed previously (22). For compar-
ison with earlier work (see reference 22 and references
therein), the rates of formation of the triphosphate esters [in
picomoles/(minute. gram of cells)] were calculated from the
slope of the line in the graph, multiplying by 250, to convert
10' cells to 1 g of cells (22), and dividing by 60 to convert
hours to minutes.

Cell-associated VZV was prepared in MRC-5 cells. When
the cytopathic effect was estimated to be approximately
80%, the cell monolayer was treated with trypsin, and the
cells were resuspended in growth medium containing 10%
dimethyl sulfoxide and stored at -196°C.
For phosphorylation experiments, MRC-5 cells were

grown to near confluency under normal conditions (2medium
supplemented with 10% fetal calf serum) in 25-cm flasks;
the medium was then poured off and the monolayer was
infected with cell-associated virus in fresh medium (10 ml,
2% newborn calf serum 1% penicillin-streptomycin). Infec-
tions were allowed to proceed for a minimum of 48 h, at
which point the first signs of a cytopathic effect became
visible.
Once the desired extent of the cytopathic effect was

reached, cell monolayers were incubated with fresh mainte-
nance medium (3 ml) containing 10 pM [3H]penciclovir or
[3HIacyclovir (each at 28 GBq/mmol). At appropriate times
after acyclonucleoside addition, intracellular phosphates
were extracted as described previously (22). The stability of
PCV-TP was studied by adding fresh maint-enance medium

(3 ml) containing 10 ,uM [3H]penciclovir (28 GBq/mmol)
approximately 100 h after infection, incubating for a further
18 h before removal, and replenishing with fresh medium (50
ml). Harvesting of the remaining intracellular phosphates, at
the times indicated in the Results, was as described above
for HSV-2 infected cells.
HPLC analysis of penciclovir and acyclovir phosphate ex-

tracts. Phosphate-buffered ethanol extracts were dried under
vacuum and resuspended in one-fifth the original volume
prior to analysis by one of two high-pressure liquid chro-
matographic (HPLC) methods to resolve and quantitate
nucleoside mono-, di-, and triphosphate esters. Samples
from the penciclovir and acyclovir phosphate formation
comparison in HSV-2-infected cells were dissolved in 5 mM
K2HPO4-1 mM heptyltriethylammonium phosphate and
were analyzed by using a Waters Nova-Pak C18 column and
a linear elution gradient from 95% buffer A (5 mM
KH2PO4-1 mM heptyltriethylammonium phosphate [pH 5])-
5% buffer B (15 mM KH2PO4 in 70% methanol) to 60% buffer
A-40% buffer B. Samples from all other experiments were
resuspended in 50 mM K2HPO4-KH2PO4 (pH 6.8) and

analyzed with a Phase Sep C18/C3NH2 column by using
isocratic conditions (150 mM K2HPO4, KH2PO4 [pH 6.8],
6% methanol). Flow rates of 0.5 mI/mi were used for elution
in both HPLC methods; the tritiated nucleosides and nucle-
otides were monitored with an ISOFLO detector and peak
areas calculated by using either an Apple computer and a
Nuclear Enterprises Ltd. program or a Walters PC AT
computer and RAYTEST RAMONA Radio-Chromato-
graphic system program. Concentrations of nucleosides and
phosphate esters were calculated from the corresponding
peak areas of [3H]acyclonucleoside standards chromato-
graphed under identical conditions. All other equipment and
methodologies were as described previously (22), with the
additional use of an LKB 2156 solvent conditioner.
DNA polymerase preparations. The following procedures

were carried out at 4°C. HSV-1 and HSV-2 DNA polymer-
ases were extracted from infected MRC-5 cells (multiplicity
of infection, 0.01 PFU per cell, incubated for 40 h at 37°C)
by treatment with high salt concentrations essentially as
described previously (17). After dialysis versus buffer C
(50 mM HEPES [N-2-hydroxyethylpiperazine-N'-2-ethane-
sulfonic acid; pH 7.8; 0.1mM EDTA;0.1 mMdithiothreitol;
20% [vol/vol] glycerol; protease inhibitors pepstatin A, leu-
peptin, soybean trypsin inhibitor [each at 0.5 ,g/ml]), DNA
polymerase extracts were chromatographed on a DEAE-
Sepharose column. Fractions containing DNA polymerase
activity were pooled and then frozen at -40°C until they
were required for Ki determinations. VZV DNA polymerase
from infected cultures showing a cytopathic effect of about
80% was prepared as described above, except that the
extract was chromatographed on a phosphocellulose col-
umn. MRC-5 cell DNA polymerase a from uninfected cells
was purified by DEAE-Sepharose chromatography. In order
to perform DNA chain elongation assays, HSV-2 and
MRC-5 DNA polymerases needed further purification to
remove contaminating DNase activity. HSV-2 DNA poly-
merase was chromatographed on a Whatman Pll phospho-
cellulose column; the later part of the DNA polymerase peak
(fraction 2) was nuclease-free. MRC-5 DNA polymerase a
was further purified on an anti-DNA polymerase immuno-
globulin G-agarose column (modified from a previously
described method [15]); the monoclonal immunoglobulin G
antibody was from hybridoma line SJK 287-38 (CRL 1644;
Amrican Type Cutur-e Collection).
DNA polymerase assays. HSV DNA polymerase activity in

column fractions was measured in reaction volumes (25 Al)
containin 50 p,M dATP, 50 ,uM dCTP, 50 pM dGTP, 37
KBq of[H]dTTP (1.63 TBq/mmol), 50 mM Tris-HCl (pH
7.5), heat-treated bovine serum albumin (250 pug/ml), acti-
vated calf thymus DNA (5 p.g) (20), 1 mM dithiothreitol, 3
mM MgCl2, 150 mM (NH4)2SO4, and enzyme fraction (2.5
pl). Assays for MRC-5 DNA polymerase a were similar, but
the assay mixture contained 10 mM MgCl2 and additional
bovine serum albumin (250 pg/ml) in place of (NH4)2SO4.
The conditions used for the determination of Ki values were
those described above, except that a suitable range of
[3H]dGTP concentrations (all at 120 GBq/mmol) and 50 P,M
dTTP were substituted.

All incubations were for 30 min at 37C. Reactions were
stopped by the addition of an equal volume of 20% (wt/vol)
trichloroacetic acid in 20 mM sodium PPi. After reaction
mixtures were left on ice for 15 min, they were spotted onto
glassfiber ifiter mats (type 1205-404; Pharmacia-LKB, Milton
Keynes, United Kingdom), washed three times for 15 min
each time in ice-cold 5% (wt/vol) trichloroacetic acid, rinsed
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for 30 s in ethanol, dried, and counted by using an LKB 1205
Betaplate scintillation counter.

Preparation of PCV-TP and ACV-TP. Racemic (R,S)-
PCV-TP and acyclovir-triphosphate (ACV-TP) were chemi-
cally synthesized by SmithKline Beecham Pharmaceuticals.
(S)-PCV-TP (enantiomeric purity, >95%) (11) was prepared
as follows. MRC-5 cells, infected 24 h previously with
HSV-1 SC16 at 0.01 PFU per cell, were incubated for 24 h in
medium containing 100 ,uM penciclovir. PCV-TP was ex-
tracted with phosphate-buffered ethanol as described above.
All acyclonucleoside triphosphate preparations were puri-
fied by HPLC by using a PhaseSep C18/C3NH2 column with
conditions as described above; this was followed by ammo-
nium formate elution from DEAE-Sepharose and finally
repeated lyophilization (each preparation was subsequently
demonstrated by HPLC to be 96% pure PCV-TP).
DNA chain elongation assays. (i) Assays with [3 PJoligonu-

cleotide primer. A 17-mer oligonucleotide of sequence 5'-
TGTGAAATTGTTATCCG-3' was synthesized by using an
Applied Biosystems 380A machine (Applied Biosystems
Ltd., Warrington, United Kingdom) and was end-labeled by
using [ly-32P]ATP and a 5'-terminus DNA labeling kit con-
taining T4 polynucleotide kinase (GIBCO Bethesda Re-
search Laboratories, Paisley, Scotland). In a total assay
sample volume of 7.5 ,ul, labeled 17-mer singly annealed to
single-strand M13mpl8 positive-strand DNA (0.2 ,ug); 50
mM Tris-HCl (pH 7.5); 3 mM MgCl2; 150mM (NH4)2SO4; 50
,M (each) dATP, dCT`P, and dTTP; 1 mM dithiothreitol;
bovine serum albumin (250 ,ug/ml); nuclease-free HSV-2
DNA polymerase (fraction from phosphocellulose chroma-
tography, 2 ,ul); and various dGTP-inhibitor concentrations
were incubated at 37°C for 60 min. After incubation and
addition of formamide-bromophenol blue, samples were
electrophoresed on a urea-denaturing polyacrylamide gel in
Tris-borate buffer (pH 8.3). Autoradiography of dried gels
allowed visualization of discrete DNA elongation products.

(ii) Assays with [3H]dNTPs and 17.26-mer prnmer-template.
Assays with [3H]deoxynucleoside triphosphates (dNTPs)
and 17.26-mer primer template were done in a total assay
volume of 12.5 ,u containing the components listed above,
except for the following modifications. The 17.26-mer prim-
er-template (1 ,ug), [3H]dNTP (dATP, dCTP, or dTTP, each
at 2.5 RI) of the appropriate dilution, PCV-TP (2.5 pul), and
HSV-2 DNA polymerase (1.25 pI) were incubated at 37°C for
60 min. Reactions were stopped by the addition of an equal
volume of 40 mM EDTA; and the reaction mixture was
spotted onto DEAE filter mats (type 1205-405, Pharmacia-
LKB), washed three times in 2x SSC buffer (lx SSC is
0.015 M NaCl plus 0.015 M sodium citrate), dried, and
counted in a LKB 1205 Betaplate counter.

(iii) Assays with [32PjdATP. Assays with [32P]ATP were
done in a total assay sample volume of 10 pul containing the
components listed above for the assays with [32P]oligonucle-
otide primer, except for the following modifications: 12 ,uM
[32P]dATP, 12 p.M (each) dCTP and dTTP, 0.2 ,ug of unla-
beled 17-mer.M13 positive-strand DNA primer-template,
dGTP-PCV-TP (1.65 RI), and HSV-2 DNA polymerase (2 RI)
were incubated at 32°C for 60 min unless otherwise stated.
Reactions were stopped by adding an equal volume of 40
mM EDTA. Portions of the stopped reaction mixtures (5 or
10 RI) were spotted onto DEAE filter mats, washed, and
counted as described above for the assays with [3H]dNTPs
and 17:26-mer primer-template; and portions (5 RI) were
electrophoresed on a 0.8% alkaline agarose gel (30 mM
NaOH, 1 mM EDTA), which was dried and autoradio-
graphed.

Analysis of HSV-2 DNA content of drug-treated, virus-
infected MRC-5 cells. Monolayers of MRC-5 cells prepared
in microtiter plates were infected with HSV-2 MS at approx-
imately 0.3 PFU per cell and treated in triplicate with either
penciclovir or acyclovir. Cell lysates were prepared 24 h
after infection with 1% (wt/vol) sodium dodecyl sulfate in
water and transferred to nylon filters (BioTrace RP; Gelman
Sciences) by using a Hybri-Dot manifold (GIBCO Bethesda
Research Laboratories). The viral DNA content was then
determined by hybridization with a 32P-labeled probe spe-
cific for HSV-2 DNA essentially as described previously (6).
The HSV-2 DNA probe pGR60 contains the HSV-2 BglII N
fragment cloned in pBR322 (provided by P. O'Hare, Marie
Curie Memorial Foundation, Oxted, United Kingdom).

RESULTS

Comparison of phosphorylation of penciclovir in HSV-1-
and HSV-2-infected cells. During the 4-h incubation with 10
p.M penciclovir, the average rates of triphosphate formation
were 2,000 and 1,200 pmol/(min g of cells) in HSV-1- and
HSV-2-infected cells, respectively. Of the total phosphory-
lated penciclovir, the proportions of penciclovir-diphosphate
and -monophosphate were noticeably greater in cells in-
fected with HSV-1 than in cells infected with HSV-2 (10 and
2% of the di- and monophosphates, respectively, in HSV-1-
infected cells compared with 6 and <1%, respectively, in
HSV-2-infected cells). During the incubation with 1 p.M
penciclovir, the rates of formation of the three phosphate
esters were generally about 10-fold less than those described
above, although the average rate of PCV-TP formation was
slightly greater in cells infected with HSV-1 than in cells
infected with HSV-2 [200 and 98 pmol/(min. g of cells],
respectively).

Phosphorylation of penciclovir and acyclovir in HSV-2-
infected cells. Both penciclovir and acyclovir were phosphor-
ylated to the triphosphate ester in HSV-2-infected MRC-5
cells. However, the rate of phosphorylation of penciclovir
was much greater than that of acyclovir (Fig. 2). From 10
p.M penciclovir, PCV-TP was formed at a nearly constant
rate throughout the 24-h experiment [1,200 pmol/(min. g of
cells) during the first 4 h; 1,000 pmol/(min g of cells)
thereafter]. The corresponding rates for incubation with 1
p.M penciclovir were 140 and 100 pmol/(min g of cells),
respectively. During the incubation with 10 p.M penciclovir,
the concentration of the drug in the medium remained at
about 10 p.M for 3 h and then decreased to 8.5 p.M at 4 h and
7.5 p.M at 8 h and was only 3.9 p,M at 24 h. Similarly, for 1
p.M penciclovir, the drug concentrations decreased after 4 h,
to 0.7 p.M at 8 h and 0.5 p.M at 24 h. For both penciclovir
concentrations, the loss of compound in the medium was
balanced by the increased amount of phosphorylated com-
pound in the cells. Because the amount of drug in the cell
culture medium was reduced during the incubation to about
40 to 50% of its initial value, this could easily account for the
slight reduction in the observed phosphorylation rate.
ACV-TP was also formed in increasing concentrations

over the 24-h incubation, although the initial rate of forma-
tion during the first 2 h was much more than that during the
remainder of the incubation [for 10 pM acyclovir, 150 and 16
pmoll(min. g of cells), respectively; for 1 p.M acyclovir,
about 15 and 5 pmol/(min g of cells), respectively]. How-
ever, the concentrations of acyclovir in the medium re-
mained unchanged throughout the 24-h incubation (9.9 and
1.1 p.M found at 24 h). Therefore, the decrease in the rate of
ACV-TP formation could not be accounted for by any
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FIG. 2. Formation of acyclonucleotides in HSV-2-infected MRC-5 cells. [4'-3HJpenciclovir or [2'-3H]acyclovir was added 20 h after
infection (0.01 PFU per cell). At the indicated times, cells were extracted and the samples were assayed by HPLC as described in the text.
For penciclovir at 10 ,uM (a) and 1 FM (b), the lines, fitted by linear regression to the values up to 4 h, are given by the equationsy = 286x
- 31 (r2 = 0.992) andy = 34x - 5 (r2 = 0.982), respectively. (c) 10 FM acyclovir; (d) 1 pM acyclovir. PCV, penciclovir; ACV, acyclovir,
TP, triphosphate; DP, diphosphate; MP, monophosphate.

change in the concentration of acyclovir in the cell culture
medium. Following initial treatment with the compound at
10 p,M, the final intracellular amount of PCV-TP, 5,830
pmol/106 cells (about 1,500 ,uM), was much greater than that
of ACV-TP, 150 pmol/106 cells (about 38 ,uM), and those of
penciclovir or acyclovir in the cell culture medium (4 or 10
,M, respectively) after 24 h of treatment.
The proportions of the mono-, di-, and triphosphate esters

of penciclovir and acyclovir differed. The monophosphate of
penciclovir was detected only at 24 h when it was present at
0.3% of the triphosphate concentration. An increase in
penciclovir-diphosphate concentrations was observed over
the 24-h period, although as a percentage of the total
phosphorylated derivatives, it decreased from about 25% at
1 min to about 2% at times after 40 min. For acyclovir, the
proportions of diphosphate ester were comparable to those
of the penciclovir diphosphate ester, but the monophosphate
ester of acyclovir was present at greater concentrations,
initially being the major phosphorylated derivative (55% at 5

min) but decreasing to about 1% at 3 h.
In control uninfected cells treated with 10 p,M drug, very

low levels of the triphosphate esters of penciclovir and
acyclovir were detected. After 4 h of incubation, there was
about 1 pmol/106 cells of triphosphate ester from penciclovir
or acyclovir, and the levels remained below 2 pmol/106 cells
for the remainder of the 24-h incubation.

Stability of intracellular triphosphate esters of penciclovir

and acyclovir in HSV-2-infected cells. The stabilities of the
phosphate esters of penciclovir and acyclovir following
removal of extracellular drug are shown in Fig. 3. After
incubation of virus-infected cells with [3HJpenciclovir or

[3Hlacyclovir from 1.25 to 5.5 h postinfection and then
washing of the cells, the intracellular triphosphate ester
levels were 557 and 9.6 pmol/106 cells, respectively, and the
residual extracellular concentrations of the corresponding
acyclonucleosides were <1 pmol/106 cells. During the next 8
h of incubation, the concentrations of PCV-TP decreased
slowly (Fig. 3a). In contrast, the concentrations of the
phosphates of acyclovir decreased much more rapidly, fall-
ing below the detection limit within 4 h (Fig. 3b). Under
these conditions, the half-lives of the triphosphates of pen-
ciclovir and acyclovir were about 20 and 1 h, respectively.
As the amounts of acyclonucleotides within the cells

decreased, the resulting acyclonucleoside diffused out of the
cells into the culture medium. In cell cultures treated with
penciclovir, the concentrations of penciclovir in the medium
increased almost linearly during the 8-h incubation period
(Fig. 3c). In contrast, acyclovir concentrations initially in-
creased rapidly but reached the maimum level after 2 h
(Fig. 3d), by which time virtually all of the acyclovir phos-
phates had been converted to acyclovir.

Penciclovir and acyclovir phosphate formation in VZV-
infected ceQls. Initial experiments found that, early in the cell
culture infection while the cytopathic effect was low, rates of
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FIG. 3. Stability of intracellular penciclovir phosphates (a) and acyclovir phosphates (b) and diffusion of penciclovir (c) and acyclovir (d)
into the cell culture medium. MRC-5 cells were infected with HSV-2 (1 PFU per cell), and 10 ,uM [4'-3H]penciclovir or [2'-3H]acyclovir was
added from 1.25 to 5.5 h after infection. Then, the cell cultures were washed, and at the indicated times, cells were extracted and the samples
were assayed by HPLC as described in the text. (a and b) The half-lives of the triphosphate esters were calculated from the lines, fitted by
linear regression, given by the equationsy = 510 x 10(-0o0o7x) (r2 = 0.889) and y = 10 x 10(-0-27x) (r2 = 0.980), respectively. (c and d) The
extracellular concentrations of the acyclonucleosides were calculated from the measurement of radioactivity in a sample (50 ,ul) taken at each
of the indicated times. In those samples also assayed by HPLC, radioactivity was present only in the peak corresponding to the
acyclonucleoside. PCV, penciclovir; ACV, acyclovir; TP, triphosphate; DP, diphosphate; and MP, monophosphate.

PCV-TP formation were limited by the number of cells
infected with VZV. Having determined suitable conditions
for the study of phosphate formation, more comprehensive
6-h time course experiments were undertaken (Fig. 4).
PCV-TP formation was nearly linear with time. At 6 h after
the addition of penciclovir to a cell monolayer with a
cytopathic effect of approximately 80%, the concentration of
PCV-TP was 220 pmolI106 cells. We were unable to detect
ACV-TP, even after incubation with acyclovir for 6 h in a
cell monolayer with a cytopathic effect of 80%; under these
conditions, the limit of detection was estimated to be 1
pmolI106 cells, inferring that ACV-TP levels were <0.25
,uM. As in both HSV-1- and HSV-2-infected MRC-5 cells,
penciclovir appears to be phosphorylated much more readily
than acyclovir in VZV-infected cells, implying that the
former is a better substrate for HSV- and VZV-encoded
thymidine kinases. At the end of this experiment, the ap-
proximate ratio of the mono-, di-, and triphosphates were
1:5:10, respectively (Fig. 4, inset).

Stability of PCV-TP in VZV-infected cells. To ensure that
sufficient concentrations of PCV-TP were formed for subse-
quent stability analysis, infected cell monolayers were incu-
bated for 4 days, by which time an extensive cytopathic

effect had developed, before incubating overnight with 10
j.4M penciclovir. The intracellular PCV-TP stability profile is
depicted in Fig. 5, and from the line fitted by linear regres-
sion, a half-life of 7.2 h was derived. However, approxi-
mately 30% of the initial intracellular PCV-TP concentration
was still present 24 h after drug removal.

Inhibition of isolated DNA polymerases. We determined
previously (11) that, following HSV-1 infection of MRC-5
cells and incubation with penciclovir, >95% of the triphos-
phate ester of penciclovir formed is the (S) enantiomer.
(S)-PCV-TP was synthesized biochemically via this route
and was purified as described in Materials and Methods; a
chemically synthesized racemate of PCV-TP was purified for
these studies to give an indication of the inhibitory effect of
the (R) enantiomer of PCV-TP. The data from representative
kinetic experiments are presented as Lineweaver-Burk plots
(Fig. 6), and the derived K1 values are given in Table 1. The
results demonstrate that (S)-PCV-TP is a competitive inhib-
itor of HSV-1 and HSV-2 DNA polymerases with respect to
the natural substrate dGTP (K1s, 8.5 and 5.8 p,M, respective-
ly). (R,S)-PCV-TP was also a competitive inhibitor of HSV
DNA polymerases, but its K1 (16.0 ,uM) for HSV-1 DNA
polymerase with respect to dGTP was almost twice as large
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FIG. 4. PCV-TP formation in VZV-infected MRC-5 cells. [4'-

3H]penciclovir or [2'-3H]acyclovir (each at 10 p,M) was added to
VZV-infected cultures showing either minimal (10%) or extensive
(80%) viral cytopathic effect (cpe). At the indicated times, cells were
extracted and the samples were assayed by HPLC as described in
the text. PCV, penciclovir; ACV, acyclovir; TP, triphosphate; DP,
diphosphate; and MP, monophosphate.

as that determined for the (S) enantiomer, implying that
(R)-PCV-TP does not compete for dGTP at the same order of
magnitude as the (S) enantiomer does. However, for HSV-2
DNA polymerase, the K1 value for (R,S)-PCV-TP (9.5 ,uM)
was slightly less than twice the Ki value for (S)-PCV-TP (5.8
,uM), allowing the possibility that (R)-PCV-TP could have
some inhibitory activity against HSV-2 DNA polymerase.

1000 T

100 -

Penciclovir-triphosphate
(half-life, 7.2 hours)

(R,S)-PCV-TP also inhibited VZV DNA polymerase, with
the 50% inhibitory concentration (IC50) being 75 p,M, which
may infer that the value for the (S) enantiomer would be 37.5
,uM. In comparison, the value for ACV-TP was 0.88 FM.
(S)-PCV-TP was far less inhibitory to human MRC-5 DNA
polymerase a (Ki, 175 ,uM) than to HSV DNA polymerases
(K1s, 8.5 and 5.8 ,uM) or than ACV-TP was to DNA poly-
merase a (K,, 3.8 ,uM). It was surprising to find that the (R,S)
racemate of PCV-TP was a stronger competitive inhibitor of
DNA polymerase a than the (S) enantiomer was (K,s, 45 and
175 p,M, respectively), particularly since the latter was
shown to be the enantiomer mainly responsible for compet-
itive inhibition of HSV DNA polymerases. This result im-
plies that the K1 value for the (R)-PCV-TP for the cellular
DNA polymerase a was about 25 ,uM.
DNA chain extension assays. By using the dideoxy DNA

sequencing methodology with saturating concentrations of
all four normal dNTPs, both MRC-5 and HSV-2 DNA
polymerases were able to extend the primer hybridized to
M13 DNA template, with the herpesvirus polymerase being
more processive than DNA polymerase a (Fig. 7, lanes 1 and
6). In the absence of dGTP (Fig. 7, lanes 5 and 10), a small
amount of misincorporation of the other three natural dNTPs
was observed; HSV-2 DNA polymerase displayed a reduced
fidelity of replication compared with DNA polymerase a.
DNA polymerase assays in the presence ofACV-TP (Fig. 7,
lanes 4 and 9) indicated that ACV-TP is readily incorporated
into DNA at the first position where dGTP would normally
be inserted, resulting in chain termination. PCV-TP did
allow limited DNA chain extension past several presumed
penciclovir-monophosphate residues (Fig. 7, lanes 2 and 7),
whereas ACV-TP terminated DNA chain extension (Fig. 7,
lanes 4 and 9). Inclusion of (R,S)-PCV-TP in DNA chain
extension assays resulted in a marked decrease in DNA
synthesis (Fig. 7, lanes 3 and 8) in comparison with (S)-PCV-
TP, suggesting that the (R) enantiomer is a poorer substrate
than the (S) enantiomer for both DNA polymerases.
The effects of (S)-PCV-TP on the incorporation of the

other nucleotides were studied by using a short defined
17:26-mer primer-template:

3'-ACACTTTAACAATAGGCGAGTGTTAA-5'
.................

5'-TGTGAAATTGTTATCCG-3 '

This primer-template could be extended by up to nine bases,
three each of dATP, dCTP, and dTTP. Because there was no

0 0o= position at which dGTP would normally be inserted, the
c) E effect of (S)-PCV-TP on the incorporation of these other

0.E three dNTPs could be studied without hindrance from the
10 PCV-DP competitive inhibition and any possible inactivation proc-

esses that would occur with the M13 DNA template.
There was no effect on the incorporation ofdATP or dCTP

by (S)-PCV-TP, but there was a clear competitive-type
PCV-MP inhibition toward dTfP incorporation. Although this inhibi-

tion was completely reversed in the presence of 50 ,M
^dGTP, and therefore probably does not play a major part in

0 2 4 6 8 10 12 the inhibition of viral DNA synthesis, it is an unexpected
Time (hours) inhibitory mechanism.

In an attempt to add [4'-3H](S)-PCV-TP to the primer byFIG. 5. Stability of PCV-TP in VZV-infected MRC-5 cells. [4'- using Klenow DNA polymerase, the incorporation was <1%
H]penciclovir at 10 ,uM was added to VZV-infected cultures of that with[3.HdGTP. In comparison, the incorporation ofshowing extensive viral cytopathic effect, the cells were extracted, of hat was

[
to be 17%the Tcereore, itand the samples were assayed as described in the text. The half-life [3HJACV-TP was reported to be 17% (19). Therefore, it

of the triphosphate esterwas calculated from the line, fitted by linear seems that (S)-PCV-TP is a poor substrate for incorporation
regression, given by the equation y = 140 x 10(-O ) (r2 = 0.961). into DNA compared with ACV-TP.
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TABLE 1. Kinetic constants

Compound concn (pM)"
DNA poly-
merase Km for __

dGTP (S)-PCV-TP (R,S)PCV-TP ACV-TP

HSV-1 0.57 ± 0.2 8.5 ± 0.5 16.0 ± 2.0 0.07 ± 0.0
HSV-2 0.36 ± 0.1 5.8 ± 0.8 9.5 ± 0.5 0.07 ± 0.02
MRC-5b 0.97 ± 0.05 175 ± 25 45 ± 5 3.8 ± 0.7

a Values are the mean ± range of two determinations.
b DNA polymerase a.

Inhibition by (S)-PCV-TP under processive and nonproces-

sive conditions. An assay method was developed in order to
size and quantitate DNA products up to 7.3 kb in length; this
is the maximum length that would be obtained if the M13
positive-strand DNA was replicated completely by highly

1 2 3 56 7 8 9 -10

D. HS

POLa POL

FIG. 7. Inhibition of DNA chain extension. Assays were per-

formed as described in the text, with the following concentrations of

dGTP or inhibitor (all assays contained 50 pM dATP, dCJ7P, and

dTP). Lanes: 1 and 6, 50 mM dGTP; 2 and 7, 50 ~&M (S)-PCV-TP;
3 and 8, 50 p&M (R,S)-PCV-TP; 4 and 9, 50 p.M ACV-TP; 5 and 10,

no additional nucleotide. POL, polymerase.

23.0

4.3

2.3
2.03 -10
1A4

0.*

0.3-
D~~~~11-1OiW

FIG. 8. Sensitivity of processive DNA replication to (S)-PCV-
TP. With processive DNA replication at 32C, (32PJdATP was used
to monitor the newly synthesized DNA which was electrophoresed
on 0.8% alkaline agarose gel as described in the text.

processive DNA polymerase action. DNA synthesis was
quantitated by determining [32pJdATP incorporation into
DNA; the sizes of the synthesized DNA strands were
estimated from autoradiographs of denaturing agarose gels.
It had been reported previously (16) that the processivity of
pure HSV-1 DNA polymerase is greatly enhanced by the
addition of Eschericllia coli single-strand DNA-binding pro-
tein. This effect was not observed with our partially purified
viral DNA polymerase samples, possibly because they
would have contained the viral protein encoded by the gene
UIL42 (7). The processivity of our HSV-2 DNA polymerase
was, however, sensitive to the assay incubation tempera-
ture. DNA of almost 7 kb was synthesized at a temperature
of 320C, but only short lengths (<0.5 kb) were synthesized at
37 or 30~'C. Having established the optimum conditions for
processive DNA replication, dose-response curves for (S)-
PCV-TP (Fig. 8) and (R,S)-PCV-TP were determined with 12
pM dGTP; this is about the level detected in acyclovir-
treated HSV-infected human fibroblast ceils (12). The IC50s
were calculated to be 176 ±- 8 and approxiimately 310 RaM,
respectively. The ratio of IC50s for (S)- and (R,S)-PCV-TPs
(1:1.8) closely parallels the corresponding ratio of K~s for
competitive ihiMbition with respect to dGTP (1:1.6), inferring
that the inhibitory effectiveness of each enantiomer is prob-
ably directly related to its ability to compete with dGTP.
Under nonprocessive replication conditions, inhibition of

chain elongation by (S)-PCV-TP was not detected, confirm-
ing the observations of other workers (14) that drug activity
is dependent upon polymerase processivity.

Effect of short treatment time of cells on inhibition of HSV-2
DNA synthesis. In a conventional dose-response test, in
which penciclovir and acyclovir were present continuously
in the cell culture medium, both compounds were almost
equally active (IC50s, 0.05 and 0.04I.gOml, respectively). To

.x e the effect of short treatment times, compounds
were added at 5 h postinfection, by which time the viral
thymidine kinase should have been produced; however, this
was before the start of the viral DNA synthesis at 8 h after
infection. The compounds were removed at various times
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FIG. 9. Inhibition of HSV-2 DNA synthesis in MRC-5 cells

following either 1.5 h (a) or 23 h (b) of treatment with penciclovir and
acyclovir. MRC-5 cells were infected with HSV-2 MS at 0.3 PFU
per cell. Penciclovir and acyclovir were present in the cell culture
medium for 1.5 h from 5 h after infection (a) or for 23 h from 1 h after
infection (b). At 24 h after infection, cell-associated HSV-2 DNA
was measured by hybridization with the 32P-labeled DNA probe
pGR60. Each point represents the mean ± standard deviation of
four replicate observations. Levels of HSV-2 DNA in cultures
treated for 1.5 h were not significantly different from those in the
untreated virus control cultures when penciclovir was present at 1
jLM or acyclovir was present at either 1 or 3 pM (P > 0.05).

thereafter and replaced with drug-free medium. Levels of
viral DNA were determined at 24 h postinfection by hybrid-
ization with a DNA probe specific for HSV-2. For compar-
ison, control cultures were treated continuously from 1 to 24
h after infection.
Whereas 1 h of treatment of HSV-2-infected cells with

penciclovir resulted in a slight inhibition of viral DNA
synthesis, treatment for 1.5 h demonstrated the more effec-
tive inhibition of viral DNA synthesis by penciclovir than by
acyclovir (Fig. 9). Significantly (P = 0.001) reduced levels of
viral DNA were present in cells treated with 3 and 10 ,uM
penciclovir for 1.5 h compared with the levels in cells
similarly treated with acyclovir. In contrast, following con-
tinuous treatment from 1 h after infection, both compounds
gave good inhibition of viral DNA synthesis.

Our initial studies (22) with HSV-1-infected cells indicated
that penciclovir is phosphorylated to give high concentra-
tions of the triphosphate ester in infected cells, but not in
uninfected cells. This triphosphate of penciclovir was much
more stable than that of acyclovir, the half-lives being 10 and
0.7 h, respectively. We extended these studies to include
HSV-2- and VZV-infected cells. As in the previous study
(22), the experimental conditions were chosen to be as
relevant as possible to the clinical situation. We used human
fibroblast cells (MRC-5) and penciclovir concentrations (l10
,uM) which are achieved in humans following either intrave-
nous administration of penciclovir (5) or oral administration
of famciclovir (24).

In HSV-2-infected cells, the phosphorylation of penciclo-
vir was comparable to that in HSV-1-infected cells, but there
were some small differences. The proportions of the mono-
and diphosphate esters, relative to the proportion of the
triphosphate ester, were slightly lower in the cells infected
with HSV-2 than in the corresponding cells infected with
HSV-1 and were again low in the experiment that compared
penciclovir and the phosphorylation of acyclovir in HSV-2
infected cells. This may be due to a small difference in the
activities of the thymidine kinases encoded by HSV-1 and
HSV-2. However, the rates of formation of PCV-TP in
HSV-2-infected cells treated with 1 or 10 ,uM penciclovir
(Fig. 2) were similar to those found in HSV-1-infected cells
(22).
Although we did not compare directly the phosphorylation

of acyclovir in HSV-1- and HSV-2-infected cells within the
same experiment, we did obtain much higher concentrations
of ACV-TP with HSV-2 in this study than we did previously
with HSV-1 (22). Despite an overall increased rate of phos-
phorylation, the levels of acyclovir-monophosphate were
markedly lower than those of ACV-TP except at the earliest
time points, whereas in HSV-1-infected cells, the mono- and
triphosphates were present at about equal concentrations. In
contrast to penciclovir, which was phosphorylated at an
almost linear rate throughout the incubation, ACV-TP was
formed much more slowly after the first 2 h of the incubation
(Fig. 2). After 4 h of incubation in HSV-2-infected cells, the
concentration of PCV-TP was about 15-fold that of ACV-TP,
but this ratio was not as high, about 100-fold, as that found
previously (22) in HSV-1-infected cells.

In uninfected cells, we were usually unable to detect the
phosphates of penciclovir or acyclovir. However, in the
control uninfected cells for experiments with HSV-2, low
levels of the triphosphates were detected. With both penci-
clovir and acyclovir, the amount of triphosphate ester was
about 1 to 2 pmol/106 cells at 4 h and then remained at about
this level for the rest of the 24 h of incubation. Tolman (21)
has indicated that it is more desirable for an acyclonucleo-
side to be poorly converted to a triphosphate which is an
efficient inhibitor of viral replication (e.g., acyclovir) than to
one which is efficiently converted to triphosphate. Efficient
phosphorylation by virus-specified kinases means more
phosphorylation (although orders of magnitude less) by host
cell kinases in an uninfected cell. Although this may seem to
be a reasonable expectation, our work has shown that this
prediction does not apply to penciclovir. Penciclovir is
phosphorylated much more efficiently than acyclovir in
herpesvirus-infected cells, but the host cell kinases phos-
phorylate the two compounds to a small but comparable
extent. This highly preferential metabolism of penciclovir in
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herpesvirus-infected cells is a major factor in its selective
antiviral activity.
When it was found that penciclovir was phosphorylated in

HSV-1-infected cells to give much more triphosphate ester
than that of acyclovir, even though both compounds had
comparable antiviral activities in standard assays, we
thought that PCV-TP might be a less powerful inhibitor of
viral DNA polymerase than ACV-TP. We showed that this is
the case. For HSV-1 DNA polymerase, the Ki for PCV-TP is
about 100-fold greater than that for ACV-TP. Therefore,
although the rate of formation of PCV-TP, in molar terms, is
very high, in terms of the amount needed to inhibit viral
DNA polymerase and hence inhibit the virus, the rate is
comparable to that of ACV-TP. Therefore, in standard
plaque reduction antiviral assays in which the compounds
are present in the medium throughout the test, the contrast-
ing levels of triphosphate esters compensate for the different
inhibitory activities of these triphosphate esters and so
account for the comparable antiviral activities of penciclovir
and acyclovir in such assays. With penciclovir, the phos-
phorylation to the triphosphate ester and the K, values were
similar for HSV-1 and HSV-2, thus providing a rationale for
the good activities of penciclovir against both of these
viruses. However, we do not know why acyclovir had
comparable activities against HSV-1 and HSV-2 in view of
the high levels of triphosphate ester in HSV-2-infected ceils
yet equal K1 values for the two viral DNA polymerases.
Hannah et al. (8) have tested penciclovir [referred to as 9-

(4'-hydroxy-3'-hydroxymethyl)butylguanineI in their HSV-1
staggered enzyme assay and found that penciclovir is phos-
phorylated up to the triphosphate ester but that this triphos-
phate does not inhibit HSV-1 DNA polymerase. They sug-
gested that the good antil activity of penciclovir must be
expressed by a mechanism different from those of ganciclo-
vir and other members of the acycovir class. However, we
note that in their staggered enzyme assay at the DNA
inhibition step, the concentrations of the triphosphates of
acyclovir and pencickovir were comparable and lower than
those of the acyclonucleosides at the first step of the assay.
In contrast, after 4 h of incubation with HSV-1-infected
cells, we showed that the intracellular concentration of
PCV-TP is 30-fold that of penciclovir in the cell culture
medium. This ratio may be an underestimate because it was
based on the assumption that the triphosphate is evenly
distributed through the cell, whereas it may be concentrated
in the cell nucleus. Even at the average intracellular concen-
tration, PCV-TP inhibits viral DNA polymerase and so the
antiherpesvims activity of penciclovir can be accounted for
by this mechanism, although this does not preclude addi-
tional modes of action.
Because penciclovir has a prochiral center with two

hydroxymethyl groups, there are two enantiomers of the
triphosphate ester, the (S) enantiomer being formed in
HSV-1-infected cells (11). It is the (S) isomer that is struc-
turally analogous to the natural 5'-deoxyguanosine-triphos-
phate. In the DNA extension assays, (S)-PCV-TP acted as a
substrate for HSV-2 DNA polymerase. When pencilovir
was added to the end of the DNA chain, the free hydroxy-
methyl group alowed further chain extension, albeit only
inefficiently. Thus, (S)-PCV-TP is not an immediate chain
terminator. However, when attempting to incorporate
[3HJpenciclovir-monophosphate with Klenow DNA poly-
merase onto the end of the 17-mer primer, it appeared to be
avery poor substrate (<1% relative to dGTP) compared with
acyclovir (19). Therefore, although PCV-TP effectively in-
hibits DNA synthesis, it does not act in the same way as the

triphosphates of acyclovir and dideoxynucleosides, which
are good substrates for DNA polymerases, but their incor-
poration prevents any further DNA chain extension.

In VZV-infected cells, the rate of formation of PCV-TP
increased as the infection proceeded, but even late in the
infection, this rate was nearly 10-fold less than those in celis
infected with either HSV-1 or HSV-2. This may be due, at
least in part, to the slow progression of VZV infection in cell
culture. However, the concentration of PCV-TP was at least
30-fold greater than that of ACV-TP, which remained below
the limit of detection. The very low level ofACV-TP was to
be expected from the work of Biron and Elion (1), who
reported that 250 FLM acyclovir is converted to the triphos-
phate ester (about 10 to 35 pmol106 cells). Although the IC50
of PCV-TP was greater than that of ACV-TP, this was
compensated for by the high levels of PCV-TP formed in
VZV-infected cells.
The confirmation that PCV-TP inhibits herpesvirus DNA

polymerases gives support to our view (22) that the entrap-
ment ofPCV-TP at high concentrations within virus-infected
cells and the stability of PCV-TP accounted for the good
antiviral activity against HSV-1. We showed that in HSV-2-
infected cells PCV-TP is much more stable than ACV-TP,
the half-lives being 20 and 1 h, respectively. Furthermore,
just as we have shown good activity with penciclovir after
treating HSV-1-infected cells for a short time (22), we did a
similar experiment with HSV-2-infected cultures. As before,
we used concentrations of penciclovir which have been
achieved in plasma following oral administration of famci-
clovir (1,000 mg, 3.1 mmol) to healthy subjects (24). Plasma
penciclovir concentrations that exceeded 10 p,M (2.5 p,g/ml)
lasted for about 1.5 h. In contrast, after an oral dose of
acyclovir (800 mg, 3.6 mmol), the maxmum peak levels of
acyclovir in blood were only about 7.5 pM (13). This assay
with short treatment times (1.5 h) therefore represents the
clinical conditions following oral dosing more closely than
does the standard antiviral assay in which the compounds
are present continuously at set concentrations. Whereas 3
pM acyclovir was inactive after 1.5 h of incubation (Fig. 9),
penciclovir was signiicantly (P = 0.001) active at those
concentrations (3 and 10 pM) which have been achieved in
huans.

In VZV-infected cells, PCV-TP had good stability, the
half-life being over 7 h (Fig. 5). We could not measure the
stability of ACV-TP because the levels of the triphosphate
were below the detection limit of our assay. These results
indicate that penciclovir would become trapped, as its
triphosphate ester, within VZV-infected cells. Hence, pen-
ciclovir would be expected to give long-lasting inhibition of
VZV DNA synthesis following limited treatment times; this
inhibition would be similar to that demonstrated for HSV-1-
and HSV-2-infected cells. Recently (2), we have shown that
the activity of penciclovir in VZV-infected cell culture is
more prolonged than that of acylovir.

In summary, the mechanism of action of penciclovir
involves highly selective transformation, only im herpesvi-
rus-infected cells, into a triphosphate which inhlbits viral
DNA polymerase. This inhibtion is competitive with the
natural substrate dGT?. Although pkeccovir is not an
obligte DNA chain terminator because of the availability of
a hydroxyl group corresponding to the 3'-hydrol of the
2'-deoxyribose ring, herpeavirus DNA synthesis is effec-
tively blocked by the high concentrations of PCV-TP found
in herpesvirus-infected cells. PCV-TP is formed rapidly in
HSV-1-, HSV-2-, and VZV-infected cells; accumulates in
them; and has a long half-life. This accounts for the long-
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lasting antiviral activity of penciclovir. In the corresponding
clinical infections, PCV-TP would be expected to remain
trapped within the infected cells even when the concentra-
tion of penciclovir in the blood drops to low levels. Thus, it
should be possible to treat each of these herpesvirus infec-
tions with famciclovir, the oral form of penciclovir, at a
lower dosage frequency than is required for acyclovir.
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