
JOURNAL OF VItoLOGy, Dec. 1975, p. 1560-1565
Copyright © 1975 American Society for Microbiology

Vol. 16, No. 6
Printed in USA.

Human Cytomegalovirus
IV. Specific Inhibition of Virus-Induced DNA Polymerase Activity and

Viral DNA Replication by Phosphonoacetic Acid
ENG-SHANG HUANG

Cancer Center Program and Department of Medicine, School of Medicine, University ofNorth Carolina,
Chapel Hill, North Carolina 27514

Received for publication 3 July 1975

Phosphonoacetic acid specifically inhibited human cytomegalovirus DNA syn-
thesis in virus-infected human fibroblasts as detected by virus-specific nucleic
acid hybridization. Inhibition was reversible; viral DNA synthesis resumed
upon the removal of the drug. The compound partially inhibited DNA synthesis
of host cells in the log phase of growth but had little effect on confluent cells.
Studies ofpartially purified enzymes indicated that phosphonoacetic acid specifi-
cally inhibited virus-induced DNA polymerase and had only a slight effect on
normal host cell enzymes. The drug was shown to interact directly with virus-
induced enzyme but not with the template-primers.

There has been considerable effort in the
search for chemical compounds which inhibit
virus replication without affecting the normal
host cell functions. Among these compounds
several nucleoside analogues, e.g., 5-iodo-2'-
deoxyuridine, 5-trifluoro-methyl-2'-deoxyuri-
dine, cytosine arabinpside, and adenosine arabi-
noside, have been shown to possess anti-herpes-
virus activity, but each compound is also cyto-
toxic (1, 2, 5, 10).

In random screening of chemical compounds,
Shipkowitz et al. (12) showed that phosphonoa-
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cetic acid[HO-P- H2C-OH] appeared to be

0
very active against herpes dermatitis in mice
and herpes keratitis in rabbits. In addition they
have shown that replication of herpes simplex
virus and viral DNA is impeded by phosphon-
oacetic acid and the drug seems to have little
effect on host cell function (8, 9). The suggestion
has been made that inhibition involves the spe-
cific recognition of herpes simplex virus-in-
duced DNA polymerase (8).

Infection of WI-38 human fibroblasts with
human cytomegalovirus (CMV) led to the stimu-
lation of host cell DNA polymerase synthesis
and induction of a new virus-specific DNA po-
lymerase (6). This new CMV-induced DNA po-
lymerase has been purified and separated from
host cell enzymes by DEAE-cellulose and phos-
phocellulose- chromatography. Based on the
availability of the partially purified CMV-in-
duced and host cell DNA polymerases (6), and
the availability ofCMV-specific 3H-labeled com-

plementary RNA for quantitation of viral DNA
(7), we have been able to observe in detail the
effect of phosphonoacetic acid on human CMV
replication and demonstrate specific inhibition
of viral DNA replication and virus-induced
DNA polymerase activity.

MATERIALS AND METHODS
Cells and virus. WI-38 human fibroblasts (Hay-

flick, passage 21-28), obtained from HEM (Rock-
ville, Md.), and human CMV strain AD-169 (7, 11)
were used throughout. The cultivation and mainte-
nance of cells and virus have been described (6, 7).
Cell monolayers in roller bottles (surface area 1,000
cm2) or in Falcon tissue culture flasks (75 cm2) were
infected with CMV as described previously (6, 7).

Phosphonoacetic acid (PAA) solution. The stock
solution ofPAA (Bodman Chemical, Richmond) was
prepared in distilled water at a concentration of 20
mg/ml, adjusted to pH 7.4 with 1 N NaOH, and
sterilized by filtration through membrane filters
(Millipore Corp.).

WI-38 cell DNA synthesis. Cellular DNA synthe-
sis was measured in terms of the incorporation of
[3H]thymidine into acid-insoluble material. WI-38
cells in Falcon petri dishes (60 by 15 mm) were pulse-
labeled with [3H]thymidine (10 ,uCi/ml; specific
activity, 45 Ci/mM; Nuclear Dynamics) for 60 min at
various times after subculture. After each 60-min
labeling period, the cell cultures were washed three
times with cold TBS (0.05 M Tris-hydrochloride, pH
7.4, 0.15 M NaCl) and lysed with 3 ml of 1% sodium
dodecyl sulfate buffer solution (1% sodium lauryl
sulfate, 0.01 M Tris-hydrochloride, pH 7.8, and 0.01
M EDTA). The lysates were collected and precipi-
tated with ice-cold trichloroacetic acid (final con-
centration of 5%) and passed through membrane
filters. After extensive washing with 5% trichloro-
acetic acid, the filters were dried and counted in a
liquid scintillation counter.
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DNA extraction. The virus-infected or mock-in-
fected WI-38 cells were lysed with 1% sodium dode-
cyl sulfate buffer solution and digested with Pronase
(preheated at 80 C for 15 min; final concentration 1
mg/ml) for 2 h at 37 C. DNA was extracted from the
cells with phenol, precipitated with alcohol, and
treated with pancreatic RNase to remove contami-
nating RNA. The RNase was removed from the
DNA solution by one more cycle ofphenol extraction
and alcohol precipitation. The DNA was finally dis-
solved in 0.1x SSC (0.15 M NaCl plus 0.015 M so-
dium citrate).

3H-labeled cRNA-DNA membrane hybridiza-
tion. The infected or mock-infected cell DNA was
denatured in 0.5 N NaOH at 37 C for 2 h and then
neutralized with 1.1 N HCI in 0.2 M Tris. The solu-
tion was adjusted to 6x SSC and immobilized on
nitrocellulose membranes (B-6, Schleicher and
Schuell). The tritiated human CMV cRNA with spe-
cific activity of 107 counts/min per ,ug was synthe-
sized in vitro from purified viral DNA template
(strain AD-169) as described previously (7). The hy-
bridization of 3H-labeled cRNA to the immobilized
denatured DNA was by the procedure of Gillespie
and Spiegelman (4) and as described before (7).

Purification of human CMV-induced and host-
cell DNA polymerases. The virus-induced and
host-cell (WI-38) DNA polymerases were purified
from cytoplasmic or nuclear extract (6) by DEAE-
cellulose (DE52, Pharmacia) and phosphocellulose
(P 11, Pharmacia) column chromatographies as de-
scribed previously (6). The virus-induced enzyme
isolated from infected cytoplasm was designated
CyD2P3 (cytoplasmic fraction, DEAE-cellulose col-
umn peak 2, phosphocellulose column peak 3; see
reference 6). Similarly, .the viral enzyme isolated
from nuclei was designated as NuD2P3. Four other
host cell DNA polymerases were used in this study
for comparison; these are NuDl, CyDl, NuD2P1,
and CyD2P2. NuDl and CyDl are low-molecular-
weight enzymes eluted by 0.05 M NaCl from a
DEAE-cellulose column. NuD2P1 and CyD2P2 are
high-molecular-weight enzymes obtained from peak
1 and peak 2 of phosphocellulose chromatography of
nuclear and cytoplasmic extracts, respectively (6).
All the enzymes used in this experiment were kept
at -20 C in buffer D (0.05 M Tris-hydrochloride, pH
7.8, 0.001 M EDTA, 0.001 M dithiothreitol, and 5%
glycerol) with 50% glycerol.
DNA polymerase assay. The DNA polymerase

assays are based on measurement of the incorpora-
tion of [3H]thymidine triphosphate into the acid-
precipitable product as previously described (6). In
system A, the stock reaction mixture (2.5x concen-
tration) contained: 0.1 M Tris-hydrochloride, pH 7.8,
0.025 M MgCl2, 0.001 M dithiothreitol, 1.25 mg of
bovine serum albumin per ml, and 0.25 mM each of
dATP, dCTP, dGTP, and 0.025 mM ITTP. One-tenth
milliliter of the stock reaction mixture, 0.1 ml of
activated calf thymus DNA (200 ;Lg/ml), 0.05 ml of
enzyme, 1 ACi of [3HJTTP (specific activity 48
Ci/mM; New England Nuclear), and different con-
centrations ofPAA (final concentration from 0 to 200
,ug/ml) were mixed and incubated at 37 C for 30 min.
The reaction was terminated by trichloroacetic acid

precipitation. The precipitate was washed and
counted as described previously (6). In system B, the
reaction mixture contained the same ingredients as
in system A, except dATP, dCTP, and dGTP were
omitted and the synthetic template-primer
poly(dA)-oligo(dT),s18 in the amount of 2 gg per
reaction was used instead of calf thymus DNA.
Based on their template-primer preference (6), acti-
vated calf thymus DNA was used as template-
primer (system A) to assay two host-cell enzymes
(NuD2P1 and CyD2P2) and poly(dA) oligo(dT)12-18
(system B) was used to assay viral enzymes and a
host cell enzyme (CyDl or NuDl).

RESULTS
Inhibition of viral DNA synthesis by PAA

in virus-infected cells. The amount of viral
DNA synthesis in virus-infected cells was moni-
tored by nucleic acid membrane hybridization
with virus-specific 3H-labeled cRNA as a probe.
Increasing amounts of viral DNA were detected
in the virus-infected cells for at least 48 h after
infection (Fig. 1). In contrast, viral DNA synthe-
sis was completely inhibited by the presence of
as little as 50 ,ug of PAA per ml; partial inhibi-
tion of the viral DNA synthesis was observed
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FIG. 1. Influence of viral DNA synthesis in virus-

infected cells by PAA. PAA was added to the virus-
infected cell cultures immediately after virus adsorp-
tion at a final concentration of 0 to 2X)0 pg/ml. At
various times after infection, the total DNA was ex-
tracted from the cell culture for virus genome quanti-
tation by 3H-labeled cRNA-DNA membrane hybridi-
zation. Amounts of DNA and CMV-specific 3H-la-
beled cRNA applied to each filter were 50 pg and 1.2
x 105 counts/min, respectively. The hybridization
was done in 6 x SSC at 66 C for 20 h as described (4,
7).
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using 10 and 20 ,ug of PAA per ml.
PAA cured the early cytotoxicity due to CMV

infection. Typical cytomegalovirus cytopathic
effect (CPE) was found 24 h after infection.
More severe development of CPE was demon-
strated 72 h after infection. In the presence of
PAA (50 to 500 ,ug/ml), the CPE was also demon-
strated 24 h after infection. However, this CPE
was overcome and cured by 48 to 72 h after
infection.

Viral DNA synthesis was also measured
after the removal of the drug. The PAA was
removed from the infected cultures by replacing
with fresh maintenance media at various times
after infection (Fig. 2, indicated by arrowhead).
Viral DNA synthesis was measured 4 to 12 days
thereafter by the nucleic acid membrane hybrid-
ization technique. Inhibition of viral DNA syn-
thesis by PAA was reversible; there was re-
sumption of viral DNA synthesis upon the re-
moval of the drug. Nevertheless, as the period
of treatment with PAA was extended, the
amount of virus DNA synthesized after its re-
moval was reduced, and the time taken for CPE
to reappear was increased. It is speculated that
some of the uncoated viral genome might per-
sist in the infected cells and not be degraded by
the host cell restriction enzyme system for a
period of time; persistence of viral DNA would
then be dependent on its resistance to host cell
restriction nuclease digestion.

Influence of PAA on the DNA synthesis of
normal WI-38 cells. No obvious morphological
alteration or damage was observed in the con-
fluent cells in the presence of 100 to 1,000 Ag of
PAA. Cultures that had been divided from one
to three usually took 4 days to regain conflu-
ence; in the presence of 100 ,ug of PAA per ml,
they took 6 to 7 days. The effect of PAA on WI-
38 cellular DNA synthesis was measured by
pulse labeling with tritiated thymidine in the
presence ofPAA (Table 1). Partial inhibition of
WI-38 DNA synthesis was observed with con-
centrations of PAA of 100 ,ug up to 1,000 ,ug;
these levels inhibit viral DNA synthesis to-
tally. A dose response effect was observed. At
the maximal dose used (1,000 ,ug/ml) cell
DNA synthesis was still 15 to 40% of control.
The compound apparently has less effect on the
DNA synthesis of confluent or nearly confluent
cells than on cells in the log phase of growth.

Effect of PAA on host cell and virus-in-
duced DNA polymerase activities. The effect
of PAA on the partially purified host cell (Fig.
3a) and virus-induced DNA polymerase activi-
ties (Fig. 3b) was determined. A remarkable
inhibition of virus-induced DNA polymerase
(80 to 95%) was observed when the drug was
added at a concentration of 10 ,ug/ml. More

complete inhibition was obtained when the con-
centration of the drug reached the level of 50
,ug/ml. The host cell enzymes were relatively
resistant to PAA; at a drug concentration of 200
,ug/ml, there was less than 15% inhibition of
NuDl, CyDl, and NuD2P1. One of the host cell
enzymes, CyD2P2, appeared somewhat sensi-
tive to PAA, but only 40% of the enzyme activ-
ity was inhibited when 200 ,ug of PAA per ml
was used. Evidently there is selective inhibi-
tion of virus-induced DNA polymerase by PAA.

Failure to overcome inhibition of activity by
increasing template concentration indicated
that the PAA directly interacts with the virus-
induced enzyme and not with the template-
primer (Table 2). The template-primer at a con-
centration of 6 ,ug/ml almost saturated the con-
stant amount of enzymes used in this experi-
ment. By comparison with the control without
PAA, partial inhibition of virus-induced en-
zymes in the presence of a low concentration of
PAA (5 ,ug/ml) was observed. Increase of the
template-primer concentration to 75 jig/ml did
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Days post-infection
FIG. 2. Effect ofPAA on CMV DNA synthesis in

virus-infected WI-38 cells. PAA was added to the vi-
rus-infected cell cultures at a final concentration of
160 pg immediately after virus absorption. At various
times after infection, the drug was removed from the
infected cultures and replaced with fresh mainte-
nance media (as shown by arrowhead). Viral DNA
synthesis was detected by 3H-labeled cRNA-DNA
membrane hybridization (as shown in Fig. 1). Sym-
bols: A, viral DNA content of the cultures without
PAA treatment; *, indicates the viral DNA content
in the presence ofPAA; 0, indicates the viral DNA
content after the removal of the drug.
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TABIE 1. Incorporation of tritiated thymidine in WI-38 human fibroblasts treated with PAA

Phosphonoacetate concn (p&g/ml)a
Pulse label period

0 100 200 500 1,000

60 min (48 to 49 h after subculture)b 55,828c 54,862 35,162 26,332 9,312
(100) (98.4) (63.0) (47.2) (16.7)

60 min (72 to 73 h)b 14,118 10,565 10,120 8,023 5,574
(100) (74.8) (71.7) (56.8) (39.5)

60 min (93 to 94 h)b 5,312 4,550 4,514 2,258 2,014
(100) (85.7) (85.8) (42.5) (37.9)

46 h (48 to 94 h)d 300,086 252,603 233,815 167,224 67,396
(100) (84.2) (77.9) (55.7) (22.5)

a PAA solution (pH adjusted to 7.4) was added to WI-38 cells 47 h after subculture when the cells reached
50 to 60% confluence.

b [3H]thymidine concentration is 10 ,uCi/ml.
c Counts per minute incorporated. Counts per minute obtained in absence of PAA was used as 100%

control. Parentheses show percentage.
d [3H]thymidine concentration is 3 ,uCi/ml.

not overcome the PAA inhibition; the activity
a still remained around 55 and 25% for CyD2P3

80W% | and NuD2P3, respectively.
lw tDISCUSSION

6OOk-
PAA specifically inhibits herpes simplex vi-

40% host rus DNA replication in tissue culture (9). The
* CyD2P2 inhibition directly involved the specific recogni-
a NuDI tion of the herpesvirus-induced DNA polymer-

220%-w. CyDI ase (8). A similar specific inhibition of CMV
4 DNA replication and CMV-induced DNA po-

to ibo to 2 lymerase activity by this compound has been
.8/mA ( PA.) shown here. Viral DNA replication was com-

0 80% pletely inhibited by PAA at a concentration of
viral-infuced 50 ,ug/ml in CMV-infected WI-38 human fibro-
* CyD2P3 blasts. This inhibition appeared to be a viro-

60% x NuD2P3 static reversible type of inhibition; viral DNA
n NuD2P4

synthesis resumed upon the removal of the in-
40% hibitor.

The specific inhibition of viral DNA synthe-
20A t\ sis by PAA in the CMV system was attributed

:"______,to its specific inhibition on virus-induced DNA
z-- '. _,^,, ,. . .polymerase activity. As little as 10 ,ug of the

50 100 150 200 compound per ml inhibited up to 95% of virus-
,USml (PA.) induced enzyme activity, whereas a relatively

FIG. 3. Effect ofPAA on the partially purified host low level of inhibition of host cell enzymes was
cell and virus-induced DNA polymerase activities. observed. There was no great increase in the
PAA was added to the reaction mixture at a final inhibition of host cell enzymes as the drug con-
concentration ofup to 20 pg/nl. The incubation was centration was increased from 10 to 200 pg per
carried out at 37 C for 30 min, terminated, and ml. Additional evidence that PAA acts on the
washed with trichloroacetic acid as described in the polymerase was provided by the fact that in-
text. The polymerization activity obtained without creasing the template-primer concentration did
PAA was used as the 100% control. The upper panel not overcome inhibition in the presence of a
shows the results with host cell enzymes; the bottom constant amount of virus-induced enzyme.panel indicates results with virus-induced enzyme. Instion of vlrDN snthes byme.Activated calf thymus DNA was used as template- Inhibition of viral DNA synthesis by PAA
primer for NuD2PI and CyD2P2 (system A). seems to be universal among herpesviruses.
Poly(dA) oligo(dT)s,e18 was used fr NuD, CyDI, Our preliminary observations indicate that
and virus-induced enzymes (system B). mouse CMV, herpesvirus saimiri, herpes sim-
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TABLE 2. Influence of template-primer concentration on the inhibition of virus-induced enzyne
activity by PAA

Po1y(dA)*o1igo(dT),X..8 [3H]TMP incorporated
Enzymes template-primer Activitya (%)

concn (pg/ml) With PAA (5 ,tg/ml) Without PAA

Virus-induced
CyD2P3 0 342

0.6 1,892 4,971 38
6 2,954 6,992 42
15 4,040 6,783 59
30 4,380 7,897 56
75 3,818 7,389 52

NuD2P3 0 247
0.6 2,326 7,539 31
6 4,027 11,614 35
15 4,571 18,359 25
30 4,626 17,750 26
75 4,307 19,398 22

Host cell
CyDl 0 268

0.6 7,814 8,579 91
6 37,307 42,262 88
15 39,296 47,693 82
40 46,025 48,845 94
100 57,338 59,542 96

aActivities obtained in absence of PAA were used as 100% control.

ple, and Epstein-Barr virus DNAs syntheses
are also inhibited by PAA in tissue culture
(Symp. Antivirals Clin. Potential., Stanford
University, Abstr. Bll, 1975). It is possible that
the above herpesviruses are all capable of
inducing their own specific DNA polymerases
which are sensitive to PAA; at least this would
appear to be the case in herpes simplex and
human CMV systems.

It is worth mentioning that the early CPE in
CMV infection is induced by early transcription
and translation product (3); viral DNA replica-
tion is not essential for the early cell damage.
The inhibition of viral DNA synthesis by PAA
did not prevent the early CPE. The continua-
tion of the CPE in control, nontreated infected
cells and the curing of the CPE by PAA sug-
gested that viral DNA replication is essential
for the persistence of CPE; the newly synthe-
sized virus DNA might contribute to the contin-
uing transcription and translation of certain
viral gene functions which are also responsible
for the continuation of CPE.
PAA is a simple compound with a highly

charged moiety. Its mode of interaction with
virus-induced enzyme and its mode of penetra-
tion through biological membranes still remain
a mystery and require further examination.
The results of our preliminary study of the
relation of chemical structure and biological
activity indicate that the modification of phos-

phonate and carboxylate moieties totally abro-
gate the inhibitory effects (our unpublished re-
sults). Synthesis of PAA analogues, e.g.,
lengthening the carbon chain between the phos-
phonate and carboxylate moieties, introducing
bulky groups, introducing hydrophobic moiety
and electron-donating and withdrawing
groups, is underway to elucidate the mecha-
nism of specific inhibition and understand the
topography of virus-induced DNA polymerase.
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