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Phosphonoacetic acid (PAA) inhibited the synthesis of herpes simplex virus
DNA in infected cells and the activity of the virus-specific DNA polymerase in
vitro. In the presence of concentrations of PAA sufficient to prevent virus growth
and virus DNA synthesis, normal amounts of early virus proteins (a- and 8-
groups) were made, but late virus proteins (y-group) were reduced to less than
15% of amounts made in untreated infected cells. This residual PAA-insensitive
synthesis of y-polypeptides occurred early in the virus growth cycle when rates
were identical in PAA-treated and untreated infected cells. Passage of virus in
the presence of PAA resulted in selection of mutants resistant to the drug.
Stable clones of mutant viruses with a range of drug sensitivities were isolated,
and the emergence of variants resistant to high concentrations of PAA involved
the sequential selection of mutants progressively better adapted to growth in the
presence of the drug. Increased drug resistance of virus yield or plaque forma-
tion was correlated with increased resistance of virus DNA synthesis, y-protein
synthesis, and resistance of the virus DNA polymerase reaction in vitro to the
inhibitory effects of the drug. PAA-resistant strains of herpes simplex virus type
1 (HSV-1) complemented the growth of sensitive strains of homologous and
heterologous types in mixed infections in the presence of the drug. Complemen-
tation was markedly dependent upon the proportions of the resistant and
sensitive partners participating in the mixed infection. Intratypic (HSV-1A x
HSV-1B) recombination of the PAA resistance marker(s), P, occurred at high
frequency relative to plaque morphology (syn) and bromodeoxyuridine resist-
ance (B", thymidine kinase-negative phenotype) markers, with the most likely
order being syn-B™-P'. Recombinant viruses were as resistant or sensitive to
PAA as the parental viruses, and viruses recombinant for their PAA resistance
phenotype were also recombinant for the PAA resistance character of the virus
DNA polymerase. The results provide additional evidence that the herpesvirus
DNA polymerase is the site of action of PAA and illustrate the potential
usefulness of PAA-resistant mutants in genetic studies of herpesviruses.

Phosphonoacetic acid (PAA) is an effective
inhibitor of herpes simplex virus (HSV) growth
in tissue culture (31) and significantly reduces
mortality and morbidity of experimentally in-
fected animals (10, 22, 29, 31, 36). The com-
pound is also active against a number of other
herpesviruses but has little effect on represent-
atives of the other groups of animal viruses
tested, with the reported exception of vaccinia
virus (R. G. Duff and L. R. Overby, Abstr.
Annu. Meet. Am. Soc. Microbiol. 1975, S161, p.
240).

In their initial studies, Overby et al. (31)
reported a selective inhibition of virus DNA
synthesis by PAA in WI-38 cells infected with
HSV. Subsequently, the drug was shown to
inhibit the in vitro activity of the virus-specific
DNA polymerase of HSV, the herpesvirus of
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turkeys, and human cytomegalovirus (2, 20, 24,
27, 28). Although the 8 DNA polymerase activ-
ity of uninfected cells was unaffected by the
drug, the a-polymerases from duck (24) and
human (2) cells are inhibited. However, the
available data are consistent with at least one
of the actions of the drug in vivo being via the
inhibition of the herpesvirus DNA polymerase.

Our interest in PAA arose from three consid-
erations. First, the drug seemed to provide a
means to re-examine the role of virus DNA
synthesis in the regulation of herpesvirus pro-
tein synthesis. In experiments using hydroxyu-
rea and cytosine arabinoside as inhibitors of
HSV DNA synthesis, we showed that normal
virus DNA synthesis was not a necessary pre-
condition for the initiation of late (y) protein
synthesis (17). Previous investigators (25, 30)
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had also shown significant synthesis of struc-
tural proteins in the absence of DNA synthesis,
and recent studies of DNA-negative, tempera-
ture-sensitive (ts) mutants appear to confirm
the view that normal DNA synthesis is not a
precondition for the synthesis of significant
amounts of late proteins (3, 33). However, other
authors have claimed that inhibitors of DNA
synthesis prevent late protein synthesis in
HSV-infected cells (43). It seemed likely that
these differences of interpretation might be re-
solved by a quantitative study of the effect of
PAA on virus protein synthesis. Second, our
early experiments and those of others (22)
showed that virus mutants resistant to PAA
could be isolated with relative ease. As well as
providing appropriate controls for studies on
the effects of the drug on protein synthesis,
these resistant viruses also gave the opportu-
nity to obtain independent biochemical and ge-
netic evidence for the mode of action of the
inhibitor. Finally, we wished to explore the
genetics of resistance to PAA to provide some
basis for the use of the resistance determi-
nant(s) as an aid to the genetic mapping of
herpesviruses.

MATERIALS AND METHODS

Solutions and chemicals. The culture medium for
infected and uninfected cells was the Glasgow modi-
fication of Eagle medium with 5 or 10% calf serum
and 10% tryptose phosphate broth. For labeling of
infected and uninfected cells the medium was modi-
fied by lowering the serum concentration to 1 to 2%,
omitting tryptose phosphate broth (labeling with
[*Hlthymidine), and by using one-fifth (labeling in-
tervals more than 1 h) or one-tenth (intervals of less
than 1 h) of the normal levels of the amino acids
used for labeling (methionine, valine, or arginine).
Radioisotopes were purchased from the Radiochemi-
cal Centre, Amersham, Bucks., and were [methyl-
3H}thymidine (17 Ci/mmol), L-[U-*Clarginine (324
mCi/mmol), L-[U-"*C]valine (280 mCi/mmol), and
[3S]Imethionine (5 Ci/mmol). Labeled precursors for
DNA polymerase ([methyl-*H]thymidine 5-triphos-
phate, 30 Ci/mol) and thymidine kinase (TK; [2-
14Clthymidine, 61 mCi/mmol) reactions were also
from the Radiochemical Centre. Unlabeled deoxy-
nucleoside triphosphates were purchased from
Boehringer & Soehne, Mannheim. 5-Bromo-2-deox-
yuridine (BUdR) was purchased from Sigma (St.
Louis, Mo.), and the disodium salt of PAA was a gift
from Lacy Overby of Abbott Laboratories (North
Chicago, Ill.).

Cells and viruses. BHK-21 cells were used
throughout for growth of virus inocula and for infec-
tivity titrations as described previously (35, 44).
BHK-21 cells were also used routinely for high-mul-
tiplicity infections. HEp-2 cells were used in some
experiments for the purposes of comparison (see
text). HSV type 1 (HSV-1) strains HFEM (44) and
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B2006 (7) were used for most of the experiments
reported in this paper. Other strains of HSV-1 (Fl,
MP, and 13; see Heine et al. [14]) and HSV-2 (G, see
reference 9; and 3345, see reference 37) were used in
some experiments, as noted in the text. HSV-1
(HFEM) forms large syncytial (syn) plaques on
BHK-21 cells and is TK~ (BUdR resistant). This TK-
mutant lacks a recognizable thymidine kinase poly-
peptide and its associated antigenic activity (6, 18,
19).

Infection and labeling of infected cells with ra-
dioactive precursors. BHK-21 cells, either in sus-
pensions of 5 x 10 cells/ml or as confluent monolay-
ers of 4 x 10° to 6 x 10° cells, and HEp-2 cell
monolayers of 4 X 10%to 6 x 10 cells were infected at
multiplicities of 5 to 50 PFU/cell. After incubation
for 1 h at 37°C with constant agitation, the inocula
(0.5 to 1.0 ml) were replaced with culture medium
and incubation was continued at 37°C. At the re-
quired intervals the culture media were replaced
with those containing labeled precursors. The time
at which virus was added to the cells was designated
0h.

Plaque assay under selective and nonselective
conditions. Viruses were titrated by the suspension
assay of Russell (35). Samples of 2.0 ml of appropri-
ate dilutions of virus were mixed with suspensions
of 8 x 108 BHK-21 cells for 20 to 60 min at 37°C. The
mixture was then dispensed into two 5.0-cm plastic
petri dishes together with medium containing car-
boxymethyl cellulose. Under these conditions cells
adhered and spread to form confluent monolayers
within 4 h at 37°C, and large (1 to 2 mm) plaques
were visible by 48 or 72 h. Monolayers were fixed
with Formol-saline and stained with crystal violet
or carbol-fuchsin after 48 or 72 h of incubation, and
plaques were counted with the aid of a binocular
microscope. Where appropriate (see Results), differ-
ential counts of plaques with syncytial and nonsyn-
cytial morphology were taken.

For measurements of the resistance of plaque for-
mation to PAA or BUdR the drugs were incorpo-
rated into the medium at a final concentration of 50
to 200 ug of PAA (see below) and 40 ug of BUdR per
ml. In the presence of these concentrations of the
inhibitors, BHK-21 cells adhere to and spread on
plastic surfaces at 37°C and plaques formed by re-
sistant viruses are not reduced in number, although
they are normally somewhat smaller (ca. one-half
to two-thirds the diameter of plaques formed in the
absence of drugs). In the presence of 40 ug of BUdR
per ml, TK* viruses gave less than 0.4% of the
number of plaques appearing in the absence of the
drug, whereas TK- viruses were unaffected. Al-
though higher concentrations gave an increased ra-
tio of TK- to TK* plaquing efficiencies, the effi-
ciency of plaque formation by TK~ viruses was af-
fected (e.g., with 100 ug/ml TK* virus gave <0.1%
but TK- vius gave 60% of the control plaque count).
The ability to obtain selective plating of TK~ viruses
in the presence of BUdR in normal (i.e., TK+*) BHK-
21 cells is presumably a reflection of the very low
levels of the cellular enzyme in confluent monolay-
ers of these cells. Use of a TK~ derivative of BHK-21
cells (kindly provided by A. Buchan) did not confer
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any advantage in this assay. The assay was not
successful when used with TK+ HEp-2 cells, which
contain much higher levels (ca. 20-fold) of cellular
thymidine kinase as confluent monolayers.

Polyacrylamide gel electrophoresis and densito-
metry of autoradiograms. Procedures for sample
and gel preparation for sodium dodecy! sulfate-slab
gel electrophoresis of labeled infected cell polypep-
tides and the staining and autoradiographic tech-
niques were as previously described (14, 39). Ab-
sorbance measurements on autoradiographic im-
ages of separated polypeptides were made with a
Pye Unicam SP1800 spectrophotometer eguipped
with an SP1809 gel-scanning attachment. The
amount of label in separated bands was determined
by planimetric analysis of the absorbance tracings.
The rationale and application of these methods are
described elsewhere (16, 17). Infected cell polypep-
tides (ICP) are numbered as described for HSV-1
(F1) (16, 17). There are some minor strain-specific
differences in the electrophoretic mobility of certain
ICPs of HSV-1 (HFEM) and HSV-1 (F1) (32; unpub-
lished data), but they are not of significance for our
present purposes.

Measurements of virus and cellular DNA synthe-
sis. Procedures used for the preparation of
[*Hlthymidine-labeled infected cell lysates and con-
ditions for their separation on CsCl equilibrium
density gradients into virus (p = 1.725 g/cm?®) and
cellular (p = 1.7000 g/cm3) DNA components were as
described in detail by Halliburton and Timbury (11).
The amounts of virus and cellular DNA synthesis in
each sample were computed by dividing the meas-
urement of the total incorporation of [*H]thymidine
into trichloroacetic acid-precipitable material in
proportion to the integrated counts under the two
peaks of labeled DNA obtained from the fraction-
ated CsCl gradient (11).

Immune sera and agar gel immunodiffusion
tests. The preparation and properties of hyperim-
mune rabbit antisera to HSV-1 (HFEM)-infected
RK-13 cells (general antisera) and their use in agar
gel immunodiffusion tests with infected cell extracts
have been described in detail (15, 39, 44). Antisera
specific for the virus thymidine kinase (anti-TK an-
tisera) were prepared by absorbing general antisera
with an excess of cells infected with the TK~ mutant
virus HSV-1 (B2006), as described previously (6, 18,
19).

Other methods. Protein measurements were
made by the method of Lowry et al. (26). The virus
thymidine kinase was measured by the method of
Klemperer et al. (23), and the virus and cellular
DNA polymerase activities were measured as de-
scribed by Keir et al. (21) or by the methods of
Weissbach et al. (45). Thymidine kinase assays were
performed on unfractionated homogenates of in-
fected cells; assay mixtures contained 5 to 50 ug of
infected cell protein. The assay was linear with time
and amount of infected cell protein until 70% of the
input [*C]thymidine (0.1 to 0.2 4Ci/assay) had been
phosphorylated. DNA polymerase assays on homog-
enates of nuclear fractions from infected cells or
homogenates of unfractionated infected cells con-
tained 10 to 150 ug of infected cell protein. The assay
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was linear with time for at least 60 min and linear
with amount of infected cell protein up to 150 ug.

RESULTS

Dose of PAA required to prevent the growth
of infectious virus and effects of inhibitor on
growth and plating of uninfected cells. A typi-
cal dose-response curve for the effect of PAA on
the growth of HSV-1 strain HFEM in BHK-21
cells is shown in Fig. 1. An initial extracellular
concentration of at least 200 ug/ml was re-
quired to prevent the production of infectious
progeny in a high-multiplicity infection. Other
strains of HSV-1 (e.g., F1, MP, B2006, and 13)
and HSV-2 (G and 3345) gave similar results.
Concentrations =200 ug/ml also prevented the
growth of uninfected cells (Table 1), but BHK-
21 cells were able to adhere and spread on
plastic surfaces in the presence of up to 500 ug
of the drug per ml. The effects of PAA on the
growth of uninfected HEp-2 cells and of HSV-1
(HFEM) in HEp-2 cells were similar to data
shown for infected and uninfected BHK-21
cells.
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F1c. 1. Concentration of PAA required to prevent
the production of infectious virus. Replicate mono-
layer cultures of BHK-21 cells (5 x 10 cells/culture)
were infected with 10 PFU of HSV-1 (HFEM) per
cell. After an absorption period of 1.0 h, the inocula
were replaced with growth medium containing 0 to 2
mg of disodium phosphonoacetate or 2.5 ug of actino-
mycin D per ml, and the cultures were incubated at
37°C for 24 h. The infected cultures were then dis-
rupted by sonic vibration and assayed for their con-
tent of infectious virus. Cultures incubated in the
absence of drug yielded a total of 200 PFU/cell
(100%) . The yield in the presence of 2.5 ug of actino-
mycin D per ml (0.1 to 0.2 PFU/cell, broken line
parallel to abscissa) was taken as the control value in
the absence of virus growth. Concentrations of diso-
dium phosphonoacetate =200 ug/ml all resulted in
yields of 0.1 to 0.3 PFU/cell. The structural formula
of PAA is shown in the inset.



Vou. 21, 1977

TaABLE 1. Effect of PAA on the growth of uninfected
BHK-21 cells®

No. of cells (n) per
dish (x 107%) at:

Concn of diso-

dium phospho- Fold increase in

tate (mg/ cell no. [(ng; —
wh Y o0m 75h 720)/ 0]

0 4.6 39.3 7.5

0.05 5.0 40.7 7.1

0.10 4.2 26.7 5.3

0.15 49 12.4 1.5

0.20 4.7 4.7 0

0.50 4.0 4.0

2 A total of 6 x 105 BHK-21 cells were seeded into
each of 48 plastic petri dishes (5 cm in diameter)
with 5.0 ml per dish of medium containing the range
of phosphonoacetate concentrations indicated (8
dishes per concentration). Plates were incubated at
37°C, duplicate cultures were removed for each drug
concentration at 20- to 30-h intervals for 96 h, and
the cell number per plate was determined after tryp-
sin-EDTA (Versene) suspension. Plates with 0 and
50 ug/ml were confluent at 75 h, and growth did not
begin until after 20 h.

b Cells appeared morphologically normal by low-
power microscopy of unstained preparations, and
normal cell adhesion and spreading occurred in the
highest concentration tested.

No surviving cells could be detected in cul-
tures of 2 x 107 BHK-21 cells infected with 10
PFU of HSV-1 (HFEM-PO0) per cell and main-
tained in the presence of 250 ug of the drug per
ml for intervals of from 1 to 4 days and exam-
ined at daily intervals for 10 days.

Effects of immediate and delayed addition
of PAA on growth of a sensitive virus. An
experiment comparing the growth of a sensitive
virus in untreated cultures and in cultures
treated with 250 ug of PAA per ml for different
intervals after infection is shown in Fig. 2.
Additions before 1.5 h prevented significant
production of infectious virus progeny, and ad-
ditions after 3 h permitted progressively in-
creased yields. The largest differential effect
between the yield of infectious virus at the time
of addition of the drug and the yield obtained at
18 h was seen when the drug was added at 4.5 or
6 h. At later times, when a significant yield of
infectious virus had occurred before the addi-
tion of the drug, additions continued to depress
the final yield. The effect of the drug on the
production of infectious virus was slowly and
inefficiently reversed even when it was re-
moved at early times (e.g., —1.5 h, annotated
triangular symbol in Fig. 2).

Selection of PAA-resistant viruses. Six in-
dependent passage series of sensitive isolates of
HSV-1 were initiated in the presence of PAA.
Each virus was subjected to multiple sequential
rounds of limited growth in the presence of the

HSV RESISTANCE AND SENSITIVITY TO PAA

587

drug so that the process of selection and the
nature of the population changes during this
process could be analyzed. Figures 3 and 4 show
data on one such series with HSV-1 (HFEM).

In this and other passage series, growth in
the presence of PAA resulted in the early emer-
gence of resistant variants or mutants (Fig. 3).
The proportions of resistant and sensitive vi-
ruses in a mixed population of virus from pas-

pf.u./mg. protein
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Fic. 2. Effects of immediate and delayed addition
and removal of PAA on the production of infectious
virus in cultures of BHK-21 cells infected with a
PAA-sensitive strain of HSV-1. Replicate monolayer
cultures of 5 x 10° BHK-21 cells were infected with
20 PFU of HSV-1 (HFEM) per cell and incubated at
37°C in the absence of drug. Duplicate cultures were
removed at intervals until 18 h after infection for the
measurement of infectious virus (®). PAA at a final
concentration of 500 ug/ml was added to three sets of
duplicate cultures at 0 h and to further duplicate
cultures of infected cellsat1.5,3,4,5,6,8,and 10 h
after infection. At 1.5 and 8 h, drug added at 0 h was
removed from two sets of duplicate cultures, and
these cultures were then reincubated in medium lack-
ing the drug until 18 h, at which time they were
removed and assayed for their content of infectious
virus ( A, annotated with the time of removal of the
drug). Cultures incubated from 0,1.5,3,4,5,6, 8,
and 10 h in the presence of the drug were also re-
moved at 18 h and assayed for their content of infec-
tious virus ( O, annotated with the time of addition of
the drug).
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F1c. 3. Selection of PAA-resistant variants of
HSV-1 (HFEM) during a passage series in the pres-
ence of the drug. Roller bottles of BHK-21 cells (6 x
108 cells/bottle) were infected with a PAA-sensitive
virus, HSV-1 (HFEM-PO), at a multiplicity of 0.1
PFU/cell and incubated at 37°C for 48 h in the pres-
ence of 50 ug of PAA per ml. The progeny from this
infection (passage 1) was used as the inoculum for a
further passage under identical conditons, but with
100 pg of PAA per ml to produce passage 2. This in
turn was used as inoculum to produce passage 3 in
the presence of 300 ug of PAA per ml. All subsequent
consecutive passages were incubated in the presence
0f 300 pg of PAA per ml with an input multiplicity of
0.1 PFU|cell. Samples of each passage were titrated
in the absence of the drug and in the presence of 50
(0), 100 (A), and 200 (O) pg of PAA per ml in the
overlay medium. Plaques appearing after 48 to 60 h
in the presence of the drug were scored, and the mean
of the results from at least three independent titra-
tions are recorded as a percentage of the plaques
scored in the absence of the drug. The initial stock of
sensitive virus (P0) titrated in the presence of 50 ug of
PAA per ml gave less than 0.2% of the number of
plaques recorded in the absence of the drug.

sage 10 were not altered by four passages in the
absence of the drug, suggesting that resistant
strains were not at a selective growth disadvan-
tage in the absence of the drug (see also Table 4
and accompanying text). Passage of sensitive
virus in the absence of PAA did not signifi-
cantly affect the proportion of resistant viruses
as measured by the plaque reduction assay
(<0.4% of plaques resistant to 50 ug/ml after 10
passages of HSV-1 [HFEM-P0] in the absence of
the drug). More interestingly, in the presence
of the drug viruses resistant to different concen-
trations of PAA arose and were selected at
different rates. Thus, the relative proportions
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of plaques resistant to 50 and 100 ug/ml re-
mained approximately constant, but resistance
to 200 ug/ml appeared later in the passage
series and did not increase in proportion to the
increase in resistance to lower concentrations
(Fig. 3). For example, at passages 2 and 6 the
relative proportions of plaques resistant to 100
and 50 ug of PAA per ml were 0.4 and 0.46,
whereas from passages 2, 6, 10, and 16 the
relative proportions of plaques resistant to 200
and 100 ug/ml were 0.11, 0.23, 0.36, and 0.62,
respectively.

Further information about some of the popu-
lation changes selected during this passage se-
ries was obtained by cloning and by measure-
ments of changes in the proportion of unse-
lected markers in virus populations at the dif-
ferent passage levels. Ten clones of virus were
isolated from each of passages 4, 10, and 18, and
their resistance to 50, 100, and 200 ug of PAA
per ml was analyzed by plaque reduction assay
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Fic. 4. Variations in the prevalence of an unre-
lated marker (BUdR resistance) during selection of
PAA-resistant mutant viruses. Viruses from pas-
sages of the series illustrated in Fig. 3 were retitrated
in the presence of 40 ug of BUdR per ml (@) or 160 ug
of disodium phosphonoacetate per ml (O), and the
number of plaques obtained was expressed as a per-
centage of those appearing on control plates incu-
bated in parallel but without drugs in the overlay
medium. Values shown are the means from at least
three independent determinations. HSV-1 (HFEM)
of passage 0 and other TK* viruses gave less than
0.4% of the control plaque count when in the presence
of 40 pg of BUdR per ml, whereas the efficiency of
plaque formation by TK- viruses [e.g., HSV-1
(B2006)] was not significantly reduced by this con-
centration of the drug under our assay conditions
(see Table 5).
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(i.e., as for Fig. 3) and by comparing the yields
of virus in the presence of these concentrations
of the drug with those obtained in the absence
of the drug. None of these clones was as sensi-
tive as the parental virus, and in no case was
growth dependent on the presence of the drug.
However, stable clones with different levels of
resistance were obtained. Clones completely re-
sistant to 200 ug/ml were only obtained from
passage 10 (1 of 10) and passage 18 (6 of 10).
Measurements of the BUdR sensitivity of virus
at different passage levels unexpectedly re-
vealed a marked increase in the proportion of
BUdR-resistant (i.e., TK™) viruses from pas-
sages 0 to 6. At passage 6 some 30% of the virus
population would form plaques under condi-
tions that reduced plaque formation by TK*
viruses to less than 0.4%. The proportion of
BUdR-resistant viruses remained approxi-
mately constant from passages 6 to 15, whereas
during these passages the proportion of viruses
forming plaques in the presence of 160 ug of
PAA per ml increased from 20 to 70% (Fig. 4).
The proportion of BUdR-resistant virus then
increased from passage 15 onwards. The ap-
pearance of a significant proportion of BUdR-
resistant virus has only been observed in this
passage series, and we emphasize that there is
no necessary association between BUdR resist-
ance and resistance or sensitivity to PAA. In
the present context our interest in this appar-
ently fortuitous occurrence is that it provides
independent evidence for multiple successive
waves of selection operating on mutations aris-
ing during the passage series. Thus, the early
period of selection for the TK~ phenotype seems
most plausibly explained by proposing that vi-
rus initially selected by 50 ug of PAA per ml
was coincidentally TK~. At about passage 5 it
appears that a variant better adapted to growth
in PAA arose in a TK* virus. The next phase of
selection for the TK~ phenotype (from passage
15) presumably represents the emergence of a
further variant with a growth advantage in the
presence of PAA from the now significant popu-
lation of TK~ viruses. Support for the conclu-
sion that the variants resistant to high concen-
trations, which predominate in passage 18, are
the result of multiple rounds of selection was
also obtained from a comparison of the virus
polypeptides in cells infected with resistant
strains. Thus, one of the clones of virus from
passage 18 (clone 1) resistant to more than 250
ug of PAA per ml produced an electrophoreti-
cally distinct form of the glycosylated virus pro-
tein (ICP12; for example, see Fig. 6), whereas
the most resistant virus of passage 10 did not
have this variant polypeptide. Clearly the re-
sistant population of passage 18 was not pro-
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duced by a simple enrichment of the most re-
sistant members of the passage 10 population.

Properties of resistant and sensitive vi-
ruses: correlation of PAA resistance of plaque
formation, yield, and DNA synthesis in vivo
and virus DNA polymerase in vitro. Figure 5
shows results of an experiment comparing the
effects of PAA on the DNA polymerase activi-
ties of extracts made from cells infected either
with a PAA-resistant virus or with a sensitive
virus. Addition of 5 ug of the drug per ml
inhibited the activity of the crude enzyme from
extracts of the sensitive virus to about 10% of
the control value, whereas the resistant virus
was unaffected by up to 10 ug of the inhibitor
per ml. Comparisons of the effects of the drug
on plaque formation, yield of infectious virus,
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Fi1c. 5. Effects of PAA on in vitro assays of the
virus-specific DNA polymerase and thymidine ki-
nase. Extracts of BHK-21 cells taken 12 h after infec-
tion with a PAA-sensitive virus, HSV-1 (HFEM-PO0),
or a resistant mutant, HSV-1 (HFEM-P18cl), were
assayed for DNA polymerase activity and thymidine
kinase activity in the presence of the indicated con-
centrations (micrograms per milliliter) of disodium
phosphonoacetate in the assay mixtures. DNA po-
lymerase activity of resistant and sensitive strains are
represented by open triangles and filled squares, re-
spectively, and thymidine kinase activity of HSV-1
(HFEM-PO0) by filled circles. TK activity of both sen-
sitive and resistant strains were unaffected by PAA,
and only data for the sensitive strain are shown. A
sample of the extract from cells infected with sensitive
virus was treated with 5 ug of PAA per ml (30 min at
37°C) and was then dialyzed against 0.02 M phos-
phate buffer at pH 7.5, 0.1 N NaCl, and 1 mM
dithiothreitol for 3 h at +4°C and assayed for resid-
ual DNA polymerase activity (partially filled square,
annotated “D”). Incorporation in DNA polymerase
reactions with resistant and sensitive extracts in the
absence of the drug were 2.0 x 10* and 2.5 x 10*
cpm, respectively, and 4.4 x 10* cpm of ['*C]TdR
were phosphorylated in the thymidine kinase reac-
tion in the absence of the drug.
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and DNA synthesis in vivo with the drug sensi-
tivity of the virus DNA polymerase in vitro
showed a correlation between these parame-
ters. For example, in the presence of 250 ug of
PAA per ml yields of virus from cells infected
with 5 PFU of viruses from passage 0 (P0),
clone 5 of passage 10 (P10c5), and clone 1 of
passage 18 (P18cl) per cell were reduced to 3,
34, and 91%, respectively, of yields obtained in
the absence of the drug. Virus DNA synthesis
in cells labeled from 6 to 18 h after infection in
the presence of 250 ug of PAA per ml was
reduced to 3% (P0), 50% (P10c5), and 90%
(P18cl) of the amounts made in infected cells
incubated in the absence of the drug. DNA
polymerase activities of extracts taken at 12 h
after infection with viruses of P0, P10c5, and
P18cl were reduced to 10 to 15, 40, and 90 to
100% of the activities measured in the absence
of the drug by 5 ug of PAA per ml.

Effects of PAA on the synthesis of virus-
specific polypeptides and the appearance of
virus-specific enzymes in cells infected with
resistant and sensitive strains of HSV-1. Re-
sults of experiments to examine the inhibitory
effects of PAA on the synthesis of virus proteins
are presented in Fig. 6 and 7 and Tables 2 and
3. Increasing concentrations of the drug selec-
tively reduced the synthesis of virus y-polypep-
tides (Fig. 6, left: e.g.: ICP5, 10, 12, 21, 30-31,
40, 44, 45, 47, and 49), with no significant effects
on the synthesis of a (e.g., ICP4)- or B (e.g.,
ICP6, 8, 36, and 39)-polypeptides. Protein syn-
thesis by resistant strains was unaffected by
the presence of up to 1 mg of the drug per ml
(Fig. 6, right). However, significant levels of -
protein synthesis by sensitive strains of the
virus persisted even in the presence of very
high concentrations of the inhibitor. This resid-
ual PAA-resistant y-protein  synthesis
amounted to some 5 to 15% of the amounts
made in untreated infected cells (Table 2). An
analysis of the kinetics of y-protein synthesis
by sensitive and resistant strains in the pres-
ence and absence of PAA (Fig. 7, Table 3)
showed that the residual y-protein synthesis by
sensitive strains in the presence of the drug was
due to a distinct early period of synthesis which
was unaffected by the inhibitor. Thus, at 3 to
3.5 h the rates of synthesis of ICP5 by sensitive
strains did not differ in the presence or absence
of the drug (Table 3). The rate of y-protein
synthesis at this time was some 20% of the
maximum observed rate of synthesis. However,
whereas rates of y-protein synthesis continued
to increase in the absence of the drug, in the
presence of the drug rates of synthesis by sensi-
tive viruses declined (Fig. 7), untilat 7to 7.5 h
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and 11.5 to 12 h they were 0.26 and 0.08 of the
control rates. Rates of a (e.g., ICP4; Fig. 6 and
7, Table 3)- and B (e.g., ICP6; Fig. 7, Table 3)-
protein synthesis by sensitive and resistant vi-
ruses were unaffected by PAA. Moreover, PAA
had no effect on the synthesis of a-proteins
after removal of a cycloheximide block (17) from
cells infected with a resistant or a sensitive
virus. In addition, a (e.g., ICP4, 0, 27)-and B8
(e.g., ICP6, 25, 39)-polypeptides of sensitive and
resistant viruses were phosphorylated identi-
cally in the presence and absence of the drug.

The appearance of the virus-specific thymi-
dine kinase activity in cells infected with resist-
ant or sensitive viruses was entirely unaffected
by up to 500 ug of PAA per ml, consistent with
the identification of this activity as associated
with a B-polypeptide (18; R. W. Honess, D. H.
Watson, and B. Roizman, unpublished data).
Measurements of virus DNA polymerase activ-
ity in dialyzed extracts of cells infected with
resistant or sensitive viruses treated with 500
ug of PAA per ml from the time of infection
likewise showed little effect of the drug on the
synthesis of the virus DNA polymerase. Thus,
from 50 to 80% of the activity observed in cul-
tures incubated in the absence of the drug could
be recovered from dialyzed extracts of cells in-
fected with a sensitive virus incubated in the
presence of PAA from the time of infection.

Complementation between resistant and
sensitive strains in a mixed infection. The
isolation of mutants unaffected by concentra-
tions of PAA which prevented the growth of
“wild-type” viruses allowed a study of comple-
mentation between resistant and sensitive vi-
ruses in mixed infections. In these experiments
PAA-sensitive (P*) and -resistant (Pr) strains of
HSV-1 with syncytial (syn) plaque morphology
were used to infect cells either singly or in
mixed infections with nonsyncytial (syn*), P*
strains of HSV-1 or -2. The yields of viruses of
different plaque and resistance phenotypes
from single and dual infections incubated in the
presence and absence of the drug are summa-
rized in Table 4.

In single infections the yield of the resistant
virus was unaffected by 250 ug of PAA per ml
(Table 4, line 3), and sensitive viruses were
reduced to from 0.4 to 2.7% of the yields in the
absence of the drug (lines 1, 2, 4). Yields of both
viruses in the absence of the drug were similar.
Mixed infections with two sensitive viruses
were completely sensitive (lines 5, 8), whereas
the resistant strains of HSV-1 complemented
the growth of sensitive strains of both HSV-1
(cf. Table 4, lines 6 and 7 with line 5) and HSV-
2 (cf. lines 8 and 9). The degree of complementa-
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Fic. 7. Autoradiogram of labeled polypeptides separated on an 8.5% polyacrylamide gel slab from lysates
of HEp-2 cells labeled with 2 uCi of [ %S Jmethionine per ml from 3 to 3.5, 7.5 to 8, and 11.5 to 12 h after
infection with 20 PFU of PAA-resistant (P") or -sensitive (P*) variants of HSV-1 (HFEM) per cell infected and
maintained in the presence of 500 ug of sodium phosphonoacetate (P) per ml or in the absence of the drug (0).
Samples were removed and prepared for electrophoresis at the end of the labeling interval. The sensitive
variant was passage 0 of HSV-1 (HFEM) and the resistant variant was clone 1 of passage 18 (Fig. 3). Selected

ICPs are annotated.

tion was markedly affected by the ratio of sensi-
tive and resistant strains participating in the
mixed infections. Mixed infections were more
sensitive than would be predicted on the basis
of a simple mixture of appropriate proportions
of sensitive and resistant infections (lines 6 and
.

Recombination between the determinants
for PAA resistance, plaque morphology, and
BUdR resistance (TK~ phenotype). Resistance
to PAA was a stable property of virus clones in
the absence of selective pressure. This, and the
fact that resistance could be scored in a simple
plating test, made it possible to look for recom-
bination of the PAA resistance phenotype with
other virus markers. The objectives of this se-
ries of experiments were: (i) to establish that
recombination occurs between PAA resistance
and other markers and to measure its fre-
quency (see below); (ii) to examine the pattern
of segregation of resistance phenotype among
recombinant viruses (i.e., partial or complete)

and the cosegregation of different resistance
parameters; and, finally, (iii) to order the PAA
resistance marker(s) (P7) relative to other
markers and illustrate the applications of this
resistance marker for recombination mapping
of herpesvirus genes. For these experiments we
chose a combination with two other markers
that are easily and accurately scored and that
can be obtained in any desired strain of HSV-1
with little difficulty and with some expectation
of a degree of genetic equivalence or identity
(see Discussion), i.e., the plaque morphology
variants syncytial (syn) and nonsyncytial
(syn*) and the TK* and TK- phenotypes (as
determined by BUdR sensitivity or resistance,
B¢ or B"). The combination of parental viruses
was therefore a syn.B’.P" virus, HSV-1
(HFEM-P18 clone 1), and a syn*.B".P* virus,
HSV-1 (B2006).

Data from plating a simple mixture of paren-
tal viruses and a sample of the yield from a
mixed infection with these viruses is shown in
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TABLE 2. Effects of PAA on the synthesis and
accumulation of virus-specific polypeptides
representative of a, 8, and vy control groups in cells
infected with a PAA-sensitive strain of HSV-1°¢

Relative amt (%) of polypeptide

accumulated in the presence of

Control Il::leyc:gé:lel disodium phosphonoacetate (mg/
group (ICP) ml):

0 |0.05{0.10(0.25| 0.5 | 1.0

a ICP4 100| 110|100 (105] 89| 110

J¢] ICP6 100 (100 | 111|107 { 120| 140

ICP39 100 | 105|120 (110 118| 120

¥ ICP5 100 96| 80| 26| 14| 14

ICP12 100 97| 90| 19(<19|<15

ICP21 100 91| 96| 22| 13({<14

ICP40 100| 75| 64| 27|<15|<12

ICP47 100104 (125| 15 4[<10

ICP48 100 115(140| 19 8|<14

@ Viral polypeptides labeled from 1.5 to 22 h after
infection of BHK-21 cells with HSV-1 (HFEM) were
quantitated by planimetry of absorbance profiles
from autoradiograms such as those shown in Fig. 6.
The amounts of each polypeptide made in the pres-
ence of the drug are expressed as percentages of the
amounts made in untreated cultures.

Table 5 to illustrate the assays involved in ana-
lyzing the quantitative aspects of the recombi-
nation process. Recombination frequencies ob-
tained from a number of complete experiments
are summarized in Table 6. It may be seen that
appropriately controlled plating tests in the
presence of these drugs readily revealed high
frequencies of recombination between plaque
morphology markers and BUdR and PAA re-
sistance determinants, the average frequencies
being about 8% between syn and B"s and
about 18 to 20% between syn* and P"s (Table 6).

Analysis of recombinant clones: cosegrega-
tion of resistance parameters, segregation of
unselected markers, and likely gene order.
The relatively high frequency of presumptive
recombinant types made it possible to under-
take further analysis, both to confirm their re-
combinant character and to determine the pat-
tern of segregation of unselected resistance
markers and the cosegregation of properties
with the resistance phenotype. For this purpose
three clones of each parental type (syn.Bs.P"
and syn*.B".Ps) were “picked” from plates of a
simple mixture, and 15 clones of each recombi-
nant type (syn.B' and syn*.Pr) were “picked”
from the yields of a mixed infection plated
under selective media. Viruses from these
primary plaque purifications were grown and
plaque-purified again by end point dilution and
titration in nonselective media. Working stocks
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of each virus were then prepared. Of the ini-
tial “plaques,” 6/6 parental clones and 10/15
(syn*.Pr) and 8/15 (syn.B") recombinant clones
were obtained with clonally uniform plaque
morphology and in a sufficiently high titer for
use in the following experiments.

Appropriate dilutions of each virus were first
replated in a plaque reduction assay (i.e., in the
absence of drugs and in the presence of 40 ug of
BUdR and 160 ug of PAA per ml), and the
plaque number and morphology were noted
(Table 7). All plaques of a given clone were of
the same morphology, and all presumptive
syn*.P* and syn.BT clones were resistant on
replating with an efficiency that did not differ
significantly from the resistant parentals
tested in parallel (Table 7). In each recombi-
nant class one clone with stable “mixed” plaque
morphology was obtained, i.e., syn*-syn (clone
3 of the syn*.Pr class) and syn-syn* (clone 1 of
the syn.Br class). When the recombinants were
scored for the segregation of the unselected re-
sistance marker it was found that 2/10 of the
syn*.PT clones were also fully resistant to
BUdR (clones 4 and 15), the remainder being
fully sensitive. All (8/8) syn.B" clones were P*
(Table 7). The most likely order for the three
markers is therefore: syn-B™-Pr. This order is

TaBLE :. Kinetics of PAA-resistant y-protein
synthesis in cells infected with PAA-sensitive and
-resistant viruses

Rate of synthesis in presence of

Labeling g
interval (h Infecting ©AA/ rate t‘:f d”’ﬁf:‘“‘i‘“ un-
postinfec- virus® reated cuitures
tion) ICP4 () ICP5(y) ICP6 (8)
3-3.5 P 1.30 1.06 1.10
P 0.91 0.96 1.00
7-1.5 Ps 0.90 0.26 1.40
pr 1.00 0.86 1.00
11.5-12 P —c 0.08 0.80
Pr - 1.17 0.94

e Ps, PAA-sensitive virus, HSV-1 (HFEM) pas-
sage 0; P*, PAA-resistant virus, HSV-1 (HFEM) pas-
sage 18, clone 1.

® Amounts of each polypeptide synthesized during
the labeling intervals shown were quantitated by
planimetry of absorbance tracings from autoradi-
ograms such as those shown in Fig. 7. The amount of
each polypeptide made in the presence of the inhibi-
tor is expressed as a fraction of that made in the
absence of the inhibitor. Absolute rates of synthesis
by sensitive and resistant virus strains in the ab-
sence of the inhibitor did not differ significantly.

¢ —, Rates of synthesis in the presence and ab-
sence of inhibitor were too low to be measured relia-
bly.
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TaBLE 4. Homo- and heterotypic complementation of the growth of PAA-sensitive virus in a mixed infection
with a resistant virus®

Yield (syn and/or syn*, pfu/

Plaque mor- : % of control yield ob-
phology and :‘::fl‘:i cell) from ctﬂrtluul\'es incubated tained in presence of
Salm : Infecting virus(es) ;:lgzanceof plicity drug
ple phenotype ol ppyy 0 ug/ml 250 pg/ml
infecting vi-
cell) n nt
ruses syn  syn* syn syn* sy 8y
1 HSV-1(HFEM-PO) syn.P® 20 30 0.11 0.4
2 HSV-1(B2006) syn*.P® 20 23 0.62 2.7
3 HSV-1(HFEM-P18cl) syn.Pr 20 36 44 =100
4 HSV-2(3345) syn*.P® 20 28 0.15 0.54
5 HSV-1(HFEM-PO) + syn.P® 20 30 13 0.13 0.04 0.43 0.3
HSV-1(B2006) syn.*P* +5
6 HSV-1(HFEM-P18cl1) + syn.Pr 20 42 7 25 2.5 60 36
HSV-1(B2006) syn*.P* +5
7 HSV-1(HFEM-P18cl) + syn.Pr 16 11.3 185 1.72 1.24 15.2 6.7
HSV-1(B2006) syn*.P* +20
8 HSV-1(HFEM-PO) + syn.P* 20 27 25 0.28 =<0.07 1.02 <2.6
HSV-2(3345) syn*.P* +2
9 HSV-1(HFEM-P18cl) + syn.Pr 20 26.5 1.2 305 1.3 =100 =100
HSV-2(3345) syn*.P® +2

¢ Samples of 10" BHK-21 cells were infected in suspension with syncytial (syn) or nonsyncytial (syn*), PAA-sensitive (P*)
or -resistant (P") strains of HSV-1 and HSV-2 either singly or in the combinations indicated. After an absorption period of 1
h, each infected cell suspension was divided into two samples of 5 x 10° cells, one sample being plated in medium without
PAA (0 ug/ml) and the other in medium containing 250 ug of disodium phosphonoacetate per ml. Infected cultures were
incubated at 37°C for 24 h, and at the end of this time the cells were harvested and disrupted by sonication, and the yield of
infectious virus was titrated in BHK-21 cells in the absence of the drug. Syncytial (syn) and nonsyncytial (syn*) plaques

were scored independently.

TABLE 5. Frequency of parental and apparent
recombinant plaque types in the yield from a mixed
infection and in a simple mixture of (syn.B*.P') and

syn*.B*.P%) viruses®

Plaque No. of plaques
Sample morphol- PFU/cell
ogy 0 +PAA +BUdR
Inoculum syn 196 169 0° 20
Mixture syn* 222 0 221 22
Yield syn 194 234 32 20
syn* 206 24¢ 216 20

2 Parental viruses: syn.B:.P", HSV-1(HFEM-P18cl);
syn.*Br.Ps, HSV-1(B2006).

® Number of plaques on two 5.0-cm-diameter dishes of
BHK-21 cells infected with appropriate dilutions of virus
inoculum or yield and incubated with growth medium and
carboxymethyl cellulose containing no drugs (0) or with
PAA at a final concentration of 160 ug/ml or BUdR at a
final concentration of 40 ug/ml.

¢ Plaques with presumptive recombinant phenotype.

consistent with the location of Pr further from
syn than the distance of B* to syn (Table 6).
In the next experiment virus of selected
clones (see Table 7) was used to infect replicate
samples of 4 x 10° to 6 x 10® cells at a multiplic-
ity of 5 PFU/cell. Cell extracts were taken 14 to
18 h after infection and analyzed in gel diffu-
sion tests for the presence of material reacting
with anti-TK antiserum and for the PAA resist-
ance or sensitivity of the virus DNA polymer-

ase reaction in vitro. Results from these experi-
ments are also summarized in Table 7. All the
Bs recombinant clones tested reacted with anti-
TK antiserum and all Br clones failed to react,
thus sharing the antigenic deficiency expected
of the parental syn*.B".Ps virus. More signifi-
cantly, for all recombinant clones tested resist-
ance or sensitivity of the virus DNA polymer-
ase activity cosegregated with the resistance
phenotype of the virus as measured by the
plaque reduction assay (Table 7). Examination
of selected syn*.Pr clones by gel electrophoresis
of labeled infected cell polypeptides showed
that the variant polypeptide ICP12 (Fig. 6) of
the resistant parental virus did not segregate
with the resistance phenotype.

DISCUSSION

In this paper we have presented observations
on some of the effects of PAA on HSV growth
and virus protein synthesis in tissue culture.
We have considered aspects of the selection of
viruses resistant to the drug and have used
these resistant viruses to provide additional
biochemical and genetic evidence for the mode
of action of the drug. Finally, we have given
preliminary data on the genetics of PAA resist-
ance and an illustration of the use of the resist-
ance marker in the mapping of the herpesvirus
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genome. Some of these data merit further com-
ment.

To prevent virus growth and DNA synthesis
in BHK-21 or HEp-2 cells infected at high multi-
plicities with sensitive strains of HSV-1, it was
necessary to add at least 250 ug (1.44 x 1073 M)
of the disodium salt of PAA per ml to the cul-
ture medium before 3 h after the addition of
virus to the cells. Infected cells maintained in
the presence of the drug did not survive. Con-
centrations of PAA necessary to prevent virus
growth also severely affected growth and divi-
sion of uninfected cells, although these concen-
trations did not prevent cell adhesion or spread-
ing and were not directly toxic to confluent
monolayers of uninfected cells. Similar findings
have been reported by Overby et al. (31) and by
Huang (20). It is noteworthy that the inhibitory
effects of the drug are slow to take effect and
are inefficiently reversed and that there is a
large (=20-fold) discrepancy between the extra-
cellular concentrations of PAA necessary to
prevent virus growth and DNA synthesis and
the concentrations required to inhibit the virus
DNA polymerase in vitro (13, 27, 28, 31; Fig. 1,
2, 5). This suggests that (i) the permeability of
cells to the inhibitor is low, (ii) the in vitro
sensitivity of the DNA polymerase reaction is
not a reliable measure of the sensitivity of its
function in vivo, or (iii) the inhibitory action of
the drug on virus replication involves an effect
on a function other than, or in addition to, the
virus DNA polymerase. We will consider fur-
ther our data showing that different degrees of
resistance of virus growth correlate with differ-
ent degrees of resistance of the virus DNA po-
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lymerase in vitro and other evidence from re-
combinant viruses that a resistant DNA polym-
erase is probably necessary and possibly a suffi-
cient condition for complete resistance in vitro.
These latter observations clearly indicate that
alternative (iii) does not apply and that there is
at any rate a proportionality, if not equality,
between the in vitro and in vivo drug sensitiv-
ity of the virus DNA polymerase. Although the
structure of the acid (see Fig. 1) might lead us a
priori to favor the first of the above alterna-
tives, there is presently little information on
factors governing the relationship between ex-
tracellular and intracellular concentrations of
PAA. Differences between cell lines and growth
conditions could affect this relationship. De-
tailed investigations of the permeability of cells
to the inhibitor and factors affecting it will be
aided by the synthesis of a radioactive deriva-
tive.

Effects of PAA on virus-specified protein
synthesis and its control. Concentrations of
PAA sufficient to prevent the production of in-
fectious virus progeny and the synthesis of vi-
rus DNA reduced the amounts of all known
polypeptides of the y-group (17) to 5 to 15% of
the amounts made in untreated infected cells.
Differences in the response of different y-poly-
peptides to intermediate concentrations of PAA
(cf. ICP40 and 48 with 100 ug of PAA per ml)
are presently unexplained. The drug had no
significant effect on the synthesis of a- or 8-
polypeptides or on the synthesis of the virus-
specific DNA polymerase or thymidine kinase.
We note here that a selective reduction in the
expression of the “viral capsid antigen” occurs

TABLE 6. Summary of recombination frequencies between syn, B", and P" in two- and three-factor crosses

No. of syn.B* % Recombination No. of syn*. Pr % Recombination
Croes* and expt plaqsli'es between syn and B* Cross* and expt pla;}l'xee between syn* and P*
no. no.
() (x,) (y2) (x2)

A B

1 54 10.1 8 125 19.1

2 30 6.7 9 88 14.7

3 19 10.6 10 36 9.6

4 88 8.1
C C

5 70 6.0 5 297 26.0

6 27 7.5 6 79 21.6

7 50 9.0 7 99 18.0

%, = simple mean = 8.3% o, = *1.7%

(%, = “weighted” mean = 8.1%)°

%, = simple mean = 18.2% o, = +5.6%

(%4, = “weighted” mean = 21.3%)°

2 Cross A: syn*.B" X syn.Bs. Cross B: syn*.P® x syn.P'. Cross C: syn*.Br.P*. x syn.Bs.P".
® % Recombination = (number of recombinant plaques x 200)/total plaques.

e = Sx, . S *1aY1a T X1aY1e * ** + X1nY1a)
Xy = X, T

n 30t Yt Vi)

S(x, — %)%
B ’ (:1_:1) .
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TABLE 7. Segregation of unselected resistance markers and cosegregation of B" with TK~ and P" with Pol”
phenotype in recombinant clones

Resist-
Plaques obtained in the pres- Classifi- Reaction ::.cseit('::.
ence of: cation of  with ity of
Virus Virus clone unse- anti.-TK viral
0 +P +BU4R lected = antiser DNA po-
ymerase
in vitro®
Parental viruses syn.Pr-1 150 130 0 Bs + Pol*
syn.Pr-2 300 220 1 Bs + Pol*
syn.Pr-3 400 260 1 Bs ND ND
syn*.B’-1 201 0 186 Ps - Pol®
syn*.Br-2 131 0 119 Ps - Pol®
syn*.Br-3 82 0 67 Pps ND ND
PAA-resistant synt.Pr-1 414 236 0 Bs + Pol*
recombinants syn*.Pr-2 120 129 1 Bs + Pol*
syn*-syn.Pr-3 182 153 0 Bs + Pol*
syn*.Pr-4 508 400 433 Br - Pol*
syn*.Pr-5 133 85 0 Bs + Pol*
syn*.Pr-6 577 327 1 Bs ND ND
syn*.Pr-8 160 120 0 Bs ND ND
syn*.Pr-11 75 68 0 Bs ND ND
syn*.Pr-13 208 160 0 Bs ND ND
syn*.Pr-15 80 106 67 Br - Pol*
BUdR-resistant syn-syn*.B’-1 141 0 102 ps ND ND
recombinants syn.Br-2 201 0 186 Pps - Pol®
syn.B'-4 90 0 97 Ps - Pol®
syn.Br-8 78 0 94 ps - Pol*
syn.B*-9 113 0 149 Ps - Pol*
syn.Br-11 105 4 98 Ps ND ND
syn.Br-12 154 0 128 Ps ND ND
syn.Br-13 120 0 110 Ps ND ND

¢ Classification on the basis of plaque reduction data.

b Cytoplasmic fractions from Dounce-homogenized infected cells were tested in immunodiffusion reactions
against anti-TK antiserum: +, positive gel diffusion test; —, negative gel diffusion test; ND, not done.

¢ Nuclei from Dounce-homogenized infected cells were sonicated, and samples of sonicated nuclei were
incubated for the measurement of DNA polymerase activity in the presence of 5 ug of disodium phosphono-
acetate per ml and in the absence of the drug. Resistant DNA polymerase (Pol") gave =70% of the activity
in the absence of the drug; sensitive DNA polymerases (Pol®) gave <20% of the activity in the absence of
the drug.

together with the loss of nonintegrated copies of
the Epstein-Barr virus genome from producer
cell lines cultured in the presence of PAA (40,
46). The expression of the Epstein-Barr virus
“early antigen” was not affected by the drug
(40). Experiments of the present paper indicate
that the observed reduction in HSV-1 “late”
protein synthesis is attributable to the failure
of PAA-treated cells to sustain the synthesis of
y-polypeptides and not to an effect on the
“switch on” of y-protein synthesis. Rates of syn-
thesis were identical in treated and untreated
cultures until about 4 h after infection (Fig. 7,
Table 3) and thus reached more than 20% of the
maximum rate of y-protein synthesis observed
in untreated cells (17). In the presence of PAA,
rates of y-protein synthesis in cells infected

with sensitive strains of the virus declined after
6 h together with the synthesis of B-polypep-
tides. In the absence of the drug (or with resist-
ant virus strains in the presence of the drug,
Fig. 7) rates of y-protein synthesis continued to
increase. These results support the view that
normal synthesis of virus DNA is not a require-
ment for the initiation of y-protein synthesis
(see Introduction). To sustain the contrary in-
terpretation (43), it is essential to show that the
methods used are capable of differentiating be-
tween a reduced accumulation of late proteins
in the absence of DNA synthesis and an obli-
gate requirement for DNA synthesis before any
late protein can be synthesized.

In conclusion, we wish to emphasize that our
earlier experiments have shown that a control
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function of a- and/or B-polypeptides is neces-
sary to switch on y-protein synthesis (17). The
present results do not exclude the possibility
that this control function is normally performed
by an enzyme of DNA metabolism provided
that such a function is insensitive to PAA and
does not operate via the production of stoichio-
metrically normal amounts of virus DNA. As
with all similar experiments, we cannot pres-
ently exclude an obligate requirement for small
amounts of de novo DNA synthesis which per-
sist in the presence of the inhibitor.

Selection and properties of PAA-resistant
mutants of HSV-1. The frequency of occur-
rence of resistant viruses and the processes op-
erating during their selection were of obvious
relevance to applications of the drug in vivo.
Moreover, knowledge of the biochemical and
genetic properties of resistant viruses was of
interest both to studies on the mode of action of
the inhibitor and as a prerequisite for the ex-
ploitation of the resistance marker in more gen-
eral analyses of herpesvirus genetics.

The pertinent results from the present paper
may be summarized as follows. (i) Viruses re-
sistant to PAA were invariably selected during
passage in the presence of the drug. We pres-
ently have no accurate estimates of the fre-
quency of occurrence of mutations conferring
resistance to different levels of the drug.

(ii) Resistant viruses do not appear to be at a
selective disadvantage in tissue culture in the
absence of PAA. Natural or artificial mixtures
of resistant and sensitive viruses maintained
the same composition during passages in the
absence of the drug. Resistant viruses reached
the same titer as sensitive viruses in single in-
fections.

(iii) Stable clones of virus mutants with dif-
ferent degrees of resistance to PAA could be
isolated from virus populations subjected to dif-
ferent numbers of passages in the presence of
the drug. In all six of the passage series we
have so far performed, the appearance of resist-
ance to low levels of PAA (50 ug/ml) preceded
the appearance of resistance to high levels (200
pg/ml). In at least one series (Fig. 3 and 4), the
emergence of variants resistant to 200 ug/ml
involved sequential selection operating on mu-
tations arising during the passage series in a
member of a population resistant to lower con-
centrations of the drug. Changes in relative
proportions of viruses resistant to different lev-
els of PAA and in unselected markers for com-
ponents of the virus population clearly show
that in at least this one passage series the
emergence of highly resistant viruses was a
multistage process. The effects of different re-
gimes of selection have not been investigated.
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(iv) Although the characteristics of the selec-
tion process outlined above infer that multiple
mutations are required to confer resistance to
high concentrations of the drug, all measured
parameters of resistance changed concurrently.
Thus, increased resistance of clones measured
by plaque formation and yield were correlated
with increased resistance of y-protein synthe-
sis, virus DNA synthesis, and the virus DNA
polymerase. Hay and Subak-Sharpe (13) have
also shown that mutants of HSV-1 and -2 resist-
ant to 100 ug of PAA per ml in a plaque reduc-
tion assay have increased resistance of in vivo
virus DNA synthesis correlated with increased
resistance of DNA synthesis in nuclei isolated
from infected cells and of the virus DNA polym-
erase reaction in vitro. These correlations may
be misleading to some extent since the initial
criterion for considering a virus “resistant,”
both here and elsewhere (13), was plaque for-
mation in the presence of the drug. Whereas
the resistance of the DNA polymerase is appar-
ently a necessary condition for resistance of
plaque formation and yield, our only evidence
that it is a sufficient condition is derived from
studies of recombinant viruses (see below).

(v) No clones of virus with a PAA-dependent
phenotype have yet been obtained, although
one clone of passage 18 reproducibly grows to
approximately twofold higher titers in high-
multiplicity infections incubated in the pres-
ence of 250 ug of PAA per ml than in cultures
without the drug. It appears that mutation to
PAA dependence is an extremely rare event or
that mutations are at a selective disadvantage
to those conferring resistance. Further pas-
sages of resistant strains may result in the
emergence of drug-dependent viruses, and de-
liberate regimes of selection can obviously be
devised.

Co-dominance of resistance and sensitivity
in mixed infections of sensitive and resistant
viruses. A clone of HSV-1 (HFEM) fully resist-
ant to concentrations of PAA that would pre-
vent the growth of “wild-type” viruses was able
to complement the growth of sensitive strains of
homologous (HSV-1) or heterologous (HSV-2)
type in dual infections in the presence of the
drug (Table 4). The proportion of recombinant
viruses in the presence of the drug in progeny of
homotypic mixed infections did not differ signif-
icantly from the proportion observed in the ab-
sence of the drug (see below), and thus the
effect observed was complementation and not
rescue of the plaque morphology marker of the
sensitive parental virus by recombination. An
obvious inference from inter- or heterotypic
complementation of growth in the presence of
PAA is that the resistant HSV-1 polymerase
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was able to replicate HSV-2 DNA in a mixed
infection. Complementation and recombination
between ts mutants of HSV-1 and HSV-2 have
been reported (9, 42), and in their interesting
analysis Esparza et al. (9) showed that HSV-1
would complement a DNA-negative HSV-2 mu-
tant with a suspected ts lesion in the virus
DNA polymerase. Our own results also showed
that in mixed infections of PAA-sensitive and
-resistant strains not only did growth of the
sensitive partner become more resistant, but
growth of the resistant partner became more
sensitive than in the single infection. That is,
resistance and sensitivity were co-dominant.
The observed resistance of the mixed infections
was also significantly less than would be pre-
dicted from a simple proportionality related to
the multiplicities of resistant and sensitive
partners. This finding and some more general
aspects of the effects of gene dosage are pres-
ently under more detailed investigation. How-
ever, one possible interpretation of the observa-
tion that addition of sensitive virus had a dis-
proportionate effect on the sensitivity of a
mixed infection is that the PAA-sensitive func-
tion is multimeric and that the addition of a
minority of sensitive subunits to a pool of resist-
ant subunits renders resultant multimers of
mixed composition fully sensitive.

Genetics of PAA resistance and the utility
of the resistance marker. Recombination of the
PAA resistance marker(s) occurs at high fre-
quency with respect to plaque morphology and
BUdR resistance (TK gene) markers. Measure-
ments of recombination frequency and analysis
of the segregation of the unselected marker in
recombinant viruses indicate that the PAA re-
sistance marker(s) is located further from syn
than is the TK gene and on the same “side” of
syn as the TK gene. The sources of the rather
large standard deviations for the mean esti-
mates of recombination frequency are presently
under investigation, but the variability ob-
served does not seem to be atypical (4, 5, 41).
This problem was recognized by Brown et al.
(5), and they have used an unselected plaque
morphology marker to assist in ordering ts mu-
tations. However, the number of ts markers
showing sufficient differences in linkage to syn
for its segregation to be informative is ob-
viously limited. The PAA resistance marker(s),
which is well separated from syn, should pro-
vide a valuable additional aid to this form of
analysis. We should note here that the syncy-
tial marker we have used in this work cannot
be assumed to be genetically identical to that of
Brown et al. (5). The syn and syn* properties of
the viruses we have used are stable, whereas
the markers used in their previous work show a
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rather high “reversion frequency,” variously
estimated at from 10~* (4) to 107 (5). Whereas it
seems likely that such frequencies imply a sin-
gle gene change, this merely means that the
syn/syn* character may be determined by a
single gene, not that it is exclusively and invar-
iably determined by this gene. In view of the
multiplicity of glycoproteins specified by HSV
(38, 39), it would not be surprising if multiple
loci could be involved in determining this prop-
erty. The isolation of recombinant viruses with
stable “mixed” plaque morphology indicates
that more than one gene is involved in deter-
mining the difference between the plaques of
the syn and syn* viruses used in these studies.
Crosses between recombinants with mixed
plaque morphology should prove informative.

The observations of this paper that (i) recom-
binant viruses were either fully resistant or
fully sensitive and that (ii) the resistance char-
acter of recombinant viruses was correlated
with the drug resistance of the virus DNA po-
lymerase reaction in vitro are clearly consistent
with the enzyme as the sole site of action of
PAA. However, further investigation of the re-
sistance marker is essential before its equiva-
lence to the structural gene(s) for the virus
DNA polymerase can safely be assumed. In
particular, it is necessary to analyze recombi-
nants with markers located close to and on
either side of the the resistance marker(s) in
order for cosegregation to provide convincing
evidence of identity. Such an analysis is pres-
ently being undertaken (R. W. Honess, A.
Buchan, and I. W. Halliburton, unpublished
data). It may be noted here that ts mutants
with suspected lesions in the virus DNA polym-
erase (1, 12, 34), i.e., ts pol, should constitute
an appropriate test for the identity of the PAA
resistance marker. Thus, in a cross #sX.ts
pol*.Pr with tsX*.ts pol.Ps all the ¢s* progeny
should be P, and in the reciprocal cross all ts*
progeny should be Ps if Pr is identical to pol® or
is located beyond pol with respect to the tsX
site. Performance of this test with PAA-resist-
ant forms of ts mutants on either side of the
suspected polymerase mutation should be capa-
ble of providing convincing evidence for iden-
tity or nonidentity of P* and pol".
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