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The effect of the amino acid analog FPA on vaceinia virus replication in HeLa cells
was investigated, By varying the dose of FPA or the time after infection at which the
analog was added to cultures, it was possible to inhibit differentially the synthesis of
viral components in vaceinia-infected cells. When sufficient FPA was added to cul-
tures at the time of infection, the synthesis of viral DNA, NP antigen, infectious
virus, and HA was inhibited. The inhibition of synthesis of LS antigen under all con-
ditions studied was only partial. FPA added to cultures at 6 or more hours post-in-
fection did not inhibit production of viral antigens or infectious virus.

The inhibition was reversed by PA added with the FPA, but PA added at later
times was progressively less effective in restoring the ability of inhibited infected
cultures to produce virus.

The proportion of nuclei incorporating thymidine-H?® was decreased in cultures
infected with vaceinia virus. This decrease was not seen in cultures receiving FPA

at the time of infection,

INTRODUCTION

In a previous study cytochemical and
immunofluoreseence techniques revealed
that detectable amounts of viral nucleic
acid and various viral antigens appeared in
an orderly sequence in cells infected with
vaceinia virus (Loh and Riggs, 1961). Viral
DNA? and the LS antigen (Shedlovsky and
Smadel, 1942) were the first to be detected,
followed by the NP antigen (Smadel et al.,
1942), infectious virus, and lastly, vaccinial
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HA (Burnet and Stone, 1946). Although
suggestive, these temporal relationships did
not establish that the synthesis of any one
of the above products of the infected cell
was prerequisite to the synthesis of another.
Thus, in the hope of clarifying possible rela-
tionships among segments of viral synthesis,
studies on the synthesis of viral constituents
in the presence of inhibitors of viral replica-
tion were undertaken.

It was first reported by Ackermann ef al.
(1954) that FPA markedly inhibited replica-
tion of poliovirus but that this amino acid
analog did not interfere with the develop-
ment of cytopathology in HeLa cells in-
fected with poliovirus. Subsequently, several
authors have found that FPA differentially
interferes with the synthesis of components
of animal viruses containing RNA (Zimmer-
mann and Schifer, 1960; Wecker and
Schonne, 1961; Brown ef al.,, 1961; Schol-
tissek and Rott, 1961; Levintow ef al,
1962; Wecker et al., 1962). After the present
study was completed, three investigators
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reported that FPA interfered with protein
synthesis in cells infected with poxviruses.
Joklik  (1962) described the inhibition
by FPA of the ‘“uncoating” of rabbitpox
virus, and Salzman et al. (1963) reported
that FPA inhibited a reaction which occurs
late in the formation of vaccinia virus. Also,
Gt et al. (1963) have used FPA to interfere
with the increase in thymidine kinase ac-
tivity observed in ecells infected with vaccinia
virus.

The present investigation reports on the
effects of FPA on the synthesis of infectious
vaceinia virus, viral nucleic acid, NP and
LS antigen, and vaccinial hemagglutinin.

MATERIALS AND METHODS

Cell cultures. HeLa cells originally ob-
tained from Difco Laboratories were rou-
tinely cultivated in BME (Eagle et al.,
1957) containing 10% equine serum. Sta-
tionary tube cultures for experiments were
initiated with 3.5 X 10* cells in 1 ml of
medium. For ecytologic studies coverlips
were placed in Leighton or screw cap tubes
prior to the addition of cells. All eultures
were incubated at 37°C and used 4 days
after initiation.

Virus. The virus used in all experiments
was obtained originally from calf lymph
vaccine prepared by the Michigan Depart-
ment of Health. The virus stock was the
fourth passage of this virus in Hela cells
and contained approximately 3.0 X 108
PFU per milliliter.

Chemicals. pi-p-Fluorophenylalanine and
L-phenylalanine were obtained from Nutri-
tional Biochemical Corporation. Methyl-
labeled thymidine-H? with a specific activity
of 5.21 curies/mmole was obtained from New
England Nuclear Corporation.

Assays:

Infectious virus was assayed on chorioal-
lantoic membranes of 12-day-old embry-
onated chick eggs according to the method
of Beveridge and Burnet (1946). Titers were
expressed as PFU per milliliter.

Vaccinial HA was quantitated using lipid-
sensitive chicken erythrocytes as described
by Kempe (1956). One hemagglutination
unit (HAU) was the minimum amount of
HA required to produce complete agglutina-
tion of the erythrocytes.
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LS and NP antigens were detected by
immunofluorescent staining. The specific
fluorescein-conjugated immune gamma glob-
ulins against LS and NP antigens were
prepared and tested previously (Loh and
Riggs, 1961). These globulins did not stain
uninfected HeLa cells and were specific
when tested by the quantitative preecipitin
method of Cohn (1952).

Cells for immunofluorescent staining were
fixed at or before 12 hours p.i. because at
later times rounding of infected cells made
difficult the delineation of viral antigen
within cells. Cells on coverslips were washed
three times with 1 ml of BSS, fixed in cold
acetone, and stained according to the tech-
nigue of Coons and Kaplan (1950). Stained
cells were examined under a Zeiss micro-
scope (GF 425) equipped with an Osram
lamp (HBO 200), exciter filter (BG12 or
UG2), and ocular barrier filters (OG4 and
GG4). The proportion of cells stained with
the fluorescein-labeled globulin was de-
termined by counting five areas of 200 cells
per area on each of duplicate coverslips.
Cells were scored as containing antigen if
they showed any yellow-green fluorescence.

The minimum amount of either NP or LS
antigen detected by staining with fluorescent
antibody was unknown; however, it was
considered to be quite small since Cairns
(1960), using fluorescent antibody presum-
ably prepared against whole vaccinia virus,
noted that single virus particles adsorbed
enough antibody to appear as minute points
of fluorescence. Although the absence of
staining by speecific antibody might have
resulted from either lack of synthesis of
antigen or production of antigen so modified
that it did not react with antibody, these
alternatives were considered operationally
equivalent since severely modified viral
protein would probably be nonfunctional.
With these reservations in mind, a cell that
did not stain with specific fluorescent anti-
body was considered a cell that had not syn-
thesized antigen.

The amount of viral antigen synthesized in
cells of cultures treated with inhibitor was
estimated by comparing the size and in-
tensity of staining of their cytoplasmie in-
clusions with those seen in untreated cells at
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various times after infection. The extent to
which the quantity of viral antigen in a cell
that stained might vary without perceptibly
altering these parameters has not been
established.

Incorporation of lritiated thymidine. Where
noted, coverslip cultures were exposed to
thymidine-H? (0.5 uc/ml of medium) for the
indicated period. After the cells on cover-
slips had been examined by the fluorescent
antibody method, they were washed with
cold 2% perchloric acid, fixed in Carnoy’s
solution, and processed according to the
procedure of Messier and Leblond (1957).
Coverslips coated with emulsion (Kodak
Nuclear Track Type NTB3) were stored at
4° for 1-2 weeks. The emulsion was developed
and the cells werestained with Giemsa’s stain.
When one or more foci of six or more closely
associated silver grains appeared over the
cytoplasm of a cell, the cell was considered
to have incorporated thymidine-H* into
viral DNA. Nueclei over which six or more
grains were seen were considered to have
incorporated thymidine-H® into nuclear
DNA. The proportion of cells incorporating
thymidine-H?® was determined by counting
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five arcas of 200 cells per area on each of
duplicate coverslips.

Fluorochrome staining. Acridine orange
was used according to the technique de-
seribed by Armstrong and Niven (1957).

Faperimentol procedure. Cell cultures were
washed with three 1-ml portions of BSS and
changed to 1 ml of the experimental medium
(EM) consisting of BME and 2% equine
serum. Cultures were infected by incubation
for 2 hours aft 37° with 1 ml of EM contain-
ing virus at a multiplicity of exposure of
approximately 20 PFU per cell. At the end
of this period unadsorbed virus was re-
moved by washing the cultures with three
1-ml portions of BSS. One milliliter of EM
was then added, and the cultures incubated
further at 37°. As judged by the proportion
of cells containing viral antigen, this pro-
cedure resulted in the infection of more
than 85 % of the cells. The time at which
virus was added to the cultures was con-
sidered O time.

At times indicated in the individual
experiments, various concentrations of FPA
were added to the EM which contained PA
at a concentration of 16 ug/ml. When
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Fra. 1. Development of LS antigen, NP antigen, and cell-associated virus (CAV) in HelLa cells in-
fected with vaecinia virus. Cell cultures were incubated with virus (exposure multiplieity = 20) for 2
hours at 37°C, washed, and further incubated at 37°. Coverslip preparations were fixed at various times
p.i. and stained with fluorescent antibody for determination of the proportion of cells containing viral
antigen. Replicate cultures were washed and frozen at the indicated times for subsequent measurement

of CAYV as described in Materials and Methods.
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cultures were treated with FPA during the
adsorption period, the BSS used to wash the
cultures at the end of this period and the
EM subsequently added contained the
indicated concentration of FPA.

Control cultures were handled in the
same manner as those described above
except that virus, inhibitor, or both, as
indicated were not added to the medium.

At intervals following infection, sample
cultures were harvested for measurement of
viral replication. Yields of infectious virus
and HA were determined on samples from
cultures in which the cells were disrupted
in the medium by four cycles of freezing
and thawing followed by sonic oscillation
(10 ke for 5 minutes). For measurement of
CAYV the cellular monolayers were washed
with three 1-ml portions of BSS and dis-
rupted as above in 1 ml of fresh EM. Cul-
tures containing coverslips were washed with
BSS, and the cells were fixed in acetone for
determination of the proportion of cells
containing viral antigen or thymidine-H3,

RESULTS

Development of Vaccinal
Infectious Virus

In cultures inoculated with 20 PFU of
virus per cell and stained at intervals with
fluorescent antibody, LS antigen was de-
tected in a small proportion of the cells
between 2 and 4 hours p.i. NP antigen was
not demonstrable until between 4 and 6
hours p.. Curves indicating the rate of
increase in the proportions of cells con-
taining these antigens (Fig. 1) were es-
sentially parallel, and that for LS antigen
preceded that for NP. The CAV in these
cultures first increased at about 6 hours p..
and reached a plateau at about 24 hours
pi. Vaccinial hemagglutinin was first de-
tected at about 10 hours p.i. and was rou-
tinely assayed at 24 hours p.i.

The proportion of cells containing NP
antigen at 12 hours p.i. was related to ex-
posure multiplicity as shown in Fig. 2.

Antigens and

Effect of FPA on the Formation of Vaccinial
Antigens and Infectious Virus

FPA in varying concentrations was added
with the virus to a series of replicate Hela
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Fra. 2. Relationship between exposure multi-
plicity and proportion of HeLa cells containing
NP antigen at 12 hours after infection with vac-
cinia virus. Cell cultures were incubated with
various multiplicities of virus for 2 hours at 37°C,
washed and incubated further at 37°. Coverslip
preparations were fixed at 12 hours p.i. and stained
with fluorescent antibody for determining the
proportion of cells containing NP antigen.

cell cultures. At 10 hours p.. coverslip
preparations were fixed for staining with
fluorescent antibody and enumeration of cells
containing viral antigen. Yields of infectious
virus and HA were determined on samples
from cultures incubated until 24 hours p.i.

As seen in Fig. 3, cultures treated with
FPA at a concentration of 200 ug/ml yielded
only 10% as much infectious virus as un-
treated infected controls. With concen-
trations of 300 ug/ml and above, the amount
of virus per culture at 24 hours p.i. was the
same as that present after washing the
culture at the end of the adsorption period
and less than 0.1% of that produced by
cultures not treated with FPA.

With 200 pg/ml of FPA, the yield of HA,
unlike that of infectious virus was not de-
tectably decreased. However, with 300
pg/ml and above, the yield of HA like that
of virus was markedly decreased.

At concentrations of FPA of 200 pg/ml or
greater, the proportion of cells containing
NP or LS antigen was decreased, but those
cells that did stain for these antigens showed
fluorescence comparable in intensity and
intracellular distribution to that seen in the
untreated infected control cells. This ob-
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Fia. 3. The effect of p-fluorophenylalanine on the formation of vaceinia virus, vaceinial hemag-
glutinin, NP antigen, and LS antigen in HeLa eells. Cell cultures were incubated with virus and the
indicated concentration of FPA for 2 hours at 37°C, washed, and further incubated in EM containing
FPA at that concentration present during the adsorption period. Coverslip preparations were fixed at
10 hours p.i. and stained with fluorescent antibody for determination of the proportion of cells contain-
ing viral antigen. Replicate cultures were frozen at 24 hours p.i. for subsequent measurement of the

yields of infectious virus and hemagglutinin.

servation suggested that the production of
either NP or LS antigen, once initiated, had
proceeded in these cells in the presence of
FPA. Thus, since at 300 and 350 ug/ml of
FPA none of the infected cells contained
detectable NP antigen whereas about 50%
of the cells were stained heavily with anti-

body against LS antigen, it seemed that the
initiation of synthesis of NP antigen was
more sensitive to FPA than was that of LS
antigen.

Because 300 uy/ml of FPA produced
apparently complete inhibition of synthesis
of infectious virus, NP antigen, and HA,
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Fic. 4. Effect of phenylalanine added at various intervals after the simultaneous addition of virus
and p-fluorophenylalanine to HeLa cell cultures on the production of vaccinia virus, vaceinial hemag-
glutinin, NP antigen, and LS antigen. FPA (300 ug/ml) was added along with virus to replicate cultures.
Cultures were incubated for 2 hours at 37°C, washed and further incubated at 37° in EM containing
FPA. L-Phenylalanine (600 ug/ml) was added at various times p.i. as indicated. Control cultures were
treated in the same manner except that one set received no PA and the other no FPA. For determina-
tion of the proportion of cells containing antigen, coverslips were fixed at 10 hours after the addition
of PA and, in the case of the controls, at 10 hours p.i. Yields of infectious virus and HA were deter-
mined in cultures frozen at 24 hours after the addition of PA and, in the case of controls, at 24 hours p.i.

this dose was chosen for subsequent experi-
ments.

Reversal of FPA-Inhibition by the Addition of
Phenylalanine

FPA was added with virus to a series of
replicate cell cultures, and a greater than

equimolar amount of L-phenylalanine was
added at varying intervals after infection as
indicated in Fig. 4. Control cultures received
virus and FPA or virus alone. For enumera-
tion of cells containing antigen, coverslips
were fixed at 10 hours after the addition of
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PA or at 10 hours p.i. in the case of the
control cultures. Yields of infectious virus
and HA were determined in cultures incu-
bated for 24 hours after the addition of PA
or for 24 hours p.i. in the case of the con-
trols.

The results (Fig. 4) indicated that the
inhibition of synthesis of infectious virus,
HA, NP, and LS antigen was reversed by the
addition of PA to the cultures. However,
FPA-inhibited cultures to which PA was
added as early as 4 hours p.i. yielded 15%
less virus than those cultures reversed with
PA at 0 hours p.i. or those not treated with
FPA. PA added at times after 4 hours p.i.
was progressively less effective in restoring
the ability of FPA-treated cultures to pro-
duce infectious virus. When PA was added
at 12 hours p.i. only 20% of the expected
yield of virus resulted and there was also a
detectable decrease in production of HA.
In related experiments, it was found that
uninfected cultures incubated with FPA
(300 pg/ml) for as long as 12 hours under-
went no discernible morphologic alterations
and, when treated with PA, supported
vaccinia virus replication as well as cultures
not treated with the analog. This suggested
that the observed decrease in yields of virus
and HA from inhibited cultures treated with
PA was not attributable to an irreversible
effect of FPA on the cells per se. Rather, it
suggested an irreversible effect of FPA on
viral replication or possibly an effect of the
viral inoculum, not inhibited by FPA, that
damaged the cells.

As seen in Fig. 4, cultures treated with
FPA and receiving PA as late as 12 hours
p.i. did contain as many cells producing
NP and LS antigen as infected cultures not
treated with FPA. Thus, inhibition of
processes leading to the Znitiation of syn-
thesis of these antigens in a cell was re-
versed by PA. That the proportion of cells
containing viral antigen was the same as in
the untreated infected controls also indicated
that FPA had not interfered with viral
adsorption since, as seen in Fig. 2, decreases
in exposure multiplicity below 20 pro-
gressively decreased the proportion of cells
containing antigen. Although the intensity
of fluorescent staining of cells in cultures
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reversed by PA at 12 hours p.i. was not
perceptibly different from that seen in the
untreated infected cultures, it was possible
that the quantity or quality of antigen in the
reversed cultures was suboptimal and ac-
counted for the decreased yields of virus in
these cultures.

The reversal of FPA-inhibition by added
PA was further examined by determining
the rate of production of infectious virus and
the rate of inerease in the proportion of cells
producing antigen in PA-reversed cultures.
One set of cultures was inoculated with virus
and a replicate set received virus and FPA.
At 6 hours p.i. the inhibited eultures re-
ceived PA (600 upg/ml). At 2-hour intervals
p.i. coverslips were fixed for enumeration of
cells containing antigen and cultures were
washed and frozen for subsequent determina-
tion of CAV.

In Fig. 5, it is seen that cells containing
NP antigen were not detected in the control
cultures until 4 hours p.i. and CAV did not
increase until 6 hours p.i. Cells in the FPA-
treated cultures contained detectable NP
antigen at 2 hours after the addition of PA,
and CAV was observed to inerease 4 hours
after PA. The shortened lag period in the
reversed cultures indicted that the in-
hibited system had reached an early stage of
viral development and had not progressed.
Since the rate of production of virus and the
rate of increase in the proportion of cells
with NP antigen in the PA-reversed cultures
were essentially the same as those in control
cultures, there had been no progressive
accumulation of viral precursor or if such
had occurred, the precursor was either non-
funetional or its production was not rate
limiting in either the synthesis of virus or
the development of the cells ability to
synthesize NP antigen.

Effect of FPA Added at Different Times in
the Infectious Sequence

In an attempt to relate FPA-sensitive
reactions to the stages of viral replication
and the synthesis of products of the infected
cell, the analog was added to cultures at
various times after infection. Also, since a
lag between the time of addition of FPA
and the time at which it became effective
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Fic. 5. Effect of phenylalanine added at 6 hours after the simultaneous addition of p-fluorophenyl-
alanine and virus to HeLa cells on the production of vaceinia virus and NP antigen. Control cultures
were inoculated with virus and a replicate set received virus and FPA (300 ug/ml). The cultures were
incubated for 2 hours at 37°C, washed, and incubated further in EM. The FPA-treated cultures received
EM containing FPA following the wash. At 6 hours p.i., PA was added to the FPA-treated cultures to
give a concentration of 600 ug/ml. At 2-hour intervals p.i., coverslips were fixed for enumeration of cells
containing NP antigen and cultures were washed and frozen for determination of cell-associated virus

(CAV).

might have accounted for the production of
LS antigen in cultures receiving analog at
0 time, FPA was added to some cultures 12
hours before infection. The proportion of
cells containing NP and LS antigen was de-
termined at 10 hours p.. and yields of
infectious virus and HA were determined on
samples taken at 24 hours p.1.

As shown in Fig. 6, the synthesis of infec-
tious virus, HA, and NP antigen was com-
pletely inhibited when FPA was added at
0 or — 12 hours p.i. When the analog was
added at 1 hour p.i., there was subsequent
synthesis of NP antigen by some cells. Inhibi-
tor added at 2 or 3 hours p.i. allowed syn-

thesis of detectable amounts of infectious
virus and HA. In infected control cultures
the first detectable production of NP anti-
gen, virus and HA had occurred at about
4, 6, and 10 hours p.i., respectively. When
FPA was added at 6 hours p.i. or later there
was no apparent inhibition of synthesis of
virus or HA and the proportion of cells con-
taining NP or LS antigen was the same as in
uninhibited cultures.

If FPA became effective shortly after it
was added to the cultures, the above obser-
vations would indicate that FPA-sensitive
reactions concerned with the synthesis of
NP antigen, infectious virus, and HA oc-
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Fia. 6. The effect of p-fluorophenylalanine added at different times on the production of vaccinia
virus, vaceinial hemagglutinin, NP antigen, and LS antigen in HeLa cells. Cultures were inoculated
with virus at 0 time, incubated for 2 hours at 37°C, washed with BSS, and incubated further. FPA (300
pg/ml) was added to cultures at the indicated times and was present in the BSS and fresh EM used for
those cultures treated with FPA before and during the 2-hour adsorption period. The proportion of cells
stained with fluorescent antibody was determined using coverslips fixed at 10 hours p.i. Replicate cul-
tures were frozen at 24 hours p.i. for subsequent measurement of the yields of infectious virus and HA.

curred during the first few hours of infec-
tion and that these reactions were completed
by 6 hours p.i. However, since the time
required for the added FPA to become ef-
fective was unknown and might have dif-
fered among the viral products examined,
it was not considered valid to use these ex-

periments for the exact timing of FPA-
sensitive reactions.

Although the observed inhibition by FPA
of synthesis of NP and LS antigen in many
of the infected cells may have accounted,
at least in part, for the observed deecreased
production of infectious virus, it should be
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F1a. 7. The effect of p-fluorophenylalanine on the development of LS antigen in HeLa cells infected
with vacecinia virus. Cell cultures were incubated with virus and FPA (300 pg/ml) for 2 hours at 37°C,
washed, and further incubated in EM containing the same concentration of FPA. Control cultures re-
ceived virus and were treated in the same manner, without FPA. Coverslip preparations were fixed at
the indicated times and stained with fluorescent antibody for determination of the proportion of cells

containing LS antigen.

noted that when the analog was added to
cultures at 3—4 hours p.. large numbers of
cells synthesized what appeared to be nor-
mal amounts of NP and LS antigen but the
yields of virus and HA were definitely de-
creased. This suggested that in these cul-
tures, neither the synthesis of NP or of LS
antigen was the factor limiting yields of
virus of HA. However, that either the
quantity or quality of these antigens, syn-
thesized in the presence of FPA, was in-
adequate for optimal production of infec-
tious virus could not be excluded.

Fewer cells produced LS antigen when
FPA was added to cultures 12 hours before
infection than when it was added at the
time of infection. However, even after pre-
treatment of cultures with the analog, 37 %
of the cells were able to synthesize large
amounts of LS antigen. The continued
synthesis by some FPA-treated infected
cells of LS antigen was further examined by
determining the proportion of cells contain-
ing the antigen at various times after infec-

tion in the presence and the absence of the
analog. As seen in Fig. 7, the curves for
inhibited and control cultures are similar
until about 8 hours p.i. After this time the
number of cells containing LS antigen in
FPA-inhibited cultures did not increase. It
seemed that those cells destined to produce
LS antigen early, initiated the process in
the presence of FPA, and those which were
to produce antigen late were prevented
from doing so by the analog.

Effect of FPA on DN A Synthesis

Since FPA-sensitive reactions seemed to
precede the synthesis of viral antigens in
the infected cells and since viral DNA syn-
thesis occurs early in the replication of
vacceinig virus (Salzman, 1960; Cairns, 1960;
Magee el al., 1960; Easterbrook, 1961), it
was of interest to determine the effect of
FPA on the synthesis of viral DNA.

Because vaccinia virus DNA is synthe-
sized de movo (Salzman, 1960; Sheek and
Magee, 1961; Kit and Dubbs, 1962) and is
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Fra. 8. The effect of p-fluorophenylalanine on the incorporation of thymidine-H? into viral DNA in
HelLa cells infeeted with vaceinia virus. Coverslip cultures were incubated at 37°C with virus or with
virus and FPA (300 pg/ml). At 0 time and at half-hour intervals after infection, thymidine-H® (0.5 ze/ml)
was added to duplieate cultures. One-half hour after the thymidine-H® was added, pairs of cultures were
fixed and processed for radioautography as described in Materials and Methods. The proportion of cells
showing focal collections of silver grains over their cytoplasm was plotted against the time after infec-

tion when the cultures were fixed.

localized in the cytoplasm, it can be dif-
ferentiated from cellular nuclear DNA by
autoradiography (Cairns, 1960; Kato ef al,,
1960; Sheek and Magee, 1961). Accordingly,
viral DNA synthesis in cells from infected
and FPA-inhibited infected cultures was ex-
amined in terms of incorporation of thymi-
dine-H?® into acid-insoluble cytoplasmic
material. Thymidine-H®* was added to
duplicate coverslip-cultures at 0 time and
at half-hour intervals after infection. Cells
from each pair were fixed and prepared for
autoradiography one-half hour after they
had received thymidine-H3.

In infected cultures exposed to thymidine-
H? between 2.0 and 2.5 hours p.i., 5% of the
cells showed focal collections of silver grains
over their cytoplasm (Fig. 8). These cells
were considered to have synthesized viral
DNA during this interval. When exposed to
thymidine-H? between 4.0 and 4.5 hours
pi. 74% of the infected cells showed focal
labeling of their cytoplasm. Cells from cul-
tures that had received FPA with the virus

showed no detectable incorporation of
thymidine-H? into acid-insoluble cytoplas-
mic material. However, if viral DNA
synthesis had continued at a relatively slow
rate in the presence of FPA, it might not
have been detected by exposure of cells to
thymidine-H? for just 0.5 hour. Also, FPA
might have delayed the onset of viral DNA
synthesis until after 4.0 to 4.5 hours p.i,
the last interval tested. Consequently, the
experiment was repeated except that ecul-
tures were exposed to thymidine-H® for
longer intervals. Cultures that received FPA
with the virus showed no focal eytoplasmic
labeling even after incubation with thy-
midine-H3 from 0 to 5.0 hours pd. or from
4.5 to 8.0 hours p.i. At the end of these
respective intervals, 74 and 71% of cells
from infected control cultures showed heavy
foeal eytoplasmic labeling. Similarly, stain-
ing cells with acridine orange at 5 and 8
hours p.i. revealed green fluorescent cyto-
plasmic inelusions, presumably viral DNA,
in infected control cultures, but not in FPA-
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TABLE 1

Errgct OF p-FLUOROPHENYLALANINE oON In-
CorroraTiON oF TuyMIDINE-H3 1NTO NUCLEAR
DNA oF UNINFECTED AND VACCINIA VIRUS-
InrecTED HELA CBLLS AS DETERMINED BY
AUTORADIOGRAPHY*

9, Cells with nuclear labeling
No FPA FPA added

Interval of
exposure to
thymidine-H?*

(hours pi)  Control Tnfected Control Infected
0-5.0 52 26 54 47
4.0-4.5 36 14 41 —
4.5-8.0 63 34 58 61

¢ Vaceinia virus (exposure multiplicity = 20}
was added to the indicated cultures. FPA to give
a concentration of 300 ug/ml was added at 0 time.
All eultures were incubated for 2 hours at 37°C,
washed, and ineubated further in EM at 37°C.
Those cultures with FPA or thymidine-H?® during
the 2-hour virus adsorption period received EM
containing FPA or thymidine-H? after the washes,
At the indicated times cultures received thy-
midine-H?® (0.5 pe/ml) and at the end of the
interval of exposure to thymidine-H3, cells on
eoverslips were fixed for determination of the
proportion of cells containing H® as described in
Madterials and Methods.

inhibited cultures. That FPA did not mark-
edly interfere with the intracellular avail-
ability of thymidine-H? was suggested by the
observed incorporation of label into the
nuclei of FPA-treated infected cells (see
Table 1). Thus, 300 pg/ml of FPA added
with the wvirus markedly inhibited viral
DNA synthesis whereas under similar con-
ditions many infected cells had synthesized
LS antigen.

In autoradiographic preparations from the
above experiments it was found that in
vaceinia-infected cultures the proportion of
cells with label in their nuclei was approxi-
mately half that found in uninfected cultures
(Table 1). FPA treatment of uninfected cul-
tures did not significantly alter the propor-
tion of eells incorporating thymidine-H? into
their nuelei. Cultures that received FPA
with the virus showed essentially the same
proportion of cells with nuclear label as the
uninfected controls. Thus, vaccinia virus
infeetion had decreased the number of cells
incorporating thymidine-H? into nuclear
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DNA, and this effect was not manifest when
infected cultures were treated with FPA.

DISCUSSION

Differential inhibition by FPA of the
synthesis of products of cells infected with
RNA viruses has been previously reported
(Zimmermann and Schiffer, 1960; Wecker
and Schonne, 1961; Brown et al, 1961;
Scholtissek and Rott, 1961; Levintow ef al.,
1962; Wecker et al., 1962). A similar phe-
nomenon was observed in the present study
of Hela cells infected with vaceinia virus
and treated with FPA. The amino acid
analog, added at the time of infection,
markedly inhibited the synthesis of viral
DNA, NP antigen, infectious virus, and
vaceinial HA but only partially inhibited
the synthesis of LS antigen. By varying the
dose of FPA or the time after infection at
which the inhibitor was added to cultures,
it was possible to reduce the yield of infec-
tious virus to a greater extent than the yield
of HA. In a similar manner, it was also pos-
sible to reduce markedly the yield of virus
and allow the majority of the cells to pro-
duce what appeared to be large amounts of
NP and LS antigen. PA reversed the FPA-
induced inhibition of synthesis of these
various products of the infected cells in-
dicating the specific nature of the inhibition.

FPA may either block protein synthesis
or substitute for PA in the protein syn-
thesized (Cohen and Munier, 1959; Rich-
mond, 1962). FPA inhibition of replication
of vaccinia virus may be attributable to
intetference with the production of enzymes
required for the synthesis of viral com-
ponents or to the synthesis of aberrant viral
proteins. Proteins containing FPA might
be nonfunctional as constituents of infec-
tious virus or nonfunctional as antigen in
reacting with specific antibody. These two
properties of a given protein would not
necessarily be equally sensitive to modifica-
tion by FPA. In the present study, a cell
synthesizing FPA-containing antigen might
or might not have stained with fluorescein-
labeled antibody depending upon the degree
of modification of the antigen.

The absevce of detectable viral DNA
synthesis in cultures treated with FPA at
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the time of infection implied the need for
protein synthesis for viral DNA replication.
This protein might be an uncoating enzyme
as has been described for rabbitpox virus
(Joklik, 1962) or an enzyme involved in the
replication of viral DNA. Vacecinia virus
infection has been found to induce marked
increases in the activities of thymidine
kinase (Green and Pifia, 1962; McAuslan
and Joklik, 1962; Kit et al., 1962; Magee,
1962) and DNA polymerase (Green and
Pifia, 1962; Magee, 1962).

Of particular interest was the finding that
many cells in the FPA-inhibited infected cul-
tures synthesized apparently large amounts
of LS antigen under conditions which in-
hibited all detectable synthesis of viral
DNA. This observation indicated that LS
antigen synthesis had occurred in the
absence of continued synthesis of viral DNA
and possibly that a component of the orig-
inal infecting virus was able to induce or
direct the synthesis of LS antigen. It was
in the hope of clarifying the relationship of
viral DNA synthesis to viral antigen syn-
thesis that a study was carried out on the
effects of 5-fluoro-2'-deoxyuridine on the
replication of vaccinia virus (Loh and Payne,
1965). It was found, as subsequently re-
ported by others (Shatkin, 1963; Easter-
brook, 1963), that cultures treated with the
pyrimidine analog were able to synthesize
some vaccinial protein.

If FPA inhibition of an uncoating enzyme
was alone responsible for the apparent
absence of viral DNA synthesis, it would
follow that the production of LS antigen by
cells not synthesizing viral DNA had been
induced by infecting virus that had not been
uncoated. However, it is possible that un-
coating of virus did occur in those cells that
synthesized LS antigen but not viral DNA.
In this regard, it is of interest that Joklik
(1962) found that about 16 % of the rabbit-
pox virus normally uncoated was uncoated
in cells treated with amounts of FPA com-
parable to those used in the present study.

With the immunofluorescence techniques
available, only a relatively crude estimate of
the quantity of NP or LS antigen per cell
could be made. The minimum amount of
antigen detected by immunofluorescent
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staining was unknown, and, although this
was thought to be quite small, it was possible
that a nonstained cell had synthesized some
antigen. Further, the amount of antigen per
cell in experimental cultures was judged by
comparing the staining of these cells with
that of control cells at various times after
infection. Although two cells appeared to
stain to the same degree, the possibility
that they differed in their content of antigen
could not be excluded.

Nevertheless, the observation that in an
FPA-treated infected culture some cells
produced no detectable LS or NP antigen
while all others produced what appeared to
be a normal amount of these antigens sug-
gested that in some cells FPA interfered
with a process required for the initiation
of synthesis of the antigens and that in the
remaining infected cells FPA did not inter-
fere with either the initiation or continued
production of these antigens. The synthesis
of apparently normal amounts of LS and
NP antigen by many cells under conditions
which inhibited virus yield may have been
attributable to the production of FPA-
containing antigens which were nonfunc-
tional as constituents of infectious virus. It
was equally possible, however, that the
inhibition of virus yield under these condi-
tions was related to FPA interference with
the synthesis of proteins other than LS and
NP antigen. Salzman el al. (1963) have
reported that FPA interfered with the
production of an essential viral protein,
which in their experiments was formed only
3045 minutes prior to the formation of
infectious vaccinia virus. At present, the
relationship of this “late” protein to LS and
NP antigen is unknown.

In the present study, FPA added at 6
hours p.i. permitted synthesis of virus to
continue for several hours and did not reduce
the yield of infectious virus. However,
Salzman ef al. (1963) found that when FPA
was added at 6 hours p.i. production of virus
ceased in less than an hour and the yield of
infectious virus was reduced by 90% or
more. This difference in the results of the
two investigations cannot be adequately
explained. DpL-p-Fluorophenylalanine was
used in the present study, but Salzman et al.



FPA AND VACCINIA VIRAL SYNTHESIS

(1963) did not specify which isomerie form
of the analog was used. The latter authors
used concentrations of FPA and PA ap-
proximately one-tenth of those used here.
Other factors that might have affected the
reactions inhibited or the time required for
added FPA to become effective and that
differed in the two investigations include the
strains of Hela cells, the type of cell culture
(suspension vs. monolayer), and the strain of
virus.

The observed decrease in the proportion
of nuclei ineorporating thymidine-H?® after
infection with vaccinia virus is in agreement
with several previous reports (Hanafusa,
1960; Sheek and Magee, 1961; Kato ef al,,
1962; Kit and Dubbs, 1962) but differs
from reports by Cairns (1960) and Shatkin
and Salzman (1963). The latter authors
found that the proportion of nuclei incor-
porating thymidine was not altered by in-
fection with vaccinia virus. The difference
between the observations of the two groups
of investigators may be related to the finding
of Shatkin and Salzman (1963) that limiting
the supply of thymidylic acid decreased
the rate of synthesis of cellular DNA, but
not that of viral DNA, Other factors, such
as the strain of virus or the type of cells
used by the various investigators, also may
have contributed to their differing results.

In the present study, although the de-
creased incorporation of thymidine-H? into
nuclei may reflect a decreased synthesis of
cellular DNA, virus-induced alterations in
the size of the thymidylie acid pool might
produce similar results (Newton ef al., 1962).
Whatever the explanation for the observed
decreased proportion of nuclei incorporating
thymidine-H? after infection with vaccinia
virus, it is of interest that this decrease was
not found when viral replication was in-
hibited by FPA. In noninfected cultures the
analog had no effect on the number of nuclei
incorporating thymidine-H? a result in-
dicating that nuclear DNA synthesis was
directly or indirectly affected by the virus
and that this effect of the virus was in-
hibited by FPA.
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