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ABSTRACT'

We have previously postulated that wild-type Herpes Simplex Virus type I
(1SV-1) infections are characterized by the presence of a fusion factor and a
fusion inhibitor activity. The fusion inhibitor pre#umably is dominant so that-

a small fraction of cells fuse in a typical wild-type infection. Furthermore,

the syn mutants isolated in our laboratory are thought to cause extensive cell

fusion because the production of active fusion inhibitor in cell membranes is

delaved. If mutations existed that altered both the fusion factor and fusion

inhibitor activity then separate viruses containing these two mutations might

he able to complement each other, each supplying the defecﬁive gene product
missing in the other virus. This would produce a wild type and not a syncytiai
mutant response. Compleméntation tests between two viruses, tsB5 and syn 20,
which.arc.thouqht to contain defects in the production of active fusion factor
and fusion inhibitor activity, respectively, were done. A wild-typé response
was obser?ed indicating that the mutations affecting fusion were in two separate
genes.  The fusion capacity of syn 20-infected cells was found to decrease late
in infection, a finding consistent with the defectﬁ%%ﬁé}due to a delay in the

appcarance of active fusion inhibitor in cell membranes. An assay to measure

and characterize the fusion inhibitor has been developed. The block in virus

growth by the membrane perturber adamantanone has been extensively studied.

The effect may be an action on the fusion factor or fusion inhibitor glyco-
protein. Our current working hypothesis is that adamantanone causes the virion
to incorporate incorrect glycoproteins when it buds through(zﬁ;inner nuclear
meﬁbranc, or that oné or more of these glycoproteins eannot be processed in

the presence of adamantanone.
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PROGRESS REPORT
we are studying the mechanism of cell fusion induced by fusion-causing

mutants of Herpes Simplex Virus type I (HSV-1). We have isolated a number of

these mutants which, unlike the wild-type strain from which they are derived

(KOS), cause extensive cell fusion during an otherwise normal infection. These
mutants are called éZE mutants because of their ability to form syncytia, cells
containing many nuclei, due to cell fusion. Because the syncytia result in
plagues that ére disﬁinctly different from those produced by wild-type virus,
the mutants were first identified as pléque morphology mutants. Using such
mutants, our goal has been to genetically and biochemically dissect the fusion
process in HSV-1 infected cells.

A year aqb the progress report included a summary of work on the timing of
some of the molecular events required for cell fusion. Viral DNA, RNA, protein
synthcsié and the glycosylation of glycoproteins were inhibited at various
times after infection. The resulting effect on cell fusion was determined.

It was found, for example, that protein synthesis was not required for cell
fusion after 5% hr after virus‘infection. This is the time of onset of fusion.
This rgscarch has been accepted for publication and is included as Appendix 1.
Reprints of work in press or manuscripts submitted for publication a year ago
arc included as appendices:

Appendix 2 - Ammonium chloride inhibits cell fusion

Appendix 3 - A study of neutral glycolipids of mock-infected, syn mutant

infected and wild type infected cells

Appendix 4 - A fluorescence enhancement assay of cell fusion.

A publication resulté:;giiym,cbllaborative work with Prof. Pollard is alsc
included (Appendix/g). Another manuscript,”The Genetic Evidence for the
Existence of Two Viral Genes that Affect Cell Fusion in HSV-1 Infected Cells”,
Qill be submitted for publication in a few days and will be sent at that time.

It will form Appendix 6.
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This vear we proposed to (1) determine the fusion capacity of syn mutant-
infected cglls, (2) characterize fﬁsion inhibition in wild-type infected cells,
(j) examine the fusion process using electron miscroscopy, and (4) identify the
step in virus growth that is blocked by adamantanone. Substantial progress has
béen made on the determination of the fus%on capacity of syn mutant cells and
cxpe;iments have been bequn on the characterization of fusion inhibition.

The blockage of virus growth by 2-adamantanone has been extensively studied.

All of these studies are expected to be completed by the end of the current
granting period. Examination of the fusion process by electron microscopy,
although an important project, has not been initiated as of this time. Because

" of recent developments in Dr. Patricia Spear's laboratory (U. Chicago), we
initiated and completed a study on genetic complementation of the syn mutants
isolated in our laboratory Qith a mutant isolated by Dr. A. Buchan (U. Birmingham).
A discussion of ﬁhis research follows.

We have noted previously that wild-type infections appear to be charac-
terized by both a fusion factor and a fusion inhibitor activity. The action of
the inhibitor is evidently dominant so that only a small fraction of cells fuse.
Furthermore, we hypothesized that the syn mutants isolated in our laboratory
contained a defect in the expression of fusion inhibitor activity (see Grant
Proposal). Manservigi, Spear and Buchan (PNAS 74:3913-3917, 1977) reported that
a mutant, tsB5, derived from another strain of HSV-1, was temperature-sensitive
for. the production of fusion factor. It seemed worthwhile to determine if these
mugants, onc presumed to contain a defect in fusion inhibitor production, and
the other presumed to contain a defect in the fusion factor production, would
complement cach other. A positive result of a complementation test was
considered a good possibility because each virus may be able to supply the gene

function missing in the other virus. If this occurred a wild-type fusion



response would be observed.

Cell fusion was assayed using the Coulter counter assay which measures the
numbcr.of unfused single cells. As already known, one of the mutants isolated
in our laboratory, syn 20, produced extensive fusion at 34° and 38°C. tsB5
produced extensive fusion of human embryonic lung (HEL) cells at 34° but not
at 38°C. Since tsBS5 causes extensive fusion of HEL cells at 34°C, in contrast
to the parent strain frém which it was derived, the temperature-sensitive
mutation in tsB5 presumably produces an altered fusion factor that can cause
fusion cven in the presence of an unaltered fusion inhibitor. Therefore, we
postulated that tsB5 would cause fusion in mixed infections with wild-type
virus at 34°C, unlike 522 20. Fusion was not expected at 38°C because the
temperature-sensitive mutation results in defective fusion factor at that
temperature. when'HEL cells were simultaneously infected with wild-type and
‘tsns virus these predictions were confirmed.

In order to test for complementation between two,mutants, both must be
recessive in mixed infections with wild-type yirus. Although tsB5 does not
meet this condition at 34 it does at 38°C. Therefore a satisfactory test for
complementation between tsB5 and syn 20 would be to examine the kinetics of
fusion at 38°C following a mixed infection of HEL cells. These experiments
were done and fusion curves typical of wild-type virus, and not of mutant
viruses, were observed. Other syn mutants isolated in our laboratory, syn 8,
30, 31, 32 and-33, were also tested for complementation with tsB5. Although
fusion was only scored qualitatively in these latter experiments, in all cases
the mixed infections with tsB5 produced a wild-type response. Apparently the
defects in the syn mutants and in tsB5 are in différent genes and are able to
complement each other. This provides genetic evidence for the existence of

two virai gene prodgcts that affect cell fusion, and is in agreement with the



biochemical evidence provided by Manservigi, Spear and Buchan. It is hoped
taht future experiments will confirm that the two genes are ones affecting the
productioh of active fusion inhibitor and active fusion factor.

The purpose of experiments on the fusion capacity of syn mutant-infected cells
is to determine if fusion capacity decreases late in infection. This may be
the case.becauée we suspect that fusion inhibitor production is delayed, but
not’ permanently turned off, in syn mutant infections. Furthermore, we suspect
that the delay is different for each of the syn mutants. The fusion capacity
experiments would provide an independent test of these ideas.

In order to determine the fusion capacity of syn mutant infected cells,
cells at a low cell density are infected with a particular syn mutant. The cells
do nét fuse during incubation under this condition because the'cellecell
scparation distances are too great. At various times after infection an excess
of uninfected indicator cells is added so that fusion can be scored subsequently
bcﬁchn infected and uninfected cells. Cycloheximide is added along with the
indicator cells to minimize changes in the plasma membranes afteg the addition
of the indicator cells. We have found that cycloheximide does not interfere
with the attachment of uninfected cells, nor does it prevent the fusion of
syn mutant cells with the indicator cells. The extent of fusion is determined
after a prolonged incubation of sbarse cells with the indicator cells in order
to allow all possible fusion events to occur. Infected cells are specifically
marked by prior labeling of these cells with 3H—thymidine and preparing radio-
autographs prior to scoring for fusion. The fusion of cells containing labeled
nuclei in the cells cqntaining unlabeled nuclei was determined as a function
of time'aftér infection (time of addition of cycloheximide and indicator cells).
Typical data are shown here. for cells infected with syn 20 virus (Fig. 1).

It is clear that the capacity of the infected cells to cause fusion (decrease
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in the number of infected cells that are not fused, N/No) increases after the
onset of fusion, reaches a maximum at about 12 hrs after infection, and then
dccrcages rapidly later in infection. These data are consistent with the data
from fusion kinetics curves which show an onset of fusion at 5% hr§ after
infection followed by a marked decrease in the rate of fusion beginning at

12 hrs éftcr infection. Since the Coulter counter assay of fusion kinetics
acpcnds on harvesting cells without rupturing syncytia, thé current experiments
are a much more valid indicator of fusion capacity since the scoring is done
using a microscope so that the cells are ﬁot harvested. We are currently
characterizing various syn mutants for their fusion capacity throughout infection
.using this technique.

In a similar way the fusion of sparse'§15 20-infected cells incubated to
produce maximum fusion capacity (12 hrs) can bé assayed when the excess indicator
.cells have been infected with wild-tyée virus. The variable in these experiments
will bé éhe time of incubation of the wild-type virus-infected cells prior to
their addition to the syn mdtant-infected cells. 1In these experiments similar
results arc obtained if sparse syn mutant cells are added to the wild-type
infected cells or vice versa, but the addition of the syn mutant cells is
preferred. In this protocol the harvesting procedure is not applied to the
wild-type infected cells, which are the ceils of interest.‘ The purpose of
these experiments is to determine when active fusion inhibitor is pfesent at
the cell surface of the wild-type infected cells. When it appears it will
decrease the extent of fusion of syn mutant-infected cells with wild-type
infected. Earlier experiments have already established that syn mutant cells

do not fusc extensively with wild~-type infected cells.



In addition to measuring the time of appearance of fusion inhibigor on the
cell surface of wild-type infected cells, the nature of the fusion inhibitof
can also be studied. For example, cycloheximide can be added to wild-type
infected cells at various times to determine the time course of synthesis of
fusion inhibitor.. Finally, the indicator cells can be other §Xg_mutant-infected
cells so that one can measure the time of appearance of fusion inhibitor on

‘thc surface of these cells. Preliminary experiments using wild-type infected
cells show that full inhibition is e#pressed by 8 hrs after infection.
Experiments on the nature of the inhibitor molecule are just beginning.

THe growth of the KOS strain of HSV-1l in inhibited by adamantanone and by
adamaﬁtancacetic acid. Although the latter is the more potent inhibitor,
the former has been more extensively studied. Both compounds are thought to
act b? pcrthbing celiular mémbranes.

It has beecn determined that adamantanone acts at a late point in the virus
life cycle. It inhibits further virus growth even when added quite late in
infcction, its cffect beginning immediately after its addition to the infected
cells.  Its cffect is partially reversible when it is removed from the culture
at 24 hrs after infection, which is the peak of virus growth in untreated

~cells. This reversibility is not blocked by cycloheximide or 2-deoxyglucose.
Thcrcfore, the adamantanone-sensitive step does not require protein synthesis
or glycosylation. Since it is also partially reversible late in infection and
since adamantanone is a membrane perturber, we suspected that it acted at some
step in the acquisition of the viral envelope.

Adamantanone has no general effect on protein synthesis in infected or
uninfected cells as measured by an examination of protein and glycoprotein
profiles fbllowing their separation by SDS gel electrophoresis. However, it

doecs affect the post—translétional processing of at least two HSV-1 glycoproteins.
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Interestingly, these gwo Qlycoproteins correspond to the fusion inhibitor
and the fusion factor. It appears to cause an increase in the mobility of the
glycoprotein that is thought to be the fusion inhibitor, and causes a small
decrease in the ratio between the glycoprotein thought to be the fusion factor
and another glycoprotein that is thought to be a precursor to the final fusion
factor. These differences are not thought to be responsible for the decrease
in virus.producéion by adamantanone since virus strains completely lacking
fusion inhibitor exist, and because the effect on fusion factor and its
jprecursors is small. Nonetheless, it may bear on the fusion inhibition that
hasvalso been observed for adamgntanone.

Muclei of infected cells have also been examined by SDS gel electrophoresis.
It has bécn found thét adamantanone does not inhibit the translocation of viral
polypeptides to the nucleus, which is the site of capsid assembly and envelope-
ment.  An interesting result of these experiments is that the nuclei contain only
the fusion factor precursor, but not the mature fusion factor which is found in
the virion. This may mean tﬁat although the virion acquires its membrane by
budding througnh the inner nuclear membrane, it must undergo further maturation,
presumably in the cisternae of the endoplasmic reticulum or the Golgi complex.

Adamantanone has béen found to only slightly inhibit the assembly of virus
capsids in the nucleus, and particles with properties similar to virions have
been found in‘the cytoplasm of adamantanone-treated infected cells, although
their number is substantially reduced. The nature of these particles is being
investigated. Our working hypothesis is that adamantanone either causes the
virion to fail to incorporate the correct glycoprotein when it buds through the
iﬁncr nuclear membrané, or that these glycoproteins cannot be processed in the

prescence of adamantanone, as discussed above.
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ABSTRACT‘

We have previously postulated that wild-type Herpes Simplex Virus type I
(hsv-l) infections are characterized by the presence of a fusion factor and a
fusion inhibitor activity. The fusion inhibitor presumably is dominant so that

a small fraction of cells fuse in a typical wild-type infection. Furthermore,

the syn mutants isolated in our laboratory are thought to cause extensive cell

fusion because the production of active fusion inhibitor in cell membranes is
delaved. -If mutatians existed that altered both the fusion factor and fusion
inhibitor activity then separate viruses containing these two mutations might
bhe able to complemént each other, each supplying the defective gene product
missing in the other virus. This would produce a wild type and not a syncytial
mutant response. Complementation tests between two viruses, tsB5 and syn 20,
which'arc thought to contain defects in the production of active fusion factor
and fusion inhibitor activity, respectively, were done. A wild-type response
was obserQed indicating that the mutations affecting fusion were in two separate
genes. The fusion capacity of syn 20-infected cells was found to decrease late
in infection, a finding consistent with the defect{?%ﬁiidue to a delay in the
appearance of active fusién inhibitor in cell membranes, An assay to measure
and characterize the fusion inhibitor has been developed. The block in virus
growth by the membrane perturber adamantanone has been extensively studied.

The cffect may be an aétién on the fusion factor or fusion inhibitor glyco-
pro;ein. Our current working hypothesis is that adamantanone causes the virion
to incorporatce incorrect glycoproteins when it buds throughﬁié}inner nuclear
membrane, or that one or more of these glycoproteins cannot be processed in

the presence of adamantanone.



PROGRESS REPORT

we are studying the mechanism of cell fusion induced by fusion-causing

mutants of Herpes Simplex Virus type I (HSV-1). We have isolated a number of
_these mutants which, unlike the wild-type strain from which they are derived
(KOS), cause extensive cell fusion during an otherwise normal infection. These
mutants are called éiﬂ mutants because of their ability to form syncytia, cells
containing many nuclei, due to cell fusion. Because the syncytia result in
placues that are distinctly different from those prodhced by wild-type virus,
the mutants were first identified as plague morphology mutants. Using such
mutants, our goal has been to genetically and biochemically dissect the fusion
process in HSV-1l infected cells.

A year ago the progress report incluéed a summary of work on the timing of
some of the molecular events required for cell fusion. Viral DNA, RNA, protein
synthesis and the glycosylation of glycoproteins were inhibited at v;rious
times after infection. The resulting effect on cell fusion was determined.

It was found, for example, that protein synthesis was not required for cell
fusion after 5% hr after virus infection. This is the time of onset of fusion.
This rescarch has been accepted for publication and is included as Appendix 1.
Reprints of work in press or manuscripts submitted for publication a year ago
are ;ncludcd as appendices:

| Appendix 2 - Ammonium chloride inhibits cell fusion

Appendix 3 - A study of neutral glycolipids of mock-infected, syn mutant

infected and wild type infected cells

Appendix 4 - A fluorescence enhancement assay of cell fusion.

A publication resulting from collaborative work with Prof. Pollard is also
included (Append;x 5). Another manuscript,'"The Genetic Evidence for the
Existence of Two Viral Genes that Affect Cell Fusion in HSV-1 Infected Cells",
will be submitted for publication in a few days and will be sent at that time.

It will form Appendix 6.



This year we proposed to (1) determine the fusion capacity of syn mutant-
infected cells, (2) characterize fusion inhibition in wild-type infected cells,
(3) cxamine the fusion process using electron miscroscopy, and (4) identify the
step in virus growth that is blocked by adamantanone. Substantial progress has
Seen made on the determination of the fusion capacity of syn mutant cells and
cxperiménts have been bequn on the characterization of fusion inhibition.

The blockage of virus growth by 2-adamantanone has been extensively studied.

All of these studies are expected to be completed by the end of the current
gfanting period. Examination of the fusion process by electron microscopy,
although an important project, has not been initiated‘as of this time. Because

" of recent developments in Dr. Patricia Spear's laboratory iU. Chicago), we
initiated and completed a study on genetic complementation of the syn mutants
isolated in our laboratory with a mutant isolated by Dr. A. Buchan (U. Birmingham) .
A discussion of this research follows.

We have noted previously that wild-type infections appear to be charac-
terized by both a fusion factor and a fusion inhibitor activity. The action of
the inhibitor is evidently dominant so that only a small fraction of cells fuse.
Furthermore, we hypothesized that the syn mutants isolated in our laboratory
contained a defect in the expression of fusion inhibitor activity (see Grant
Proposal). Manservigi, Spear and Buchan (PNAS Z£:3913-39l7, 1977) reported that
a mutant, tsB5, derived from another strain of HSV-1l, was temperature-sensitive
for the production of fusion factor. It seemed worthwhile to determine if éhese
mutants, one presumed to contain a defect in fusion inhibitor production, and
the otﬁcr presumed to contain a defect in the fusion factor produc;ion, would
complement each other. A positive result of a complementation test was
considered a good possibility because each virus may be able to supply the gene

function missing in the other virus. If this occurred a wild-type fusion



response wquld be observed.

cell fusion was assayed using the Coulter counter assay which measures the
number of unfused single cells. As already known, one of the mutants isolated
in our laboratory, syn 20, produced extensive fusion at 34° and 38°C. tsB5
produced extenéive fus;on of human embryonic lung (HEL) cells at 34° but not
at 38°cC. Since-tsBS causes extensive fusion of HEL cells at 34°C, in contrast
to the parent strain from which it was derived, the temperature-sensitive
mutation in tsBS preéumably produces an altered fusion factor that can cause
fusion even in the presence of an unaltered fusion inhibitor. Therefore, we
postulated that tsB5 would cause fusion in mixed infections with wild-type
virus at 34°C, unlike syn 20. Fusion was not expected at 38°C because the
temperature-sensitive mutation results in defective fusion factor at that
temperature. When HEL cells were-simultaneously infected with wild-type and
tsB5 virus these predictions were confirmed.

In order to test for complementation between two,mutants, both must be
recessive in mixed infections with wild-type virus. Although tsB5 does not
meet this condition at 34 it does at 38°C. Therefore a satisfactory test for
complementation between tsB5 and syn 20 would be to examine the kinetics of
fusion at 38°C following a mixed infection of HEL cells. These experiments
were done and fusion curves typical of wild-type virus, and not of mutant
viruses, werc observed. Other syn mutants isolated in our laboratory, syn 8,
30, 31, 32 and 33, were also tested for complementation with tsB5. Although
fusion was only écored qualitatively in these latter experiments, in all cases
the mixed'infcctions with tsB5 produced a wild-type response. Apparently the
defects in the syn mutants and in tsBS are in different genes and are able to
complement each other. This provides genetic evidence for the existence of

two viral gene products that affect cell fusion, and is in agreement with the
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biochemical.evidence provided by Manservigi, Spear and Buchan. It is hoped
taht future experiments will confirm that the two genes are ones affecting the
production of active fusion inhibitor and active fusion factor.

The purpose of experiments on the fusion capacity of syn mutant-infected cells
is to determine if fusion capacity decreases late in infection. This may be
the case because we suspect that fusion inhibitor production is delayed, but
not permanently turned off, in syn mutant infections. Furthermore, we suspect
that the delay is different for each of the syn mutants. The fusion capacity
experiments would provide an independent test of these ideas.

In order to determine the fusion capacity of syn mutant infected cells,
cells at a low cell density are infected with a particuiar syn mutant. The cells
do nét fuseAdqring incubation under this condition because the cell-cell
scparation distances are too great. At various times after infection an excess
of uninfected indicator cells is added so that fusion can be scored subsequently
beﬁwcen infected and uninfected cells. Cycloheximide is added along with the'
indicator cells to minimize changes in the plasma membranes after the addition
of the indicator cells. We haye found that cycloheximide does not interfere
with the attachment of uninfected cells, nor does it prevent the fusion of
syn mutant cells with the indicator cells. The extent of fusion is determined
after a prolonged incﬁbation of sparse cells with the'indicator cells in order
to allow all pos;ible fusion events to occur. Infected cells are specifically
marked by prior labeling of these cells with 3H—thymidine and preparing radio-
autographs prior to scoring for fusion. The fusion of cells containing labeled
nuclei in the cells containing unlabeled nuclei was determined as a function
of time after infection (time of addition of cycloheximide and indicator cells).
Typical data are shown here for cells infected with syn 20 virus (Fig. 1).

It is clear that the capacity of the infected cells to cause fusion (decrease
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in the number éf infected cells that are not fused, N/No) increases after the
onset of fusion,‘reaches a maximum at about 12 hrs after infection, and then
decreases rapidly later in infection. These data are consistent with the data
from fusion kinetics.curves which show an onset of fusion at 5% hrs after
infection followed by a marked decrease in the rate of fusion beginning at

12 hrs after infection. Since the Coulter counter assay of fusion kinetics

. depends on harvesting cells without rupturing syncytia, thé current experiments
are a much more valid indicator of fusion capacity since the scoring is done
using -a microscope so that the cells are not harvested. We are currently
characterizing various syn mutants for their fusion capacity throughout infection
using thi; technique.

In a similar way the fusion of sparse'§zg 20-infected cells incubated to
.produce maximum fusion capacity (12 hrs) can be assayed when the excess indicator
cells have been infected with wild-type virus. The variable in these expeiiments
. will be the time of incubation of the'wild-type virus-infected cells prior to
their addition to the syn mutant-infected cells. In these experiments similar
results are obtained if sparse syn mutant cells are added to the wild-type
infected cells or vice versa, but the addition of the syn mutant cells is
preferred. In this protocol the harvesting procedure is not applied to the
wild-type infected cells, which are the cells of interest. The purpose of
these experiments is to determine when active fusion inhibitor is present at
the cell surface of the wild-type infected cells. When it appears it will
decrease the cxtent of fusion of syn mutant-infécted cells with wild-type
‘infected. Earlier experiments have already established that syn mutant cells

do not fuse extensively with wild-type infected cells.



In addition to measuring the time of appearance of fusion inhibitor on the
cell surface of wild-type infected cells, the nature of the fusion inhibitor
can also be studied. For example, cycloheximide can be added to wild-type
infected cells at various times to determine the time course of synthesis of
fusion inhibitor. Finally, the indicator cells can be other syn mutant-infected
cells so that one can measure the time of appearance of fusion inhibitor on
the surface of these cells. Preliminary experiments using wild-type infected
cells show that full inhibition is expressed by 8 hrs after infection.
Experiments on the nature of the inhibitor molecule are just beginning.

THe growth of the KOS strain of HSV-1 in inhibited by adamantanone and by
adamantaneacctic acid. Although the latter is the more potent inhibitor,
the former has been more extensively studied. Both compounds are thought to
act by perturbing cellular membranes.

It hés been determined that adamantanone acts at a late point in the virus
life cycle. It inhibits further virus growth even when added quite late in
infection, its effect beginning imnediately after its addition to the infected
cells. Its effect is partially reversible when it is removed from the culture
at 24 hrs after infection, which is the peak of virus growth in untreated
cells. This reversibility is not blocked by cycloheximide or 2-deoxyglucose.
Therefore, the adamantanone-sensitive step does not require protein synthesis
or gly;osylation. Since it is also partially reversible late in infection and
since adaﬁéntahone is a membrane perturber, we suspected that it acted at some
step 'in the acquisition of the viral envelope.

Adamantanone has no general effect on protein synthesis in infected or
uninfected cells as measured by an examination of protein and glycoprotein

profiles following their separation by SDS gel electrophoresis. Howevér, it

docs affect the post-translational processing of at least two HSV-1 glycoproteins.
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Interestingly, these ﬁwo glycoprotéins correspond to the fusion inhibitor
and the fusion factor. It appears to cause an increase in the mobility of the
glycoprotein that is thought to be the fusion inhibitor, and causes a small
decrease in the ratio between the glycoprotein thought to be the fus}on factor
and another glycoprotein that is thought to be a precursor to the final fusion
factor. These differences are not thought to be responsible for the decrease
in virus.production by adamantanone since virus strains completely lacking
fusion inhibitor exist, and because the effect on fusion factor and its
precursors is small. Nonetheless, it may bear on the fusion inhibition that
has also been observed for adamantanone.

Nuclei of infected cells have also been examined by SDS gel electrophoresis.
It hés béen found thét adamantanone does not inhibit the translocation of viral
polypeptides to the nucleus, which is the site of capsid assembly and envelope—
ment.  An interesting result of these experiments is that the nuclei contain only
the fusion factor precursor, but not the méture fusion factor which is found in
" the virion. This may mean that although the virion acquires its membrane by
budding through the inner nuclear membrane, it must undergo further maturation,
presumably in the cisternae ofbthe endoplasmic reticulum or the Golgi complex.

hAdamantanone has béen found to only slightly inhibit the assembly of virus
capsids in the nucleus, and particles with properties similar_to virions have
been found in the cytoplasm of adamantanone-treated infected cells, although
their number is substantially reduced. The nature of these particles is being
investigated. Our working hypothesis is that adamantanone either causes the
virion to fail to incorporate the correct glycoprotein when it buds through the
iﬁncr nuclear membrane, or that these glycoprotéins cannot be processed in the

presence of adamantanone, as discussed above.
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The timing of some of the molecular events that are required
for cell fusion was investigated. Cell fusion was produced
by a mutant of Herpes Simplex Virus type 1 (HSV-1) that causes
extensive cell fusion during infection. The timing of molecular
events required for fusion was established by the use of blocking
agents; Phosphonoacetic acid (PAA) blocks viral DNA synthesis;
actinomycin D blocks RNA synthesis;. cycloheximide blocks protein
synthesis; 2-deoxyglucose blocks glycosylation of glycoproteins;

high temperature, NH Cl and adamantanone block unknown steps

4
required for cell fusion. For cells infected at a low multiplicity
of infection (MOI) PAA decreased the rate but not the final
amount of fusion, but at an MOI of 1C it had no effect on the
rate of cell fusion. RNA synthesis is required for fusion until
4 h after infection, protein synthesis until 5% h after infection,
and glycosylation until 7 h after infection. The temperature-
dependent step occurs before 6 h after infection, whereas NH4C1
and adamantanone act at steps that occur.until 8 h after infection.
Cycloheximide, temperature, NH4C1 and adamantanone act reversibly;
actinomycin D and 2-deoxygiucose act irreversibly. The same
order of action of thé inhibitors was also determined by using
pairs of inhibitors sequentially. These experiments also indicated
that fusion factor was not an Q-polypeptide. Virus growth and

3

cell fusion were both found to be highly dependent on teﬁperature

in the range of 30 to 40°C. Wild type infections !
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are aéparently characterized by the presence of a fusion factor
and a fusion inhibitor. The fusion-blocking agents were added
to wild type infected cells under a variety of conditions in
an attempt to selectively block the production of the fusion
inhibitor molecule, and thereby cause éxtensive cell fusion.

However, fusion was not observed in any of these experiments.



It no& appears that wild type Herpes Simplex Virus type 1 (Hsv-1) infections
are cﬁaracterized by the presence of fusion factor and fusion inhibitor
éctivity (10, 15, 16; Person and Warner, unpublished observations).

The action of the inhibitor dominates so that only a small fraction of

cells fuse (13). We have isolated mutants that cause extensive fusion

and these may be altered in the expression of fusion inhibitor activity
(15). Using a qualitative 'a.s;say for cell fusion and some of the inhibitors
employed here, others have examined the requirement and timing of macromole-
cular syntbesis for cell fusion (3, 4, 8). The present study employs

a gquantitative assay for cell fusion and extends the previous studies.



MATERIALS AND METHODS

Cell cultures and virus stocks. The growth and maintenance of HEL

cell cultures and virus stocks were described previously (13). The
HSV-1 strain, KOS, was kindly provided by Priscilla Schaffer (Sydney
Farber Cancer Institute, Harvard Me@ical School, Boston, MA). The mutant
of KOS used here, syn 20, causes extensive syncytia formation. The
procedﬁre for hutant isolation was described previously (13).

The growth medium used in these experiments was a modified F12 containing
10% fetal bovine serum. The saline solution used to wash cells and

dilute virus suspensions was a tricine-buffered saline (TBS). Both

"were described previously (13). At various times after infection cells

were harvested with trypsin and EDTA and counted using a Coulter counter.
The extent of fu§ion was determined by measuring the number of cells
with pulse heights corresponding to the size of small single cells.

Cells disappear from this interval as they fuse with other cells and

shift to a larger threshold interval (13).

Metabolic inhibitors. Inhibitors were dissolved in growth medium

and the pH adjusted to 7.3 when necessary. Cell monolayers were washed
once with TBS prior to the addition of growth medium containing the
inhibitor. Metabolic inhibitors were added to cultures at various times
and remained in the cultures during subsequent incubation except where
otherwise indicated.

Phosphonoacetic acid (PAA) was obtained from Ri;hmond Organics, Richmond,
VA; actinomycin D and 2-D-deoxyglucose from Sigma Chemical Co., St.
Louis, MO; cycloheximide'from Calbiochem, San Diego, CA; 2-adamantanone

from Aldrich Chemical Co., Milwaukee, WI; and ammonium chloride (NH4C1)



from Fisher Scientific Co., Fairlawn, NJ. In preliminary experiments
actinomycin D, cycloheximide and 2-deoxyglucose were found to selectively
inhibit RNA synthesis, protein synthesis or glycosylation, respectively,
at tﬁe concentrations employed. These results are consistent with those

reported by others (5, 9, 11, 14).

EQuilibrium sedimentation analysis. Duplicate cultures of HEL cells

" were seeded in l6-ounce prescription bottles (2.5 X 104 cells/cm2 and
grown for 40 h at 37°C }about 90% confluent). Immediately after virus
adsorption 4 uCi/ml of [3H]thymidine was added to the cell cultures

and PAA wa§ added to one~half of the cultures. After 10 h incubation

at 34°cC the.cells were scraped into growth medium, pelleted and washed
twice in the following solution: 10+ M NaCl, 1072 M EDTA and 1072 M
Tris-HCl at ﬁH 7.4. Uninfected cells labeled with [14C]thymidine (0.1
UCi/ml) were harvested and washed in the same way and mixed with either
PAA-treated or untreated, [3H]thymidine labeled, infected cells. The
cells were lysed in 12 ml of lysing solution (0.5% of sodium dodecyl
sulfate and sodium lauryl sarcosine in 2 X 10‘.3 M dithiothreitol and

2.5 x 10 ° M EDTA for 15 min at room temperature) and the DNA deproteinized
with autolysed (30 min at room temperature) pronase (100 ug/ml) for

30 min. The lysate was added to solid cesium chloride (CsCl) to give

a mean density of 1.707 g/cm3 and centrifuged for 64 h at 30,000 rpm

in a Beckman type'SO titanium rotor. After centrifugation fractions were
collected, calf thymus carrier DNA was added to each fraction, and DNA
was precipitated with 5% (w/w) trichloroacetic acid (TCA). Precipitates

were collected onto Millipore filters (0.22 UM pore size), washed with



distilléd water, air dried and the filters suspended in Omnifluor liquid
scintillation fluid. The 3H and 14C radiocactivity was determined in a
liguid scintillation spectrometer.

Radioactive chemicals and Omnifluor liquid scintillation fluid were
from New England ‘Nuclear Corp., Boston, MA; sodium lauryl sarcosine,
dithiothreitol and Tris from Sigma Chemical Co. NaCl and EDTA from Mallinr
krodt, St. Louis, MO; sodium dodecyl sulfate from Pierce Chemical Co.,
Rockford, IL; pronase from Calbiochem; CsCl from Metallgellschaft agq.,
Frankfurt, W. Germany; TCA from Fisher Scientific Co.; and Millipore

filters from Millipore Corp., Bedford, MA.



RESULTS

Effect of PAA on DNA replication and cell fusion. PAA blocks HSV-1

DNA replication as measured by equilibrium sedimentation of labeled DNA
(Fig. 1). Cells were infected with syn 20 and labeled with [3H]thymidine
prior to sedimentation in CsCl. Data are shown for virus infections
in the presence and absence of PAA. In the presence of PAA, viral DNA
synthesis is almost'completely eliminated while cellular DNA synthesis
1s only decreased by about 25% (see Fig. 1l). A large amount of cellular
DNA was observed because the label was added immediately after virus
adsorption. |

When cells were infected with §X2_20 at an MOI of 0.2 or 1.0, and PAA
was added immediately after infection, the rate of fusion was decreased
(Figs. 2, 3). After the onset of fusion (about 5 h after infection)
a semi-logarithmic plot of tﬁe fraction of cells in a culture remaining
unfused as a function of time after infection yields a straight line
whose slope is a measure of the rate of fusion. The percent inhibition
of fusion is defined as one minus the ratio of the slopes of the fusion
kinetics curves, in the presence and absence of an inhibitor, times 100.
At an MOI of 1 the percent inhibition of fusion by PAA was 50% when PAA
was added immediately after infection, and decreased to 10% when PAA
- was added 4 h after infection (Fig. 4).

Data presented in Fig. 4 éould reflect a requirement for transcription
of some minimum number of DNA yenomes, and the translation of the resulting
mRNAs, in order to achieve a maximum rate of fusion. This idea was tested

by determining the inhibition of fusion as a function of the adsorbed
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MOI. ‘The percent inhibition of fusion was found to decrease as the

MOI increased, reaching zero at an MOI of 10 (Fig. 5). Furthermore,

by extending the fusion kinetics curves to longer times extensive fusion
was ﬁitimately observed even for infection at the lower MOI (data not

shown) .

Effect of actinomycin D, cycloheximide, temperature shift, 2-deoxyglucose,

NH,Cl and adamantanone on cell fusion. If one of these inhibitors was
added shortly after infection, fusion was completely blocked but the

fusion blockiné was limited to a specific time interval during infection.
Data which support this conclusion are shown for infected cells incubated
in the presence of cycloheximide (Fig. 6), 2-deoxyglucose (Fig. 7), and for
a temperature shift from 34° to 41°C during incubation (Fig. 8). Similar
fesults were obtained using actinomycin D, NH4C1 and adamantanone (data

not sthn). Results of many fusion kinetics curves using these blocking
agents are most simply expressed in diagrammatic form (Fig. 9). A shaded
rectangle is used to show the time interval during which fusion inhibition
changes.from 100% to 0% for a particular blocking agent. The left end

of the rectangle represents the latest time after infection that an agent
completely inhibits fusion. The right end of the rectangle represents

the earliest time after infection that an agent has no effect on fusion.
For example, the addition of cycloheximide prior to 3 h after infection
gives complete inhibition of fusion and when added after 5% h gives no
inhibition of fusion. Using this criterion the temporal order of agents
that.block synthetic processes required for fusion is actinomycin D,

cycloheximide, temperature shift, and 2-deoxyglucose. Blocking agents,
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NH4C1 and the membrane perturber adamantanone, presumably block post-
synthetic events required for fusioﬁ. The accuracy of determination of
the timing for 100% and 0% inhibition of fusion in Figure 9 is probably
+ % h. That is, occasionally a single fusion kinetics curve would be
obtained that differed from the average values by i_% h (compare
"curve for 5.5 h after infection (Fig. 8] with average data [(Fig. 9]).
The temperature depenéence of cell fusion and virus growth were determined.
and the percents of the maximum values were plotted as a function of
incubation temperatures (Fig. 10). Both curves have a maximum between
34° and 38°C and decrease rapidly at higher and lower temperatures.
Although the‘overall data are somewhat similar there is a more rapid

decrease in the rate of cell fusion than for virus growth between 38°

and 39°C.

An independent method of establishing the order of action of blocking

agents. Consider a two-step pathway consisting of a reactant A, an inter-

mediate B, and a product C in which the production of B and C may be
a b
blocked by the agents a and b, respectively (A y B »C). IfDb

is present the intermediate B will accumulate. -Replacing b with a will
then allow the conversion of B to C. If the addition of a precedes its
replacement with b, the product C will never be formed. Pairs of blocking
agents were used in this way to establish the order of action of the
blocking agents. If two agents block the same step in a pathway, or

if the agent tﬁat blocks the later step acts irreversibly, one cannot

determine the order of action of the blocking agents.
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Experiments were performed by infecting monolayers of cells in petri
dishes ang scoring fusion 24 to 36 h later by a qualitative microscope
assay. One blocking agent was present from 1 to 9 h after infection
and was replaced by a second blocking agent at that time. Results are
shown in Table 1. Cycloheximide, NH4Ci, adamantanone, and the temperature-
dependent step were reversible whefeas actinomycin D and 2-deoxyglucose
were not (Table 1, lines 1-6). The cycloheximide-sensitive step preceded
the 2-deoxyglucose, NH4C1, adamantanone, and perhaps the temperature-

" sensitive step. The temperature-dependent step occurred earlier than
the NH4Cl-sensitive step. The overlap between NH4C1 and adamantanone
blocking was not resolved, but a small amount of fusion was obseryed
when adaﬁantgnone preceded the use of NH4C1. Cycloheximide isiknown
to act at a later step than actinomycin D and cycloheximide was shown
to act reversibly. Nonetheléss, when cycloheximide was added before
actinomycin D, no fusion was observed. The same results were obtained
whén the reversible protein inhibitor puromycin was used (data not shown).
From studies of mutants of HSV-1 that affect cell fusion (10, 15,

16;

Person and Wwarner, unpublished observations) it is'thought that wild

type infections are characterized by the presence of a fusion inhibitor.

By adding agents that block fusion at several times after infection and

at several concentrations, some of which were less than those required

to block fusion, it was hoped to selectively block fusion inhibition

in wild type infections. Then wild type infections would result in the

extensive fusion characteristic of syn mutant infections. These experiments

were done, but extensive fusion was not observed in any of the experiments

(Table 1 and data not shown) .
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Ih order to determine if PAA blocked the synthesis of fusion inhibitor
it was added to wild type infected cells (MOI of 10) at O, 1 and 2 h
after infection. Again extensivé fusion was not observed (data not shown).
As a control, syn 20 infected cells weré similarly treated and extensive

fusion was observed.
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DISCUSSION

We have studied the timing of some of the molecular events required
for cell fu;ion using metabolic blocking agents and a quantitative assay
for cell fusion. Our data is largely in'agreement with previous data
which Qas based én a qualitative assay for cell fusion. The order of
action for the blocking agents used is actinomycin D, cycloheximide,
temperature shift, 2-deoxyglucose, NH4C1 and adamantanone. .There is
considerable anertainty about the assignment of the order of NH4C1
relative to adamantanone.

Thé 6nset of DNA replication and of cell fusion in HSV-1l infections
occurs atroughlythe same time. Falke found that actinomycin D and cyclo-
- heximide depressed DNA replication and fusion by similar amounts and
speculated that DNA replication might be a trigger for cell fusion (3,
4). However, the inhibition of DNA replication by mitomycin C (12) or
cytosine arabinoside treatment (8) did not block cell fusion. Using
PAA, which specifically blocks'viral DNA polymerase (11), we have shown
that the rate but not the final amount of fusion is decreased when a
low MOI is used. At an MOI of 10 there is no influénce of PAA on cell
fusion. We conclude that DNA replication per se is not required for
cell fusion but that.the presence of about 10 HSV~1l genomes/cell (PFU/cell)
is required to achieve the maximum rate of fusion. Since extensive fusion
occurs in the absence of DNA replication virus production is not required
- for cell fusion.

In contrast to the results for PAA, actinomycin D and cycloheximide

added early in infection completely block fusion for an extended period
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of time. RNA syntheéié is required for cell fusion until 4 h afte; infection;
protein synthesis is required until 5 h after infection. Considering
differences in virus and cell strains, media, and temperature of incubation,
these results are in good agreement with results reported by Falke and

by Keller (3, 4, é). The action of cycloheximide is readily reversible,

while the removai of actinomycin D does not result in the production

of fusion scored 24 h later. It has been reported previously that 2-
deoxyglucose blocks éell fusion and the glycosylation of HSV-1l glycoproteins
(1, 8, 9). Here we show that it acts irreversibly and that glycosylation

is required until 7 h after infection.

Adamantanone and NH4C1, which block fusion reversibly, appear to act
at post-synthetic steps. A small amount of fusion was observed when
adamantanone preceded the use of Nﬂqcl. This may indicate that the NH4C1-
sensitive step precedes the adamantanone-sensitive step. Since adaman-
tanone is a known perturber (2) it.is possible that both of these agents
block fusion by action at the plasma membrane. NH4C1 has little influence
on viral growth (6) but adamantanone reversibly inhibits a late step
in‘virus replication, perhaps a; envelopement (T. C. Holland, unpublished
observations). .

We have observed a temperature-dependent step for cell fusion; it occurs
early in infection and is reversible. 1In order to determine if the.temperature
dependence was specific for cell fusion, we determined the temperature
dependence of fusion and compared it to the temperature dependence of
virus growth., Both have maximum values between 34° and 38°C and decline

rapidly at lower and higher temperatures. Although the data for both

fusion and growth do not differ strikingly, there is a precipitous
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decreaée in cell fusion bétween 38° and 39°C. The temperature-dependent
step fof virus growth méy be reqﬁired for cell fusion. It would be
" of interest to know more about the effect of temperature for both functions.
. A temperature-dependent step for the growth of a bovine herpesvirus
has been reported (17, 18). It was thought that the critical step
was a block in DNA replication, but we note that DNA replication may
be somewhat dependent on RNA and protein synthesis (4),

Honess and Roizman have defined three types of peptides following
the infection of cells with HSV-l: o, B and Y (7). 1If cycloheximide
and actinomycin D are used sequentially, as in the experiments reported
in Taﬁle 1, then only a-polypeptides are made: B~ and yY~polypeptides
require the prior synthesis of a-polypeptides. Since this same protocol
blocks fusion Qe conclude that fusion factor is ﬁot an a-polypeptide.

We found that fusion inhibitor production in wild type infected cells
did not requiré viral DNA replication, and that fusion inhibitor aétivity
could not be selectively inhibited by the application of a wide variety
of concentrations and times of addition of the blocking agents. Apparently
tﬁe production of fusion facior and fusion inhibitor activity have similar

metabolic and temporal requirements.
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The order of action of fusion~blocking agents

Blocking agent

Time (h) of addition of blocking agent
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- Figure legends

FIG. 1. Effect of éAA on DNA replicaﬁion. Cultures of HEL cells were
infected with syn 20 at'an MOI of 1 and labeled with [BH]thymidine from
0 to 10 h after infection. Infected cultures were lysed, the DNA was
centrifuged to equilibrium in CsCl, and TCA-insoluble radioactivity was
determined fof each fraction. 'Thé radioactivity in ea&h fraction is
plotted as a function of the fraction number;the direction of sedimentation
is frﬁm right to left. The arrow indicates the position of cellular
.DNA which was determinéd by mixing [14C]€hymidine-labeled uninfected

cells with infected cells prior to cell lysis.

FIG. 2. Effect of PAA on the kinetics of cell fusion. Cultures were
infectea y}th syn 20 at an MOI of 0.2 and'incubated for the times indicated.
Ceils were harvested with a trybsin-EDTA solution and the number of small
single cells was measured using a Coulter counter assay described in
Materials and Methods. The fraction of single cells remaining unfused
is ploﬁted as a function of time after infection for culturgs incubated

in the presence and absence of PAA.

FIG. 3. Effect of PAA on the kinetics of cell fusion; PAA was added
at 0 and 2 h after infection. Cells were infected with syn 20 at an
MOI of 1 and assayed for cell fusion as in Fig. 2. The fraction of cells
remaining unfused as a function of time after infection is shown for

PAA added at 0 and 2 h after infection.

FIG. 4. The inhibition of cell fusion by PAA as a function of time

after infection. Fusion kinetics curves for cells infected with syn 20



" Legends - page'2

at an'MOI of 1 were determined as described for Figs. 2 and 3. PAA was
" added to tﬁe cultures at the indicaﬁed times after infection and left
in the cultures during subseqﬁent incubation. The percent inhibition
of fusion is défined as one minus the ratioc of the slopes of the'fusion

kinetics curvés, in the presence and absence of the blocking agent, times

100, -

FIG. 5. The inhibition of cell fusion by PAA as a function of MOI.
PAA was added to cultures immediately after infection with syn 20 at
the indicated MOI. The inhibition of cell fusion was measured as described

for Fig. 4.

FIG. 6. The effect of cycloheximide on cell fusion. Cells were infected
with syn 20 at an MOI of 10 and assayed for cell fusion as indicated
for Fig. 2. The fraction of cells remaining unfused is plotted as a

function of time after infection.

" deoxyglucose
FIG. 7. The effect of 2_A on cell fusion. Cells were infected with

syn 20 at an MOI of 10 and assayed for cell fusion as indicated for Fig.
2. The fraction of cells remaining unfused is plotted as a function

of time after infection.

FIG. 8. The éffect of temperature shift on cell fusion. Cells were
infected with syn 20 at an MOI of 10 and incubated at 34°C. At the times
indicated cultures were shifted to 41°C. Cells were assayed for cell
fusion as indicafed for Fig. 2. The fraction of cells remaining unfused

is plotted as a function of time after infection.
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Legends - page 3

FIG. 9. The timing of molecular events required for cell fusion.
The inhibitors used are showh at the left of the diagram and the events
blocked by the inhibitors are éhown at the right of the diagram. A
. time scale is plotted as the horizontal axis. The times for virus adsorption
.and the onset of'fusion are shown as shaded rectangles at the top of.
the figure.: For any blocking agent the left-hand edge of a shaded rectangle
represents the latesﬁ time after infection at-which an agent completely
inhibits fusion. The right-hand edge of the rectangle represents the
earliest time after infection at which an agent has no effect on fusion.
The concentrations of blocking agents used were: Actinomycin D, 8 um;
cycloheximide,.0.36 mM; 2-deoxyglucose, 10 mM; NH4C1,‘20 mM; adamantanone,

7 mM,

FIG. 10.. The effect of temperature on cell fusion and virus growth.

' The rate of cell fusion and extent of virus growth are plotted as a percent
of the respective maximum values. For fusion the slope of the fusion
kinetics curve is taken as the rate of fusion; a maximum rate, 100%,

was obtainéd at 36° and 38°C. For virus growth, optimal incubation

times for virus growth were determined and this value was plotted for

each temperature. Virus growth was measured by plaque formation on -

HEL cells; maximum growth (100%) was obtained at 34° and 36°cC.
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