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Herpes simplex virus type 1 (HSV-1) syncytial (syn) mutants cause formation of giant polykaryocytes and
have been utilized to identify genes promoting or suppressing cell fusion. We previously described an HSV-1
recombinant, F1 (J. L. Goodman, M. L. Cook, F. Sederati, K. Izumi, and J. G. Stevens, J. Virol. 63:1153-1161,
1989), which has unique virulence properties and a syn mutation in the carboxy terminus of glycoprotein B
(gB). We attempted to replace this single-base-pair syn mutation through cotransfection with a 379-bp
PCR-generated fragment of wild-type gB. The nonsyncytial viruses isolated were shown by DNA sequencing not
to have acquired the expected wild-type gB sequence. Instead, they had lost their cell-cell fusion properties
because of alterations mapping to the UL45 gene. The mutant UL45 gene in one nonsyncytial derivative of F1,
A4B, was found to have a deletion of a C at ULA45 nucleotide 230, resulting in a predicted frame shift and
termination at 92 rather than 172 amino acids. Northern (RNA) analysis showed that the mutant UL45 gene
was normally transcribed. However, Western immunoblotting showed no detectable UL45 gene product from
A4B or from another similarly isolated nonsyncytial F1 derivative, A61B, while another such virus, 1ACSS,
expressed reduced amounts of UL45. When A4B was cotransfected with the wild-type UL45 gene, restoration
of UL45 expression correlated with restoration of syncytium formation. Conversely, cloned DNA fragments
containing the mutant A4B UL45 gene transferred the loss of cell-cell fusion to other gB syn mutants, rendering
them ULA5 negative and nonsyncytial. We conclude that normal ULA45 expression is required to allow cell
fusion induced by gB syn mutants and that the nonessential UL45 protein may play an important role as a

mediator of fusion events during HSV-1 infection.

One of the critical steps in the infection of cells with herpes
simplex virus type 1 (HSV-1) is fusion between the viral
envelope and the cell membrane, allowing penetration of the
viral nucleocapsid into the cell. The mechanisms by which
HSV-1 promotes membrane fusion are not well understood
because of complex interactions of multiple viral and cellular
proteins. Although HSV-1 lesions in vivo may show evidence
of cell-cell fusion and polykaryocyte formation (43), clinical
isolates of HSV-1 normally do not maximally fuse cells in tissue
culture. However, mutant viruses which have a greatly en-
hanced ability to fuse cells in vitro (syncytial or syn mutants)
have been isolated and used to help identify the viral proteins
involved in fusion in vivo. syn mutations have been mapped to
at least the following four HSV-1 genes: UL27, which encodes
glycoprotein B (gB) (4, 40); UL53, which encodes glycoprotein
K (gK) (3, 21, 37); UL20, which encodes a membrane protein
(2, 29); and UL24 (24, 41). An additional syn locus has been
mapped to the HSV-1 long repeat region (39).

The majority of mutations thus far characterized permit
syncytium formation to occur, suggesting that expression of the
respective wild-type proteins functions to modulate cell fusion
(43). The normal regulatory roles of two of these proteins, gB
and gK, are further supported by the fact that fusion induced
by mutant gB or gK is inhibited by cells expressing the
corresponding wild-type proteins (22). In contrast, there are
few reports of HSV-1 proteins that function as mediators of
cell fusion, that is, cases in which the wild-type protein is
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required to allow expression of the syncytial phenotype to
occur (43). gB (also a modulator) and glycoprotein D are two
HSV-1 proteins which have been suggested to serve as medi-
ators of cell fusion (5, 28, 36), and by inference, these proteins
could be critical to the virion-cell fusion process in vivo.
Indeed, gB and glycoprotein D are both required for viral
penetration and infectivity (5, 28) and gB is important in the
spread of virus from one cell or tissue type to another (8, 14,
35). In addition, variations in these proteins among clinical and
laboratory isolates can profoundly affect viral pathogenicity
and invasiveness (10, 14, 23, 48).

In studies of HSV invasiveness which utilized inoculation of
the chorioallantoic membrane (CAM) of fertilized chicken
eggs (16, 34, 38), we found that HSV-2 strains form large
pocks, invade the CAM mesoderm, and kill embryos while
HSV-1 strains normally form smaller pocks and do not kill
(15). We also reported that unlike other HSV-1 strains,
syncytial strain ANG is virulent for chicken embryos and
behaves like HSV-2 upon CAM inoculation (13). We found
that a syncytial recombinant virus, F1, isolated from the
progeny of the cotransfection of the cloned ANG EcoRI F
fragment into wild-type virus 17syn* had a millionfold increase
in invasiveness in the CAM model and a thousandfold increase
in neuroinvasiveness following footpad inoculation of mice
(13). To identify the specific gene or genes responsible for the
invasiveness phenotype of F1, we are studying phenotypes
shared by F1 and ANG but different from those of 17syn™ as
possible contributors to invasiveness both by selectively delet-
ing them from F1 and transferring them, stepwise, to 17syn™".

We first sought to determine whether the syncytial pheno-
type shared by ANG and F1 contributes to CAM invasiveness.
F1 and ANG both carry a single-base-pair syn mutation in the
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TABLE 1. Viruses isolated in this study

Virus Phenotype P\::irs“ Donor fragment Comment(s)

A4B WT F1 gB PCR fragment from 17syn* Retained gB syn mutation, acquired frame shift
mutation in UL45, no detectable UL45 product

A61B WT F1 gB PCR fragment from 17syn™ Retained gB syn mutation, no detectable ULAS
product

1ACSS WT F1 gB PCR fragment from 17syn* Retained gB syn mutation, reduced ULAS product

C4A Syn 17syn* gB PCR fragment from F1 Acquired gB syn mutation

T1 Syn A4B HindI1I-Sphl ULA4S5 fragment® from 17syn™* Wild-type levels of UL45 product

T9 Syn A4B HindIII-Sphl ULAS fragment® from F1 Wild-type levels of UL4S product

“ WT, normal nonsyncytial HSV-1 plaques; Syn, syncytial plaques.

»797-bp HindII1-Sphl fragments subcloned from the respective HSV-1 EcoRI I fragments (see Fig. 3).

3’ end of the gB gene that alters a single amino acid in the
C-terminal cytoplasmic domain of the protein (12, 14, 19). This
gB mutation, by itself, does not cause the CAM invasiveness
phenotype, since we have isolated several recombinants con-
taining this mutation which are not CAM invasive (20).
However, this same mutation, when introduced into 17syn™,
dramatically alters disease pathogenesis and viral spread in
mice (10, 14). We therefore set out to evaluate whether this
mutation at least contributes to the CAM invasiveness of F1 by
rescuing it through cotransfection with sequences from the
wild-type gB gene differing only with respect to the syncytial
mutation.

As reported here, we isolated nonsyncytial derivatives of F1
from these initial experiments, but unexpectedly, all still car-
ried the gB syn mutation present in F1. We found that this
phenotypic suppression of the gB syn mutation was due to a
frameshift mutation mapping to the HSV-1 UL45 gene which
has recently been characterized as a membrane protein by
Visalli and Brandt (44). We report the nucleotide sequence
change involved and the ability of the mutated UL45 gene to
be transferred to and cause loss of fusion induced by other
HSV-1 strains with the same gB syn mutation. Conversely,
restoration of wild-type ULAS gene expression to the ULAS
mutants allowed full expression of the syncytial phenotype.
From these studies, we conclude that the ULAS gene product
is critical for full expression of the cell-cell fusion induced by
HSV-1 gB syncytial mutants. We suggest that the ULA45 gene
product, the function(s) of which has not previously been
described, is a mediator of cell fusion and may play an
important role in cell-cell fusion processes.

MATERIALS AND METHODS

Cells and virus. Virus stocks were produced in rabbit skin
(RS) cells maintained in Dulbecco’s minimal essential medium
supplemented with 5% fetal bovine serum as previously de-
scribed (13, 15). The stock virus strains used included refer-
ence strains 17syn™* and ANG (25). The origin of 17syn*-ANG
recombinant virus F1 has been previously described (13).
Other viruses isolated during this study are described in
Results and listed in Tables 1 and 2. Virus titers were
determined by plating serial 10-fold dilutions of virus onto cells
under medium supplemented with 0.3% human serum im-
mune globulin. Plaque purifications were performed by three
successive limiting dilutions onto RS cell monolayers in 96-well
plates.

DNA isolation, molecular cloning, restriction, and hybrid-
ization analysis. Viral DNA was isolated either on sodium
iodide gradients (46) or by a rapid miniprep method (10).
Plasmid DNAs were isolated either by cesium chloride density

gradients as previously described (18) or by using Qiagen
columns (Qiagen, Chatsworth, Calif.). Single-stranded M13
templates were purified on Qiagen columns. Restriction and
modification enzymes were purchased from New England
Biolabs (Beverly, Mass.), Boehringer Mannheim Biochemicals
(Indianapolis, Ind.), or Gibco/BRL (Gaithersburg, Md.) and
used in accordance with manufacturer specifications. Viral
restriction fragments were either shotgun cloned or first puri-
fied from agarose gels by using the Qiaex glass matrix system
(Qiagen) and then ligated into plasmids pUC18 and pUC19 or
into M13mp18 and mpl9 by standard methods (30, 32).
Plasmid constructs were transformed into Escherichia coli
DH5a, and M13 clones were transformed into strain JM101
(30). PCR fragments were cloned into the pCRII vector by
using the TA cloning kit (Invitrogen, San Diego, Calif.). These
fragments were then excised from the plasmid vector and
directionally cloned into mp18 and mp19 for sequencing. For
DNA hybridization, restriction fragments separated on aga-
rose gels were transferred to membranes (Magnagraph; Mi-
cron Separations, Westboro, Mass.) by capillary action. DNA
probes were labelled by random priming with digoxigenin-11-
dUTP by using the Genius labelling kit (Boehringer Mann-
heim Biochemicals). Hybridization (high stringency) and de-
tection of the labelled DNA were performed with the Genius
detection kit (Boehringer Mannheim Biochemicals).

PCR. HSV-1 DNA was subjected to PCR (33) with synthetic
oligonucleotide 918 (CGTGG GTCTG TTGGT CCT) as the
forward primer and synthetic oligonucleotide 1265 (TCACA
GGTCG TCCTC GTC) as the reverse primer (Fig. 1). The
reaction was performed in a buffer consisting of KCI (50 mM),
Tris-HCl (pH 8.3) (10 mM), MgCl, (2.5 mM), and gelatin
(0.01%, wt/vol), to which the four deoxynucleotide triphos-

TABLE 2. Suppression of syncytium formation in other
gB syn mutants

. A4B EcoRI 1 Approximate Representative
U'mtl lEnNgth donor pl:escue ngnsyncytial
vira A fragment frequency” virus(es)

F1 Yes 4/64 F1-1A, F1-1B

F1 No 0/154 None

C4A Yes 20/106 C4A-1B, C4A-1C,

C4A-2D

C4A No 10/300 C4A-alone A

ANG Yes 57/497 ANG-1B2, ANG-2B

ANG No 2/524 ANG-alone A, B

“ Dilutions of the transfections were plated for single plaques, and all resulting
plaques were scored as syncytial or nonsyncytial. Results are expressed as
number of nonsyncytial plaques/total number of plaques (see Materials and
Methods).
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FIG. 1. Generation of PCR fragments used to transfer or rescue the syn mutation from HSV-1 recombinant F1. At the top is a diagrammatic
depiction of the HSV-1 genome showing the position of the EcoRI F fragment and that of the gB gene within this fragment. The portion amplified
by PCR is shown. At the bottom is the nucleotide sequence of the region of the gB gene amplified. The top line is the sequence from ANG and
F1, and the bottom line is the corresponding sequence from 17syn™. The dashes indicate identical bases, and the dot indicates a gap introduced
to align the sequences. The positions of the forward, 918, and reverse, 1265, primers are shown by arrows. The nucleotide substitution responsible
for the ANG and F1 syn mutation and the associated Ncol restriction site in the 17syn* sequence are boxed. ORF, open reading frame.

phates (25 uM each), the two primers (44 pM each), and 2.5 U
of Taq polymerase (Perkin-Elmer Cetus, Norwalk, Conn.)
were added. Target DNAs were added to a final volume of 100
wl. The PCR consisted of an initial 4-min denaturation step at
94°C, followed by 39 cycles of denaturation (94°C, 1 min),
annealing (50°C, 1.5 min), and extension (72°C, 1.5 min). The
40th cycle concluded with a 6-min extension step.

DNA cotransfections, marker transfer and rescue, and
screening for recombinant viruses. Marker rescues and trans-
fers were performed by cotransfection of RS cells with unit
length HSV-1 DNA and the DNA fragments of interest by the
method of Graham and Van der Eb (17), as modified by Cai et
al. (6). Briefly, 0.5 to 1.0 ug of HSV-1 DNA and 10 pg salmon
sperm carrier DNA (Sigma, St. Louis, Mo.) were allowed to
precipitate with 0.1 to 1.0 pg of linearized cloned DNA or,
where mentioned, uncloned HSV-1 fragments isolated from
agarose gels. This mixture was then added to 60-mm-diameter
petri dishes seeded 24 h earlier with RS cells such that the cells
were just confluent at the time of transfection. Following 4 h of
incubation at 37°C, the cells were shocked with 15% glycerol in
Tricene-buffered salts for 2 min at room temperature and
washed with phosphate-buffered saline (PBS). Finally, 5 ml of
growth medium was added and the cells were incubated for 2
to 4 days, until a complete cytopathic effect was evident.
Transfections were screened by inoculating appropriate dilu-
tions of the transfections onto RS cell monolayers in six-well

plates and then incubating them under an overlay medium
containing 1% low-melting-point agarose (Seaplaque; FMC,
Rockland, Maine). Frequencies of syncytial and nonsyncytial
plaques were determined by visually screening the resultant
viral plaques from each transfection. The frequencies pre-
sented should be considered approximate, since the method-
ology does not account for possible sibling viruses. Represen-
tative plaques were transferred to individual wells of a 24-well
plate with sterile toothpicks. These viruses were then grown to
a 100% cytopathic effect and then plaque purified by three
rounds of limiting dilution.

Nucleotide sequencing. Nucleotide sequencing was done by
the dideoxy-chain termination method (42), with [a->>S]dATP
(New England Nuclear, Boston, Mass.) and the Sequenase Kit
(U.S. Biochemical, Cleveland, Ohio) in accordance with the
manufacturer-recommended protocol, except that termination
reactions were performed at 50°C to facilitate sequencing of
GC-rich herpesvirus DNA. All sequencing was done on single-
stranded M13 templates. To verify the sequences of cloned
PCR products, at least three different clones of each PCR
product were sequenced. Either polyacrylamide or Long
Ranger (J. T. Baker Chemical Co., Phillipsburg, N.J.) gels were
used for sequencing. Sequences were analyzed by using MBIR
software on a SUN microsystems computer workstation. Since
sequencing was used only to detect minor differences from
parent strain 17syn™ (31), we did not submit new sequences to
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the GenBank database. However, copies of the sequences in
computer-readable form are available from us upon request.

RNA isolation and analysis. To prepare RNA, RS cells were
infected with HSV at a multiplicity of infection of 5 to 10 PFU
per cell. After a 1-h adsorption period at 37°C, medium was
added to the cells. Six hours later, the infected cells were
harvested and total RNA was isolated by using RNAzol B
(Tel-Test, Inc., Friendswood, Tex.) in accordance with the
manufacturer’s protocol. Ten micrograms of denatured RNA
was run in each lane on formaldehyde gels by standard
methods (1) and transferred to Nytran membranes (Schleicher
& Schuell, Inc., Keene, N.H.) by capillary transfer. DNA
probes were labelled with [*?P]dCTP by using random hexa-
mers (Prime-it kit; Stratagene, La Jolla, Calif.) and hybridized
to the RNA blots for 18 h at 42°C (1). Successive washes were
done in 2X, 1X, and 0.1X SSC (1X SSC is 0.15 M NaCl plus
0.015 M sodium citrate) with 1% sodium dodecyl sulfate at
55°C.

Protein analysis. Viral proteins were prepared by infecting
RS cells in 75-cm? flasks at a multiplicity of infection of 2 PFU
per cell. Twenty-four hours later, the infected monolayers were
scraped into the growth medium and the cells were recovered
by centrifugation at 500 X g for 10 min at 4°C. The cell pellets
were washed in cold PBS and then resuspended in 50 pl of
PBS. A virion-enriched preparation was obtained by ultracen-
trifugation of the supernatant from the above-described prep-
aration at 60,000 X g for 1.5 h and resuspension of the pellet
in 50 pl of PBS. Samples were denatured by addition of 0.5
volume of 6% SDS-6.2 M Tris/HCI (pH 6.8) and boiling for 2
min; this was followed by addition of 0.5 volume of 8 M
urea—40 pg of bromphenol blue per ml-20% 2-mercaptoetha-
nol and an additional 1 min of boiling. The denatured proteins
were then separated by discontinuous denaturing electro-
phoresis (26) in 11% acrylamide gels at 20 mA of constant
current for 5 h. The separated proteins were transferred to
nitrocellulose membranes (0.2-pm pore size; Schleicher &
Schuell) with a Transblot (Bio-Rad, Hercules, Calif.) appara-
tus at 30 V for 18 h followed by 60 V for 2 h. The membranes
were incubated for 1 h with a 1:1,000 dilution of monospecific
polyclonal rabbit anti-UL45 serum produced in E. coli (44;
kindly provided by Curtis Brandt, University of Wisconsin) and
then reacted for 1 h with alkaline phosphatase-conjugated goat
anti-rabbit immunoglobulin G (Kirkegaard & Perry Laborato-
ries, Inc., Gaithersburg, Md.). The blots were then developed
with a 5-bromo-4-chloro-3-indolylphosphate toluidinium (salt)
—nitroblue tetrazolium substrate (Kirkegaard & Perry).

Viral replication kinetics. Test viruses were inoculated onto
monolayers in 24-well plates in a volume of 0.1 ml at a
multiplicity of infection of 0.1 or 10 PFU per cell and incubated
for 1 h at 37°C. The inoculum was removed, and the wells were
washed twice with 1 ml of PBS prior to addition of 1 ml of
normal growth medium. At each time point studied, duplicate
wells for each virus were freeze-thawed and individually as-
sayed on RS cell monolayers by serial dilution under immune
globulin as described above. Duplicate titrations of the dupli-
cate wells were averaged to calculate the final titer.

RESULTS

Isolation of nonsyncytial derivatives of recombinant F1.
Strain 17syn* recombinant strain F1 contains, at amino acid
825 near the 3’ end of the gB gene, the syncytial mutation
transferred from strain ANG (19). We set out to specifically
rescue this mutation in F1 with wild-type 17syn™ DNA, and as
a control, we also sought to transfer the F1 syn mutation to the
wild-type parent, 17syn*. To accomplish these objectives, we
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PCR amplified from both 17syn* and F1 a 379-bp portion of
the gB gene that contained the nucleotide residue altered in F1
(Fig. 1). This fragment flanked the area in which the single-
base-pair syn mutation occurred in ANG and F1 but contained
no other nucleotide differences between the strains (19). The
amplified product containing the wild-type gB-coding se-
quence from 17syn* was cotransfected into RS cells with unit
length DNA from F1, and viral progeny were screened for
wild-type (nonsyncytial) plaques. In simultaneous control
transfections, the PCR product from F1, containing the C-to-T
nucleotide change responsible for the syn phenotype, was
cotransfected with unit length 17syn™ DNA and the progeny
were screened for syncytial plaques.

We scored multiple transfections as to whether any progeny
of the opposite phenotype were generated. From the 17syn™
PCR fragment cotransfected with F1 DNA, we isolated non-
syncytial plaques at a very low frequency from three of seven
separate transfections (A4, A6, and 1A series). From the F1
PCR fragment cotransfected with 17syn* DNA, we isolated
syncytial plaques from one of six transfections (C4 series).
Finally, in sets of three control transfections, each with the F1
PCR fragment cotransfected into F1 and the 17syn® PCR
fragment cotransfected into 17syn™, we did not detect any viral
plaques of the opposite phenotype.

We plaque purified progeny viruses of the opposite pheno-
type from each of the transfections in which they were present.
These progeny viruses and their respective derivations are
listed in Table 1.

Characterization of progeny viruses. The single-base-pair
syn mutation in the ANG gB gene disrupts an Ncol restriction
site (14), allowing convenient screening for the gB syn muta-
tion (Fig. 1). To determine whether this mutation was acquired
in the newly syncytial viruses (C4 series) derived from cotrans-
fection of the F1 syn mutation into 17syn™ or, conversely, lost
in the nonsyncytial viruses (A4, A6, and 1A series) derived
from cotransfection of the corresponding wild-type 17syn™* gB
fragment into F1, viral DNAs from the parent strains and the
transfection progeny were cut with Ncol and hybridized to the
same 379-bp PCR product described above (Fig. 2). The
syncytial C4 viruses all lost the Ncol site, as would be predicted
if they had acquired the gB syn mutation from F1. In contrast,
despite being nonsyncytial, A4B and A61B (Fig. 2), as well as
1ACSS (data not shown), did not acquire the expected Ncol
restriction site from the wild-type gB sequence used in the
cotransfections. To confirm these results, we sequenced the
PCR products amplified from both nonsyncytial viruses A4B
and A61B, as well as from syncytial virus C4A. As expected,
the C4A virus contained the single-base F1 syn mutation
incorporated into its gB sequence. The sequences from the
nonsyncytial A4B and A61B viruses, however, showed no
differences from syncytial parent strain F1. We therefore
concluded that these nonsyncytial isolates were derivatives of
F1 but had become nonsyncytial because of a spontaneous or
transfection-induced (7, 27) mutation(s) elsewhere which sup-
pressed the syncytial phenotype conferred by the gB syn
mutation.

Rescue and genetic mapping of the A4B syn suppressor
mutation. To genetically map the syn suppressor (SS) mutation
in virus A4B, we cloned a library of the EcoRI fragments from
strain F1 and utilized these clones as donor fragments in
cotransfections performed with unit length DNA from nonsyn-
cytial SS mutant A4B. When we screened the transfection
progeny, we found syn plaques (at 20%, a frequency well above
the background [<0.1%]) only among progeny from cotrans-
fections utilizing the cloned F1 EcoRI I fragment (13.3 kb,
0.635 to 0.723 map unit). This fragment contains seven com-
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FIG. 2. Southern blot of Ncol-digested viral DNAs hybridized with
a digoxigenin-labelled PCR fragment amplified from the gB gene of
virus F1. Only 17syn* has retained the wild-type gB Ncol restriction
site; all of the other viruses contain the syn mutation.

plete open reading frames (UL45 to UL51) and portions of
ULA44 and ULS2 (31).

We next performed a series of cotransfections with subfrag-
ments of the F1 EcoRI I fragment. The ability to restore the
syncytial phenotype (see frequencies of rescue next to frag-
ments in Fig. 3) was mapped first to a 3.5-kb EcoRI-Sacl
fragment at the left-hand side of EcoRI-1, narrowed to a
1,158-bp Xbal-HindlIlI fragment, and then mapped to a cloned
797-bp Sphl-HindIIl fragment containing the ULA4S open
reading frame and 31 bp of UL46. Finally, we were able to
rescue syn suppression by using a cloned 528-bp Sphl-Rsal
fragment of F1 that contains only ULA4S5. As a control, no
syncytial progeny were obtained from cotransfections of A4B
unit length DNA with the corresponding cloned Sphl-Rsal
fragment from A4B itself. Despite several attempts, we were
unable to rescue the syn suppression with either the 1,507-bp
EcoRI-BamHI fragment or the 721-bp BamHI fragment.
These fragments overlap the region where other fragments did
rescue the syn suppression (Fig. 3), a finding which suggested
that the syn suppressor mutation might map near the BamHI
site within the UL45 gene.

If A4B contained a mutation in its ULA4A5 gene which
suppressed the expression of the F1 syncytial phenotype, we
hypothesized that the transfer of wild-type ULAS genes to A4B
should restore its syncytial phenotype. To determine if this was
the case, we used the 797-bp HindIII-Sphl fragments contain-
ing ULA45 cloned from F1, from 17syn™ (the parent strain of
F1), and as a control, from A4B itself in cotransfections with
unit length A4B DNA and screened the progeny for syncytial
plaques. Both the F1 and 17syn™ fragments, but not the
corresponding fragment from A4B, restored the syncytial
phenotype. We concluded, then, that the wild-type ULAS gene
was capable of restoring the syncytial phenotype to A4B and
that the A4B ULA4S gene carried the mutation which caused
suppression of the syncytial phenotype. Representative syncy-
tial viruses were plaque purified from these backcross trans-
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FIG. 3. Rescue of the syn suppressor mutation in virus A4B. The
cloned subfragments that rescue the mutation are shown as stippled
boxes, and the subfragments that did not rescue are shown as
diagonally striped boxes. The approximate rescue frequencies are
shown on the right. (A) Map of the HSV-1 EcoRI I fragment. (B) Map
of the 3.7-kb EcoRI-Sacl subfragment of EcoRI-1. The three open
reading frames contained or partially contained in this fragment are
shown below the restriction map. The various cloned subfragments
used in marker rescue experiments are shown below the open reading
frames. The scale for the map in panel B is shown at the bottom.

fections rescued with either the 17syn™ fragment (T1 series) or
the F1 fragment (T9 series). These viruses and their deriva-
tions are listed in Table 1.

Determination of the nucleotide sequence of the mutant
ULAS gene of A4B. To precisely define the SS mutation in A4B,
we cloned the 797-bp Sphl-HindIIl fragments from A4B, F1,
ANG (the donor parent strain of F1), and 17syn™* into
M13mp18 and mpl9 and determined their DNA sequences
(Fig. 4A). The F1, 17syn™, and ANG sequences were identical
within the ULAS open reading frame, except for a single-
nucleotide change in ANG that did not affect the deduced
amino acid sequence. We found that A4B, on the other hand,
had a single-base (C) deletion at nucleotide 230 of the UL45
open reading frame, which would be predicted to result in a
frameshift. We believe that the close proximity (3 bp) of this
deletion to the BamHI site in UL45 was, as theorized, the
reason we were unable to rescue the suppressor mutation with
the F1 BamHI fragments. The deduced amino acid sequence
of the mutant ULA4S5 protein (Fig. 4B) terminated 49 bp
downstream from the frameshift mutation, encoding a poten-
tial translation product of 92 amino acids (approximately 9
kDa) rather than the 172 amino acids (18 kDa) of the wild-type
ULAS gene.

Transcriptional analysis of A4B. We next investigated
whether the frameshift mutation in the A4B ULAS5 gene
affected the transcription of either ULA45 or, since the mRNAs
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UL45 ORF

70
17/F1 TGCCTC TGCGGGCATC GGAACACGCC TACCGGCCCC TGGGCCCCGG GACACCCCCC ATGCGGGCTC
atb
Ang F

140
GGACCATCAT CGGGGGAGTT GTGATCATTG CCGCGTTGGT

17/F1 GGCTCCCCGC CGCGGCCTGG GT
Adb
Ang

141 210

17/F1 CCTCGTGCCC TCGCGGGCCT CGTGGGCACT TTCCCCATGC GACAGCGGAT GGCACGAGTT CAACCTCGGG
A4b
Ang

211 Bami1 ¥ 280
17/F1 TGCATATCCT GGGATCCGAF1CCCCATGGAG CACGAGCAGG CGGTCGGCGG CTGTAGCGCC CCGGCGACCC
Ab

Ang |

350
17/F1 TGATCCCCCG CGCGGCTGCC AAACAGCTGG CCGCCGTCGC ACGCGTCCAG TCGGCAAGAT CCTCGGGCTA
A4b
Ang

351 420
17/F1 CTGGTGGGTG AGCGGAGACG GCATTCGGGC CTGCCTGCGG CTCGTCGACG GCGTCGGCGG TATTGACCAG
Adb
Ang B —

421 490
17/F1 TTTTGCGAGG AGCCCGCCCT TCGCATATGC TACTATCCCC GCAGTCCCGG GGGCTTTGTT CAGTTTGTAA
A4b

Ang

491 end of UL45 ORF 560
17/F1 CTTCGACCCG CAACGCGCTG GGGCTGCCGT GABGCGCGTG TACTGCGGTC TGTCTCGTCT CCTCTTCTCC
A4b

|

Ang !

561 630
17/F1 CCTTCCCTCC CCCTCCGCAT CCCAGGATCA CACCGGTCAA GG CGG CAC
A4b
Ang ——

631 700
17/F1 AAATAATAAA CACACAATCA CGTGCGATAA AAAGAACACG CGGTCCCCTG TGGTGTTTTT GGTTATTTTT
Adb

Ang
731 770
17/F1 ATTAAATCTC GTCGACAAAC AGGGGGAAAG GGGCGTGGTC TAGCGACGGC AGCACGGGCG GAGGCGTTCA
o
771 800

17/F1 CCGGCTCCGG CGTCCTTCGC GTTTAAGCTT G
A4b -

Ang -

1 50
B Ul45 MPLRASEHAY RPLGPGTPPM RARLPAAAWV GVGTIIGGVV IIAALVLVPS
A4bulds

51 100
Ul45 RASWALSPCD SGWHEFNLGC ISWDPTPMEH EQAVGGCSAP ATLIPRAAAK
A4bulds WST SRRSAAVAPR RP *

101 150
Ul45 QLAAVARVQS ARSSGYWWVS GDGIRACLRL VDGVGGIDQF CEEPALRICY

151 173
Ul45 YPRSPGGFVQ FVTSTRNALG LP*

FIG. 4. (A) Nucleotide sequences of the UL45 genes of 17syn*, F1,
A4B, and ANG. The sequences of 17syn™ and F1, being identical, are
shown on the same line. Identical bases in the lower aligned sequences
are depicted as dashes, and the single-base deletion at nucleotide 230
in A4B is depicted as a dot and is boxed. The UL45 open reading
frame (ORF) and the BamHI site within it are marked. (B) Compar-
ison of the deduced UL45 amino acid sequences from 17syn*, F1,
ANG (top line), and A4B (bottom line). Identical amino acid residues
are depicted as dashes in the lower sequence, and the respective
termination codons are marked with asterisks. The point of the
frameshift mutation in A4B is marked with an arrow.

for glycoprotein C (gC) and ULAS5 are 3’ coterminal (11), gC.
Equivalent amounts of total RNAs from A4B and F1, as well
as the T1 and T9 backcross recombinants, were subjected to
electrophoresis and Northern (RNA) analysis with the 797-bp
Sphl-HindIII fragment containing UL45 as a probe. As shown
in Fig. 5, we noted two major known RNA transcripts, the
2.7-kb gC message and the 0.73-kb UL45 message, as de-
scribed by others (9, 11, 45). The ULA45 and gC transcripts in
A4B were comparable in size and were expressed at levels
similar to that of the parent virus, F1. We also observed
hybridization of the probe to an unmapped message of approx-
imately 5 kb which was present in all of the viral RNAs.
Immunodetection of the UL45 protein. We subjected both
infected-cell lysates and virion-enriched preparations of A4B,
F1, T1, and T9 to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis followed by Western immunoblotting with
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FIG. 5. Northern blot of total HSV-1-infected cell RNAs hybrid-
ized with the 797-bp SphI-HindIII subclone of HSV-1 EcoRI-I (Fig. 3).
Approximate molecular sizes (M.W.) are shown at the right. The UL45
mRNA migrates at approximately 0.73 kb. UN, uninfected cells.

polyclonal rabbit antiserum raised against the ULA45 gene
product. As shown in Fig. 6, we detected the expected 18-kDa
UL45 protein in syncytial parent virus F1 and in backcross
syncytial recombinants T1 and T9 (Table 1). These results were
obtained by using either infected-cell lysates or virion-enriched
preparations. Despite using several approaches, including
overloaded gels, different percentages of polyacrylamide, and a

Infected Cells Virion Enriched

M.W. : 1
(kD) | Il |
200.0 - ad
116.3 - A i s e R s
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66.2 - w—
45.0 - e
31.0 - ==
21.5- ke
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6.5 -
= 00 m D
e -l WL
< <

1ACSS
A61B

FIG. 6. Western blot showing expression of the 18-kDa ULA45
protein. Viral proteins from infected cells or from crude virion
preparations were transferred to nitrocellulose and reacted with
monospecific polyclonal antiserum against UL45. Molecular size stan-
dards are shown to the left. kD, kilodaltons.
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FIG. 7. One-step growth kinetics of the various virus strains on RS
cells.

variety of transfer membranes and buffers, we were unable to
detect any immunoreactive protein bands of 18 kDa or smaller
in either fraction from cells infected with A4B.

We also used the Western blot to screen the other indepen-
dently isolated mutants in which the syn mutation of F1 was
suppressed (Fig. 6). Virus A61B, like A4B, showed no protein
immunoreactive with the UL45 antiserum. Virus 1ACSS, on
the other hand, produced an immunoreactive protein of the
correct size, but the intensity of the protein band detected was
reproducibly lower than that of the band obtained with F1.
These results suggested that A61B and 1ACSS also sustained
mutations in UL45 resulting, respectively, in either absent or
altered production of the gene product and in suppression of
the syncytial phenotype.

Replication of UL45-deficient mutants. Visalli and Brandt
recently reported that deletion of the UL45 gene from HSV-1
strain KOS (nonsyncytial) retarded viral replication by approx-
imately 20-fold (44). To determine whether the mutation in the
A4B ULA4S5 gene and the absence of an immunoreactive ULA45
gene product affected its replication, we compared the growth
kinetics of the relevant viruses in RS cells under one-step
conditions (Fig. 7). All of the viruses tested demonstrated
similar eclipse and exponential-growth kinetics. The extent of
exponential growth and the peak titer of A4B closely resem-
bled those of 17syn™ and were, in fact, more than 10-fold
higher than those of F1. This result was reproduced in several
experiments, with both RS cells and chicken embryo fibro-
blasts, and similar results were seen with the other UL45-
altered viruses, A61B and 1ACSS, and at the lower multiplicity
of infection of 0.1 PFU per cell (data not shown). The earlier
leveling off and lower peak titer of F1 were consistent with
previous results obtained with that virus (13) and were repro-
duced in several experiments. The T1 and T9 backcross syn
rescues of A4B, which expressed UL45 normally, replicated
with kinetics resembling those of parent virus F1. Therefore,
the UL45 mutation and/or the resultant suppression of the
syncytial phenotype in A4B in fact resulted in enhanced growth
of the virus in tissue culture, such that viral growth was similar
to that of wild-type, nonsyncytial viruses.

CHANGES IN HSV-1 UL45 SUPPRESS SYNCYTIUM FORMATION 5831

The UL45 mutation in A4B also suppressed syncytium
formation in other gB syn mutants. We next investigated
whether the UL45 frameshift mutation in A4B would suppress
syncytium formation by gB syn mutant viruses other than F1.
We introduced the UL45 SS mutation into gB syn mutants
ANG and C4A by cotransfection with the cloned A4B EcoRI
I fragment (for higher recombination efficiencies due to its
larger size). The various cotransfections and controls and the
frequencies of nonsyncytial progeny are presented in Table 2.
Multiple cotransfections with the A4B EcoRI I fragment into
unit length DNAs from F1, C4A, and ANG all produced
typical nonsyncytial plaques at frequencies above the back-
ground, although the frequencies were not as high as in the
converse experiments in which we rescued the UL45 syn
suppressor mutation in A4B (Fig. 3). In the control transfec-
tions with the various unit length viral DNAs alone, we
observed 10 nonsyncytial plaques in the C4A transfection, 2
nonsyncytial plaques in the ANG transfection, and no nonsyn-
cytial plaques in the F1 transfection (Table 2). Representative
nonsyncytial plaques were picked and plaque purified from the
A4B EcoRI 1 cotransfections along with three of the presum-
ably spontaneously arising nonsyncytial plaques noted among
the progeny of control transfections of ANG or C4A DNA
alone.

We prepared infected-cell lysates from these nonsyncytial
isolates and screened them by Western immunoblotting for
expression of UL45 (see Fig. 9). As expected, consistent with
the transfer of the A4B UL45 SS mutation, all of the nonsyn-
cytial viruses (F1-1A, F1-1B, C4A-1B, C4A-1C, C4A-2D,
ANG-1B2, and ANG-2B) isolated from cotransfections of
parental syn mutant viral DNAs (from F1, C4A, and ANG,
respectively) with the A4B EcoRI I fragment were ULA45
negative by Western blot (see Fig. 9). Photographs of plaques
formed by the parental viruses and the progeny of represen-
tative cotransfections from this and previously described ex-
periments are shown in Fig. 8.

We also characterized UL45 expression in the three spon-
taneous nonsyncytial revertants which were isolated from the
control transfections of ANG or C4A unit length DNA alone.
Alterations were noted in the expression of UL45 by both
nonsyncytial isolates from ANG DNA transfected alone
(ANG-alone A and B) (Fig. 9). ANG-alone A (lane 7)
underproduced ULA4S, and that protein which was present
appeared to migrate more slowly. ANG-alone B (lane 6)
produced no detectable UL45. In contrast, the nonsyncytial
virus isolated from a transfection of C4A DNA alone (lane 12)
apparently expressed UL45 normally. To rule out the possibil-
ity that spontaneous reversions of the gB syn mutation were
responsible for the nonsyncytial phenotypes observed in these
three viruses, all were screened for the presence of the
wild-type Ncol site in gB by restriction digests of the PCR
product surrounding the syn mutation (data not shown). None
had reverted to the wild-type sequence, demonstrating that the
wild-type phenotype was in no case due to reversion of the
original gB mutation. These results suggest that the viruses
ANG-alone A and B developed transfection-induced or spon-
taneous mutations in the UL45 gene resulting in the nonsyn-
cytial phenotype. Whether or not C4A-alone A sustained an
undetected mutation in UL45 remains to be determined.

DISCUSSION

We isolated and characterized an HSV-1 virus, A4B, with a
frameshift mutation in its UL45 gene. This mutation resulted
in the loss of an immunodetectable UL45 gene product and the
loss of cell fusion induced by a syn mutation in the carboxyl
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FIG. 8. Photographs of representative plaques of viruses on RS cells. Their derivations, the nature of their gB genes, and whether or not they

express ULA45 are indicated. wt, wild type.

cytoplasmic domain of gB. Furthermore, we isolated several
other ULA45 mutant viruses, both spontaneously occurring and
from cotransfections with the mutant UL45 gene from A4B,
and in all of these the reduction of ULAS expression was
associated with suppression of syncytium formation.

These results demonstrate that UL45 plays a role in facili-
tating the fusion of HSV-infected cells, the first function
ascribed to the UL45 gene product. Since no ULA45 gene
product could be detected in A4B or A61B, we hypothesize
that the wild-type UL45 gene product normally interacts with
other proteins involved in the fusion process and that this
interaction promotes cell-cell fusion in gB syncytial mutants.

At least one of our syn suppressor mutants, 1ACSS, ex-
pressed, albeit at lower levels, a ULAS gene product, and we
cannot completely exclude the possibility that a truncated
ULAS5 gene product is expressed by A4B or A61B. A truncated
gene product either might be more susceptible to degradation
or might not contain immunologic epitopes required to react
with the polyvalent UL45 antiserum. It is possible that an
altered UL45 gene product, if present, does not interact
normally with putative target proteins to promote cell-cell
fusion, giving the same results as expected if ULA45 were not
expressed at all. On the other hand, rather than ULAS5 being an
active promoter of cell fusion as we hypothesize, an undetected
but altered UL45 protein could conceivably function as an
inhibitor of syncytium formation. Complementation analysis of
ULAS5 null mutants in cell lines expressing wild-type and
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FIG. 9. Western blot of viral proteins extracted from nonsyncytial
viruses isolated from cotransfections of ANG and C4A unit length
DNAs with a cloned fragment containing the mutant UL45 gene from
A4B. Nonsyncytial plaques picked from control transfections without
the A4B ULAS gene (ANG-alone and C4A-alone series) are also
shown (see Table 2). Lanes: 1, molecular size (M.W.) standards (kD,
kilodaltons); 2, mock-infected cells; 3, A4B; 4, ANG-2B; 5, ANG-1B2;
6, ANG-alone B; 7, ANG-alone A; 8, ANG; 9, C4A-2D; 10, C4A-1C;
11, C4A-1B; 12, C4A-alone A; 13, C4A; 14, F1-1A; 15, F1-1B; 16, F1.
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mutant UL45 genes would be helpful to further define the role
of the ULA4S5 protein in cell fusion.

We were initially surprised that we could not isolate non-
syncytial recombinant derivatives of F1 whose gB sequences
had been rescued directly through cotransfections with the
PCR product containing 379 bp of the wild-type gB gene of
17syn™. Several possibilities might explain this result. One is
that the use of a small PCR fragment to rescue the syn
mutation in F1 yielded a recombination frequency below a
detectable level. This is the most likely hypothesis, since we
have recently recovered nonsyncytial derivatives of F1 at a
significant frequency by using the much larger EcoRI F
fragment of 17syn™ (data not shown). Nonetheless, in three
separate cotransfection experiments with the wild-type PCR
fragment, all of the nonsyncytial variants of F1 we recovered
had alterations in the UL45 gene and not in gB, even though
we easily recovered syncytial derivatives of 17syn™ carrying the
gB syn mutation in converse experiments with the analogous
PCR fragment from F1. The single nonsyncytial virus studied
which was isolated from a transfection of C4A DNA alone
(C4A-alone A) retained the original gB syn mutation but also
expressed wild-type levels of the UL45 gene product. This virus
may well have an undetected mutation that affects its UL45
protein. However, given the complexity of HSV fusion pro-
cesses, it is also possible that a syn suppressor mutation exists
at yet another genetic locus.

Throughout all of the cotransfections we performed, regard-
less of donor fragment size, the frequency of conferral of the
syncytial phenotype to nonsyncytial viruses was always higher
than the frequency of restoration of the nonsyncytial pheno-
type to syncytial viruses. Weise et al. reported obtaining similar
results while trying to rescue the gB syncytial mutation in strain
ANG (the donor parent of F1) with fragments from strain
KOS (47). Thus, it is possible that the wild-type gB gene, for
unknown reasons, exerts adverse effects when expressed in
certain viruses, such as ANG and F1, and therefore is selected
against in cotransfections.

The UL45 gene product has been characterized as an
18-kDa protein which is synthesized as a true late gene product
and is associated with virions, most likely in the viral envelope
(45). These results support our hypothesis that the UL45 gene
product is involved in fusion processes, in that the protein is
localized such that it could interact with virion glycoproteins
involved in fusion processes. Visalli and Brandt reported that
their UL45 null mutant, UL45A, while viable in tissue culture,
had reduced replication (44). This result differs from our
finding that UL45 mutant A4B replicated better than its
ULA45-positive parent and with kinetics similar to those of
wild-type HSV. Several possibilities could explain the replica-
tive differences between these two UL45-deficient viruses.
First, it is possible that the 4-kB lacZ insertion in UL45A
resulted in diminished replicative capabilities through mecha-
nisms unrelated to its deficiency in UL45. These investigators
did show that the insertion significantly reduced expression of
the gene just upstream, i.e., that for gC. Second, as stated
previously, we cannot absolutely rule out the possibility that
our UL45 mutant, A4B, makes a truncated UL45 protein
which can still carry out some function missing in the UL45
null mutant described by Visalli and Brandt. Third, the UL45
null mutant described by Visalli and Brandt was derived from
KOS, a nonsyncytial strain of HSV-1. It is possible that the
syncytial mutation still present in gB of F1 somehow compen-
sates for growth and/or fusion deficiencies due to the lack of
ULA4S, thus resulting in wild-type growth of the virus. Finally,
HSV syn mutants generally yield reduced viral progeny com-
pared with wild-type viruses and it is possible that elimination
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of gB-induced cell fusion resulting from the UL45 mutation in
A4B removes such a generic impediment to viral replication.

In summary, we have demonstrated that a frameshift muta-
tion in the UL45 gene suppresses the fusogenic properties, but
not the in vitro replication, of HSV-1 gB syncytial mutants and
that the UL45 gene product can function as an important
player in mediating virus-induced cell-cell fusion processes.
The ULA45 protein may be important in the fusion events that
occur normally during infection of cells by HSV-1.
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