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The U 15 gene of herpes simplex virus type 1 is composed of two exons. A mutation previously shown to
preclude viral DNA cleavage and packaging at the nonpermissive temperature was identified as a change from
a highly conserved serine to proline at codon 653. Separate viral mutants that contained stop codons inserted
into exon I of U, 15 (designated S648) or an insertion of the Escherichia coli lacZ gene into a truncated U, 15
exon II [designated HSV-1(AU; 15ExII)] were constructed. Recombinant viruses derived from S648 and
HSV-1(AU, 15ExII) and containing restored U; 15 genes were constructed and designated S648R and HSV-
1(AU 15EXIIR), respectively. Unlike HSV-1(AU,; 15EXIIR) and S648R, the viruses containing mutant U, 15
genes failed to cleave and package viral DNA when propagated on noncomplementing cells. As revealed by
electron microscopy, large numbers of enveloped capsids lacking viral DNA accumulated within the cytoplasm
of cells infected with either S648 or HSV-1(AU, 15EXII) but not in cells infected with HSV-1(AU; 15EXIIR) or
S648R. Thus, one function of the U, 15 gene is to effectively prevent immature particles lacking DNA from
exiting the nucleus by envelopment at the inner lamella of the nuclear membrane. Cells infected with
HSV-1(AU, 15EXII) did not express the 75,000- or 35,000-apparent-M, proteins previously shown to be prod-
ucts of the U, 15 open reading frame, whereas the 35,000-apparent-M, protein was readily detectable in cells
infected with S648. We conclude that at least the 75,000-M,. protein is required for viral DNA cleavage and
packaging and hypothesize that the 35,000-M, protein is derived from translation of a novel mRNA located

partially or completely within the second exon of U,

15.

At least three types of capsids that differ in electron micro-
scopic appearance can be detected in the nuclei of cells in-
fected with wild-type herpesviruses (17). Type A capsids con-
sist of an icosahedral shell surrounding an electron-lucent
core. Type B capsids resemble type A capsids but contain an
internal circular structure or scaffold, whereas type C capsids
contain the external shell, lack the internal scaffold, and con-
tain an electron-dense core consisting of tightly packed
genomic DNA (7). It is likely that type A and C capsids are
derived from type B capsids (18, 22). Type C capsids likely
become enveloped at the inner lamella of the nuclear mem-
brane and are transported through the cytoplasm as enveloped
virions to the extracellular space (24). Type A capsids are
viewed as the consequence of an aborted packaging reaction in
which the scaffold is removed but DNA is not inserted.

The herpes simplex virus type 1 (HSV-1) genome contains
two components, long (L) and short (S), that are covalently
linked and that contain unique sequences (U) flanked by in-
verted repeats (26, 32). During the cleavage and packaging
reaction, concatemeric viral DNA that accumulates in the nu-
clei of infected cells is cleaved within a sequences located
within the inverted repeats to yield linear genomes containing
one copy of the a sequence at the S terminus and one to several
copies at the L terminus (33). In cells infected with HSV-1,
linear viral genomes have not been detected in the absence of
(i) preassembled capsids (14), (ii) the U 6 gene product that
encodes a minor capsid protein dispensable for the production
of morphologically normal HSV type B capsids (20, 21, 27, 29,
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35), and (iii) at least the U 15, U, 25, U, 28, U, 32, and U, 33
gene products of unknown function(s) (1, 2, 4, 27, 28, 34). The
focus of these studies is on the U 15 gene products of HSV-1.

The U, 15 gene is highly conserved among all herpesviruses
for which sequence data are available (3, 9, 12, 13). Although
U, 15 is invariably spliced to join two or more exons in wild-
type herpesvirus genomes, HSV-1 replicates to high titers
when U, 15 is expressed as a single cDNA copy (6, 10). Of
interest is the observation that U, 15 and its counterparts in
other herpesviruses have homology with the ATP binding ter-
minase gpl7, a protein required for DNA cleavage and pack-
aging of bacteriophage T4 DNA, suggesting the possibility that
the proteins perform similar functions (12).

Previous work indicated that antibody directed against se-
quences encoded by the second exon of U; 15 recognized two
proteins with apparent M s of 75,000 and 35,000 and that these
proteins shared sequences derived from translation of the 3’
end of U, 15 exon II (4). The goals of the current study were to
determine the origin of the 35,000-apparent-M, protein and to
begin to determine the respective functions of the individual
U, 15-encoded proteins.

MATERIALS AND METHODS

Cells and viruses. HEp-2, Vero, and rabbit skin cells were obtained from
Bernard Roizman, University of Chicago, and were maintained as previously
described (5). The HSV-1(F) isolate has been described previously (15). The
temperature-sensitive mutant HSV-1(mP)ts66.4, bearing a temperature-sensitive
mutation within the second exon of the Uy 15 gene, has also been described
elsewhere (23).

Purification and analysis of viral DNA. Cytoplasmic viral DNA was purified
for analytical purposes as previously described (30). Transfection of viral DNA,
agarose gel electrophoresis, the production of radiolabeled DNA probes, trans-
fer of viral DNA to nitrocellulose, and hybridization conditions were as previ-
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ously described (5). DNA sequencing was performed by using a modification of
the method of Sanger et al. (25) on an ABI automated sequencer, using dye-
conjugated dideoxynucleotides or by using [*>S]JdATP-radiolabeled DNA and
dideoxynucleotides.

DNase protection assay. The assay was performed essentially as described by
Vlazny et al. (31) and modified by Poon and Roizman (23). Vero cells were
infected with various viruses at 5.0 PFU per cell. Twenty-two hours after infec-
tion, the cells were washed twice in phosphate-buffered saline, resuspended in
0.5% Triton X-100-10 mM NaCl-10 mM Tris-HCI (pH 7.5)-1.5 mM MgCl,, and
sonicated for 10 s. Under these conditions, cytoplasmic capsids containing viral
DNA and some unpackaged nuclear viral DNA escape into the lysis buffer (23).
Lysates were clarified at 14,000 X g for 2 min, and the supernatants were
incubated for 15 min in the presence or absence of 50 pg of DNase I (Boehringer
Mannheim) per ml at 37°C. To stop the DNase I digestion, proteinase K (200
wg/ml; Boehringer Mannheim) and sodium dodecyl sulfate (0.2%) were added,
and the mixture was incubated for an additional 30 min at 37°C. The samples
were then extracted with phenol-chloroform-isoamyl alcohol (24:24:1), ethanol
precipitated, and resuspended in 10 mM Tris-HCl-1 mM sodium EDTA (pH
8.0) prior to digestion with BamHI.

Plasmids and cosmids. Plasmid pRB4120 contains the promoter, polyadenyl-
ation signal, and coding sequences of the U 15 gene as a cDNA copy. HSV
sequences in this plasmid were sufficient, when incorporated into a recombinant
HSV genome, to allow viral replication in the absence of other Uy 15 sequences
(6). To produce a cell line capable of supporting replication of viruses bearing
mutations within the Uy 15 gene, a HindIII fragment from plasmid pRB3464
(kindly supplied by Bernard Roizman) containing a neomycin resistance gene
driven by the HSV thymidine kinase promoter was inserted into the HindIII site
of pRB4120. The resultant plasmid, pRB4496, contained the neomycin resis-
tance gene upstream of the U 15 cDNA such that both genes were transcribed
in the same direction.

Schematic representation of DNA sequences relevant to the construction of
pIB29, containing a lacZ expression cassette in Uy 15 exon II, is shown in Fig. 1B,
lines 2 and 3, and proceeded as follows. pJBS contains a 2,063-bp fragment of
HSV-1(F) DNA from a Sall site at codon 375 in the second exon of U 15 to a
BglII site within U} 18 coding sequences. pJBS5 was digested with Miul, and the
ends were blunted with T4 polymerase. pJBS was then digested with BamHI, and
a fragment that lacked codons 509 to 735 from Uy 15 exon II was isolated. To
insert a selectable marker into the U; 15 gene, a Bglll/Xhol DNA fragment
containing a lacZ gene driven by the simian virus 40 (SV40) promoter and
terminated by the SV40 polyadenylation signal (a gift from Donald Holzschu,
Cornell University) was inserted into the exon II deletion of pJB5 to generate a
plasmid designated pJB29.

A bacterial cosmid was constructed such that a DNA oligomer encoding
termination codons in all three potential open reading frames and containing an
Xbal site was inserted into the Sau3Al site at position 29639 in HSV DNA
located in exon I of the Up15 gene (19). The insertion of the 16-bp DNA
oligomer, TAA TC TAG AT TAG ATC (stop codons underlined), and its
complement was confirmed by sequencing cosmid DNA. The remaining cosmids
used for reconstitution of the HSV-1(17) viral genome have been described
previously (11).

Electron microscopy. Infected Vero cells were fixed in 2.5% glutaraldehyde in
0.07 M sodium cacodylate buffer (pH 7.4). The cells were embedded in Epon and
prepared for electron microscopy essentially as previously described (8). Thin
sections were viewed in a Philips EM 201 electron microscope with an acceler-
ating voltage of 80 kV and 20-pm objective aperture.

Immunoblotting. Infected HEp-2 cell lysates were separated on polyacryl-
amide gels, transferred to nitrocellulose, and reacted with Uy 15-specific anti-
serum as previously described (4).

RESULTS

Construction of a cell line capable of rescuing U; 15 mu-
tants. Plasmid pRB4496, containing a cDNA copy of the U, 15
gene and a gene encoding neomycin resistance (see Materials
and Methods), was transfected into rabbit skin cells. Cells
expressing neomycin resistance were selected by growth in
Dulbecco modified Eagle medium supplemented with 10%
fetal bovine serum and 500 pg of G418 per ml. G418-resistant
cells were then cloned by limiting dilution in the same medium.
Individual cell lines were then screened for the ability to sup-
port the replication of HSV-1(mP)zs66.4, containing a temper-
ature-sensitive mutation within exon II of the U, 15 gene, at
the nonpermissive temperature of 40°C (23). One cell line
capable of supporting replication of HSV-1(mP)zs66.4 at 40°C
(data not shown) was designated clone 17 and was selected for
further studies.
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FIG. 1. Schematic representation of colinear HSV sequences relevant to the
production and documentation of Uy 15 insertion and deletion viruses. (A) Line
1, representation of the HSV-1 genome. Open rectangles represent inverted
repeat regions flanking the Uy and Ug components. Lines 2 and 3, colinear
representation of a set of cosmid DNAs cotransfected into cells for production
of the S648 recombinant virus. The position of an oligomer inserted within U 15
exon I encoding termination codons in all three open reading frames is indicated.
Line 4, schematic representation of sequences in the Bg/II O fragment of HSV-1
DNA. The arrows represent the directions and approximate lengths of the
indicated open reading frames. The position of a unique Xbal site within the
DNA oligomer inserted within Uy 15 exon I (ExI) is indicated. Line 5, schematic
representation of an S648-specific fragment as a consequence of digestion of viral
DNA with Xbal and BglII. Line 6, colinear representation of the probe used in
the experiment illustrated in Fig. 2. Bg, Bg/ll; H, HindIlI; X, Xbal. (B) Line 1,
representation of the HSV-1 genome. Open rectangles represent inverted re-
peats flanking the unique regions (solid line). Lines 2 and 3, schematic repre-
sentation of the construction of a plasmid containing a lacZ gene driven by an
SV40 promoter into a truncated second exon of the U; 15 gene. Filled rectangle,
SV40 promoter; open rectangle, lacZ sequences. Line 4, schematic representa-
tion of the HSV-1(AU; 15ExII)-specific Bg/lI fragment as shown in Fig. 2 (la-
beled band 2). Line 5, schematic colinear diagram of the normal Bg/II P fragment
of HSV. The dashed line indicates colinear sequences not contained within the
Bglll P fragment of wild-type viruses. Line 6, schematic colinear diagram of the
exon IT probe used in the experiment shown in Fig. 2. This probe contained Uy 15
exon II sequences and hybridized with DNA fragments schematically repre-
sented in lines 4 and 5 and shown in Fig. 2, lanes 4 to 6. Line 7, HSV-1 DNA
fragment used to restore the deletion/insertion in HSV-1(AU; 15EXII) to wild-
type sequences. B, BamHI; Bg, BglIl; H, HindIIl; M, Mlul; S, Sall; Sc, Sacl; X, Xbal.
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FIG. 2. Digital scanned images of autoradiographs of electrophoretically
separated viral DNAs digested with Bg/II and Xbal and probed with radiolabeled
U 15 and lacZ sequences. Lanes contain viral DNA purified from cells infected
with the indicated viruses. The probes used are indicated below the numbered
lane markers. Bands labeled 1 and 2 are specific for S648 and HSV-
1(AU15EXII), respectively. The sequences contained within bands 1 and 2 are
schematically represented in Fig. 1A, line 5, and Fig. 1B, line 4, respectively. The
sizes (in kilobase pairs) of the DNA fragments are indicated as the left and right.

Construction of viruses bearing mutations in the first and
second exons of the U; 15 gene and viruses bearing restored
U, 15 genes. To construct a virus with a mutation within the
first exon of U 15, a DNA oligomer containing stop codons in
all three potential open reading frames was inserted into the
first exon of the U, 15 gene within cosmid DNA (see Materials
and Methods). This DNA and cosmid DNAs (schematically
represented in Fig. 1A, line 2) comprising the rest of the
HSV-1(17) genome were cloned as overlapping DNA frag-
ments flanked by Pacl restriction sites. The cosmids were di-
gested with Pacl, releasing the HSV-1 DNA from vector se-
quences, and the DNA fragments were cotransfected into
clone 17 cells. It was expected that by double recombination of
homologous sequences, complete viral genomes bearing the
inserted mutation would give rise to infectious progeny in
cotransfected clone 17 cells (Fig. 1A, lines 2 and 3) (11). Viral
progeny of the cotransfection were plaque purified twice, and
one virus, designated S648, was selected for further study. A
spontaneously arising revertant within the S648 viral stock was
designated S648R. The presence of the stop codons inserted
into U 15 exon I of S648 viral DNA and the restoration of
wild-type exon I sequences in S648R DNA were confirmed by
DNA sequencing (not shown).

Viral DNAs from HSV-1(F)-, S648-, and S648R-infected
cells were digested with Bg/II and Xbal, transferred to nitro-
cellulose, and probed with radiolabeled DNA delimited by a
HindlIll site downstream of U, 14 coding sequences and a Bg/II
site within U, 16. The probe is designated exon I in Fig. 2, lanes
1 to 3, and schematically represented in Fig. 1A, line 6. As
shown in Fig. 2, the introduction of the Xbal site into the first
exon of Uy 15 of S648 genomic DNA caused a truncation of the
BgIII O fragment in Bg/ll/Xbal-digested DNA from approxi-
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mately 5.3 kbp, as seen in HSV-1(F) DNA, to 4.3 kbp (Fig. 2,
lane 2, band 1). As expected, the elimination of the Xbal site
in S648R restored the Bg/Il O fragment to a size electro-
phoretically indistinguishable from that of the wild-type BglII
O fragment (Fig. 2; compare lanes 1 and 3). These data indi-
cate that S648 viral DNA contains a novel Xbal site within the
first exon of U, 15; we therefore deduce that stop codons were
inserted into U 15 exon I as designed.

To construct a virus bearing a mutation in U, 15 exon II,
clone 17 cells were cotransfected with HSV-1(F) DNA and
plasmid pJB29, containing an Escherichia coli lacZ gene in-
serted into U 15 exon II (see Materials and Methods). It was
predicted that double-recombination events between homolo-
gous plasmid and viral DNA sequences would give rise to some
viral genomes containing a lacZ expression cassette inserted
into U 15 exon II. To purify such viruses, clone 17 cells were
infected with the progeny of the cotransfection and were over-
laid with medium containing 5-bromo-4-chloro-3-indolyl-B3-p-
galactopyranoside (X-Gal) and 1% agarose. Plaques contain-
ing recombinant virus were identified by their blue color under
the X-Gal overlay and were plaque purified on clone 17 cells
five times. One of the plaque-purified recombinant viruses was
selected for growth of stock virus and was designated HSV-
1(AU 15EXII).

To ascribe any phenotype of HSV-1(AU; 15ExII) to the ab-
sence of the U 15 gene, it was necessary to construct a virus
that was derived from HSV-1(AU, 15ExII) and contained a
restored U 15 gene. To do this, HSV-1(AU, 15ExII) viral
DNA was purified from infected clone 17 cells and was co-
transfected with a plasmid containing HSV-1 DNA delimited
by a Sall site at the 5’ end of exon II and a Bg/II site within the
U, 18 open reading frame (Fig. 1B, line 7). Clear plaques
under an X-Gal overlay were selected and screened for the
presence of an intact U; 15 gene (not shown). One of these
viruses was designated HSV-1(AU; 15EXIIR).

Viral DNAs of HSV-1(F), HSV-1(AU, 15ExII), and HSV-
1(AU_15ExIIR) were purified from infected cells and were
digested with Bg/II and Xbal. The DNA fragments were elec-
trophoretically separated on an agarose gel and transferred to
two separate nitrocellulose sheets. One sheet was probed with
radiolabeled HSV-1(F) DNA delimited by a Sacl site 596 bp
upstream of Uj 15 exon II and a Bg/II site located within U, 18
coding sequences. A schematic representation of the HSV
DNA sequences contained in the probe is shown in Fig. 1B,
line 6. The other nitrocellulose sheet was hybridized with ra-
diolabeled lacZ sequences. The results, shown in Fig. 2, lanes
4 to 9, were as follows.

(i) The exon II probe hybridized with the Bg/II P fragment of
approximately 4.5 kbp in lanes containing HSV-1(F) and HSV-
1(AU, 15ExIIR) DNA (Fig. 2, lanes 4 and 6, respectively).

(ii) The Bg/II P fragment was not present in HSV-
1(AU, 15ExIT) DNA; rather, a novel Bgl/II fragment (labeled
band 2 in Fig. 2) of approximately 8.0 kbp was recognized by
the probe containing U, 15 exon II sequences. Schematic rep-
resentations of the DNA sequences in band 2 are shown in Fig.
1B, lines 3 and 4.

(iii) A band electrophoretically indistinguishable from band
2 hybridized with the lacZ probe (Fig. 2, lane 8).

Because band 2 is of a size expected upon insertion of the
lacZ expression cassette within the truncated U, 15 exon II as
in pJB29 plasmid DNA and contains U; 15 exon II coding
sequences and lacZ sequences, we deduce that the lacZ ex-
pression cassette was inserted into U;15 exon II of HSV-
1(AU 15ExII) viral DNA as designed. We also conclude that
HSV-1(AU; 15ExIIR) contains a restored U 15 gene.
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FIG. 3. Vero cells were infected with 5.0 PFU of the indicated viruses per
cell. At various times after infection, total infectious virus was measured by
titration and plaque assay on clone 17 cells, which support the replication of
viruses lacking functional Uy 15 genes.

U, 15 mutants do not replicate in noncomplementing cells.
To assess the ability of the U; 15 mutants to replicate, Vero
cells were infected with 5.0 PFU of either HSV-1(F), S648,
S648R, HSV-1(AU, 15ExII), or HSV-1(AU, 15ExIIR). Cells
were harvested at various times after infection and sonicated,
and the amount of total infectious virus was determined by
plaque assay on clone 17 cells. The result, presented in Fig. 3,
shows that wild-type HSV-1(F) and viruses bearing restored
U, 15 genes replicated to at least 3 X 107 PFU per ml by 24 h
after infection. In contrast, cells infected with HSV-
1(AU 15ExII) did not produce significant levels of infectious
virus over the 24-h time period. Cells infected with S648 pro-
duced a small amount of infectious virus within 24 h: at 6 h
after infection, approximately 10° PFU per ml were detected,
and by 24 h, this number increased approximately 10-fold. This
is likely a consequence of the elimination of the inserted stop
codons within U; 15 exon I during viral replication because
plating the 24-h sample on Vero cells revealed the presence of
some virus capable of replicating on Vero cells and containing
restored U, 15 genes (data not shown). Nevertheless, the titers
produced in S648-infected Vero cells were 3,000- to 10,000-
fold lower than those obtained from cells infected with S648R,
HSV-1(F), and HSV-1(AU, 15ExIIR). We therefore conclude
that the mutations in U 15 exon I (S648) and U 15 exon II
[HSV-1(AU 15ExII)] prevented replication in noncomple-
menting Vero cells.

U, 15 mutants synthesize but do not cleave or package viral
DNA. The observation that a temperature-sensitive mutation
in the C terminus of the U, 15 gene prevented DNA cleavage
at the nonpermissive temperature (4) led to the prediction that
the mutants constructed in this study would fail to cleave viral
DNA. To test this possibility, viral DNAs from Vero cells
infected with HSV-1(AU, 15ExII), HSV-1(AU, 15EXIIR),
S648, and S648R were purified and then digested with BamHI.
DNA fragments were then electrophoretically separated on an
agarose gel, transferred to nitrocellulose, and probed with ra-
diolabeled HSV DNA contained within the terminal sequences
repeated at the ends of the long component of HSV-1(F) DNA
(BamHI S fragment). The results (Fig. 4) were as follows.

(i) As expected, the BamHI-S probe recognized the BamHI
S-P fragments of approximately 6.0 kbp that are present at the
junctions of the long and short components within cleaved
genomes and concatemeric viral DNA (30) (Fig. 4, odd-num-
bered lanes).

(ii) In cells infected with HSV-1(F), HSV-1(AU, 15EXIIR),
and S648R, several BamHI S fragments of around 3 to 4 kbp
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FIG. 4. Digital scanned images of autoradiographs of electrophoretically
separated viral DNA probed with end-specific sequences. Lysates of cells in-
fected with various viruses were incubated in the presence (+) or absence (—) of
DNase I, and viral DNA was subsequently purified, digested with BamHI, trans-
ferred to nitrocellulose, and hybridized with radiolabeled BamHI-S DNA. The
positions of the BamHI S fragments representing the terminus of the long
component in linear viral genomes and the S-P fragments derived from the
junction of the long and short components in linear and concatemeric viral
genomes are indicated. The significance of band 1 is discussed in the text.

hybridized with the end-specific probe. This was expected since
the terminus of the long component contains one or more
copies of the approximately 400-bp a sequence (33). The pres-
ence of these end-specific fragments indicated that wild-type
viruses and viruses bearing restored U;15 genes cleaved
genomic DNA normally. In contrast to these results, BamHI S
fragments could not be detected in cells infected with HSV-
1(AU_ 15EXII) or S648, indicating that these viruses did not
cleave genomic viral DNA into unit-length molecules in non-
complementing Vero cells.

(iii) A surprising observation was the presence of a novel
band (band 1 in Fig. 4) that hybridized with the BamHI-S
probe in cells infected with HSV-1(AU, 15ExII). This band had
an apparent length of 3.6 kbp and was reproducibly seen in
several experiments, although its intensity on autoradiograms
relative to that of the S-P fragment of HSV-1(AU, 15EXII)
DNA varied. We cannot rule out the possibility that this DNA
fragment was derived from the P fragment (located at the
terminus of the short component of HSV-1 DNA) as a conse-
quence of a sequences present in both BamHI-S and
BamHI-P. This DNA fragment might arise as a consequence of
several possibilities and is not necessarily the consequence of
an aberrant endonucleolytic cleavage event (see Discussion).
Characterization of sequences within this 3.6-kbp fragment
should provide insight into the mechanism by which it is pro-
duced.

To determine the effect of the U, 15 mutations on DNA
packaging, we used a previously described DNase protection
assay that takes advantage of the fact that viral DNA is ren-
dered resistant to DNase I digestion when packaged into the
viral capsid (31). Twenty-two hours after infection, Vero cells
were lysed by sonication in the presence of 0.5% Triton X-100,
and equivalent samples of clarified supernatant were incubated
in the presence or absence of DNase I. The viral DNA was
then purified, digested with BamHI, electrophoretically sepa-
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rated on an agarose gel, transferred to nitrocellulose, and
probed with radiolabeled BarmHI-S DNA. Lanes correspond-
ing to DNase-treated lysates of cells infected with HSV-1(F),
HSV-1(AU, 15ExIIR), and S648R contained readily detect-
able DNA fragments that hybridized with the BamHI-S probe
(Fig. 4, lanes 2, 6, and 10, respectively). In contrast, lanes
containing DNA purified from DNase-treated lysates of HSV-
1(AU 15ExII) and S648 did not contain detectable BamHI-S
DNA. We interpret these data to indicate that in cells infected
with either HSV-1(AU 15ExII) or S648, viral DNA is not
packaged into capsids and thereby rendered resistant to DNase
digestion. Because cells infected with viruses bearing restored
U, 15 genes contained DNase-resistant viral DNA, we also
conclude that the inability to package viral DNA was a conse-
quence of the respective mutations within the U 15 gene.

Capsids lacking DNA become enveloped in the absence of
functional U, 15. To further investigate the U, 15 null pheno-
type, Vero cells were infected with S648, S648R, HSV-
1(AU, 15ExII), and HSV-1(AU, 15ExIIR) at 5.0 PFU per cell.
At 15 h after infection, the cells were fixed and thin sections
were prepared for electron microscopy. The results, presented
in Fig. 5, were as follows.

(i) In cells infected with both S648 and HSV-1(AU, 15ExII),
only type B capsids were present within infected cell nuclei.
Cells infected with S648R and HSV-1(AU; 15ExIIR) con-
tained B capsids, a few A capsids, and C capsids. These data
therefore confirm the conclusion from the DNase protection
studies that S648 and HSV-1(AU15ExII) do not package
DNA. Inasmuch as S648R and HSV-1(AU, 15ExXIIR) form
type C capsids and are derived from S648 and HSV-
1(AU_ 15ExII), respectively, these data also indicate that the
inability to package viral DNA is a consequence of the respec-
tive mutations within the U 15 gene.

(ii) The electron microscopic appearance of the cytoplasm of
cells infected with both S648R and HSV-1(AU, 15EXIIR) re-
sembled that of cells infected with wild-type HSV-1(F) (data
not shown). Specifically, most of the cytoplasmic particles were
enveloped and contained an electron-dense core that closely
resembled the appearance of cores found in type C capsids and
virions. As noted in studies of wild-type virus infections, par-
ticles lacking envelopes but containing electron-dense cores
were also present in the cytoplasm of wild-type and restored
viruses. In contrast to these results, the cytoplasm of cells
infected with S648 and HSV-1(AU, 15ExII) contained a large
number of enveloped particles containing internal electron
lucent cores. Many of these enveloped particles were located
within cytoplasmic membranes. Such particles were only very
rarely observed in cells infected with viruses bearing restored
U, 15 genes or wild-type viruses (24). This unexpected obser-
vation strongly suggests that in the absence of functional U 15,
capsids indistinguishable in morphologic appearance from type
B capsids are efficiently enveloped at the nuclear membrane of
infected cells.

Characterization of a mutation within U, 15 conferring a
temperature-sensitive phenotype. Previous studies indicated
that a temperature-sensitive virus, HSV-1(mP)zs66.4, failed to
cleave and package viral DNA at the nonpermissive tempera-
ture. Wild-type U, 15 sequences from a BamHI site at codon
509 to the U 15 C terminus (codon 735) were sufficient to
restore the ability of the viral mutant to replicate at 39.5°C
(23). To precisely identify the site of the temperature-sensitive
mutation, viral DNA encompassing codons 509 to 735 from
HSV-1(mP)ts66.4 and the parent virus HSV-1(mP) were se-
quenced, and the data were compared to the previously pub-
lished DNA sequence of HSV-1(17) U, 15 exon II (19). The
differences among the viral sequences of this region are pre-
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sented in Table 1. Although several silent mutations in HSV-
1(mP) and HSV-1(mP)zs66.4 that differed from the published
sequence of HSV-1(17) were found, only one mutation that
was predicted to change the amino acid sequence of HSV-
1(mP)ts66.4 U, 15 exon II relative to HSV-1(mP) was found.
Thus, codon 653 of HSV-1(mP)ts66.4 U, 15 encoding serine
was altered to a codon encoding proline. Taking into account
the facts that (i) cotransfection of wild-type DNA encompass-
ing this region restored viral DNA cleavage and packaging at
nonpermissive temperatures and (ii) the mutation at codon
653 was the only mutation predicted to alter the amino acid
sequence of this region of the U} 15 gene, we conclude that this
mutation is necessary for manifestation of the temperature-
sensitive phenotype of HSV-1(mP)ts66.4. Alignment of the
deduced amino acid sequences with those of other herpesvi-
ruses indicate that the serine residue is conserved in all her-
pesviruses except the Epstein-Barr virus homolog, in which the
codon in question is predicted to encode threonine (data not
shown).

Origin of the 35,000-apparent-M,. U, 15-encoded protein.
Previous studies indicated that antisera directed against the C
terminus of the U, 15 protein recognized 75,000- and 35,000-
apparent-M, proteins (4). To determine the origin of the
35,000-apparent-M, protein, cells were mock infected or were
infected with HSV-1(F), S648, or HSV-1(AU, 15ExII). Lysates
of cells were electrophoretically separated on a denaturing
polyacrylamide gel, transferred electrically to nitrocellulose,
and probed with the previously described antibody directed
against the C terminus of the U 15 gene. Bound antibody was
detected by reaction with alkaline phosphatase-conjugated
donkey antirabbit antibody followed by the fixation of colored
substrate by alkaline phosphatase. The results (Fig. 6) were as
follows.

(i) As described previously, two bands containing proteins
with apparent M.s of 75,000 and 35,000 reacted with the U, 15-
specific antiserum in lanes containing HSV-1(F)-infected cell
lysates but not in lanes containing mock-infected cell lysates.

(ii) The 75,000- and 35,000-apparent-M, proteins could not
be detected in cells infected with HSV-1(AU; 15ExII). This
was as expected because virtually all of the sequences pre-
dicted to act as antigen in the production of the U, 15-specific
antiserum were deleted from the HSV-1(AU, 15ExII) genome
4).
(iii) A key observation was the detection of the 35,000-
apparent-M, protein in the absence of detectable 75,000-ap-
parent-M, protein in the S648-infected cell lysate (Fig. 6, lane
4). We conclude that the 35,000-apparent-M, protein is not
derived from proteolytic cleavage of the 75,000-apparent-M,
protein inasmuch as it can be expressed in the absence of the
75,000-apparent-M, protein.

DISCUSSION

We have shown that mutations in either exon I or exon II of
the U, 15 gene can separately eliminate viral DNA cleavage
and packaging, confirming and expanding on previous obser-
vations that a temperature-sensitive mutation mapping in the
second exon of U, 15 eliminated viral DNA packaging at non-
permissive temperatures (4, 23). We also conclude that at least
the 75,000-apparent-M, U, 15-encoded protein is required for
viral DNA cleavage and packaging inasmuch as the S648 virus
does not cleave or package viral DNA and does not express the
75,000-apparent-M, U, 15-encoded protein. The observations
that (i) reversion of the exon I mutation afforded the ability to
replicate normally and (ii) S648 was able to cleave and package
viral DNA when propagated on a cell line containing U, 15
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" HSV-1(AU, 15ExIIR) S648R

FIG. 5. Scanned digital images of electron photomicrographs of HEp-2 cells fixed at 15 h after infection with the indicated viruses. Thin sections were prepared
and viewed in a Philips EM 201 electron microscope. Solid arrows indicate enveloped viral particles lacking DNA in the cytoplasm of cells infected with HSV-
1(AU15EXII) and S648. For size comparisons, capsids are approximately 100 nm in diameter.
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TABLE 1. Differences in the DNA and predicted amino acid
sequences of relevant portions of U 15 exon II of HSV-1(17),
HSV-1(mP)ts66.4 containing a temperature-sensitive mutation
that prevents viral DNA cleavage and packaging at the
nonpermissive temperatures, and HSV-1(mP), from
which HSV-1(mP)s66.4 was derived

DNA (predicted amino acid) sequence

Codon”
HSV-1(17)? HSV-1(mP) HSV-1(mP)1566.4
521 GGC (Gly) GGC (Gly) GGT (Gly)
536 TTC (Phe) TTT (Phe) TTT (Phe)
569 CAT (His) CAC (His) CAC (His)
592 CTA (Leu) CTC (Leu) CTC (Leu)
607 CTC (Leu) TTA (Leu) TTA (Leu)
653 TCC (Ser) TCC (Ser) CCC (Pro)
674 GTC (Val) GTG (Val) GTG (Val)
681 CTA (Leu) CTG (Leu) CTG (Leu)
692 ACT (Thr) ACG (Thr) ACG (Thr)
706 GAT (Asp) GAC (Asp) GAC (Asp)
730 CCT (Pro) CCC (Pro) CCC (Pro)

“ Codon 1 is the initiation codon of Uy 15 exon 1.
® Data from McGeoch et al. (19).

sequences (data not shown) indicated that the mutation in
exon I of U; 15 was responsible for the null phenotype.

An unexpected observation was the presence of large num-
bers of enveloped capsids lacking DNA that accumulated in
the cytoplasm of cells infected with S648 and HSV-
1(AU 15ExII). Many of these enveloped particles were incor-
porated into cytoplasmic vesicles presumably on route to the
extracellular space. The morphology of these particles resem-
bled particles seen in the cytoplasm of cells infected with vi-
ruses lacking the U; 28 gene (28). Such particles are only rarely
observed in cells infected with wild-type HSV-1, suggesting the
existence of a mechanism to select type C capsids for envel-
opment at the inner lamella of the nuclear membrane (24).
Such a mechanism may even discriminate between capsids
containing DNA of different lengths inasmuch as capsids con-
taining linear genomes significantly shorter than genomic
length are retained in the nucleus (31). The studies reported
here indicate that in the absence of U, 15, envelopment of
capsids occurs independently of viral DNA cleavage or the
presence of DNA within the capsid. One possibility consistent
with these data is that one of the functions of U, 15, and
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FIG. 6. Digitally scanned image of an immunoblot of electrophoretically
separated proteins probed with Uy 15-specific polyclonal antibody. HEp-2 cells
were mock infected or were infected with the indicated viruses. The proteins
were electrophoretically separated, transferred to nitrocellulose, and probed
with antibody directed against a fusion protein containing Uy 15 exon II-encoded
protein. The apparent Ms of the proteins reacting with the antibody are indi-
cated.
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possibly U 28, is to exclude particles lacking DNA from be-
coming enveloped; thus, in the absence of these proteins, en-
velopment occurs indiscriminately.

A novel 3.6-kbp BamHI fragment containing sequences hy-
bridizing with a probe representing sequences at the terminus
of the HSV-1 genome accumulated to detectable levels in cells
infected with a virus not expressing either the 75,000- or
35,000-apparent-M, protein [HSV-1(AU; 15EXII)]. This band
was sensitive to digestion with DNase, indicating that the ma-
jority of this DNA was not packaged into capsids. Determining
the nature of this band will require further study, but its vari-
able intensity relative to other DNA fragments from experi-
ment to experiment resembles the behavior of previously char-
acterized defective genomes present in some preparations of
HSV DNA (16). We cannot, however, exclude the possibilities
that DNA in this band arises from genomes undergoing deg-
radation, recombination, or aberrant endonucleolytic cleavage.

Previous data indicated that antisera directed against the
U, 15 C terminus recognized two proteins with apparent M,s of
75,000 and 35,000 that shared immunoreactive epitopes. Fur-
ther analysis of these proteins indicated that (i) they were
derived in part from the C terminus of the U, 15 open reading
frame and (ii) the 35,000-apparent-M, protein was dependent
on viral DNA synthesis for its expression whereas the 75,000-
apparent-M, protein was less so dependent (4). We could not
distinguish between the possibilities that (i) the proteins were
derived from differentially regulated mRNAs or that (ii) the
smaller protein was derived from cleavage of the larger protein
and the protease responsible for the cleavage event was de-
pendent on viral DNA synthesis for optimal activity. The fol-
lowing considerations of data presented in this study and pre-
vious studies support the hypothesis that the 35,000-
apparent-M, protein is derived from translation of an mRNA
located within exon II of U 15.

(i) The 35,000- and 75,000-apparent-M, proteins can be ex-
pressed independently; thus, in cells infected with the S648
virus bearing termination codons in the U 15 first exon, the
35,000-apparent-M, protein, but not the 75,000-apparent-M,
protein, could be detected with the U, 15-specific antibody.
This finding rules out the possibility that one protein is derived
from proteolytic cleavage of the other.

(ii) Viruses containing a cDNA copy of the U 15 gene in
place of the U 15 first and second exons express the 35,000-
apparent-M, protein (4). The arrangement of U, 15 sequences
in the genomes of these viruses is such that exon II sequences
are covalently linked to exon I sequences and are displaced
from sequences normally located upstream of Uy 15 exon II.
Thus, exon II sequences when displaced from their normal
position in the viral genome are sufficient for expression of the
35,000-apparent-M, protein. The promoter and mRNA giving
rise to the 35,000-apparent-M, protein must therefore be lo-
cated within Uy 15 exon II, or the mRNA may be derived from
alternative splicing within the U} 15 cDNA.

(iii) Costa et al. (10) previously mapped an mRNA by S1
nuclease analysis initiating approximately 1,000 bases up-
stream from the U, 15 C terminus and downstream from two
potential TATA boxes starting at base positions 33838 and
33901 within exon II (19). Such an mRNA is located at a
position appropriate for expression of a 35,000-apparent-M,
protein initiating at codons 418 or 443 within the U, 15 coding
sequence (data not shown). An alignment of U; 15 exon II
sequences indicates that a methionine codon is present within
four codons of position 443 in all mammalian herpesviruses
(data not shown). Whether this is indeed an initiation codon or
serves as an important residue of the 75,000-apparent-M, pro-
tein will require further studies.
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FIG. 7. Schematic collinear representation of Uy 15 and Uy 15.5 mRNAs and
proteins. Line 1, representation of HSV-1 genomic DNA. Open rectangles in-
dicate the repeat sequences flanking the unique regions of the long and short
components. Line 2, schematic collinear representation of Uy 15 mRNA. The
positions of exon I (U 15 ExI) and exon II (U 15 ExII) are indicated. Line 3,
schematic diagram of the Uy 15-encoded protein. The positions of the amino
terminus (N) and carboxyl terminus (C) and the site of insertion of an oligomer
bearing stop codons in the S648 viral genome are indicated. Protein coding
sequences are represented by open rectangles. Line 4, schematic representation
of the proposed Uy 15.5 mRNA identified by Costa et al. (10). The 5’ end has not
been precisely defined but is located approximately 1.0 kbp upstream of the U; 15
mRNA terminus. Line 5, collinear representation of the U 15.5 gene product
with an apparent M, of 35,000. The site of the temperature-sensitive (ts) muta-
tion in HSV-1(mP)s66.4 is indicated. The apparent M,s of the Uy 15 and Uy 15.5
gene products are indicated in thousands, and the sizes of the mRNAs encoding
the respective proteins are indicated in kilobases. ORF, open reading frame.

These studies therefore support the existence of a novel
gene located partially or entirely within exon II of U 15 that
encodes a 35,000-apparent-M, protein translated in frame
with, and coterminal with, the 75,000-apparent-M, U, 15 gene
product. We propose that the putative gene be designated
U, 15.5. A schematic representation of the proposed mRNAs
and proteins relevant to these studies is shown in Fig. 7. Con-
firmation of this model will require further studies. Parenthet-
ically, this model predicts that of all the mutants described thus
far, only the mutation in S648 solely affects the U; 15 gene
product.
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