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The herpes simplex virus genome 1 consists of two unique stretches, long (UL) and short (Us), each flanked
by inverted repeat sequences. The Us sequence has been previously reported to contain 12 open reading frames
designated Us1 through Us12. This report demonstrates the existence of a 13th open reading frame within the
Us sequence, designated Us8.5. The Us8.5 sequence is located between, and overlaps in part with, the domains
of the Us8 and Us9 genes. Its transcription is initiated within the coding sequence of Us8, and its transcript
decays earlier than that of Us8. On the basis of the size of its RNA (1.2 kb) and map position, it is likely that
the Us8.5 transcript is 3' coterminal with the Us8 and Us9 mRNAs at the single polyadenylation signal which
serves these genes. The nucleotide sequence of the Us8.5 open reading frame predicts that its product is a
151-amino-acid basic, hydrophilic polypeptide. To determine whether the Us8.5 encodes a protein, a sequence

encoding 23 amino acids that contains an epitope reacting with a known monoclonal antibody to human
cytomegalovirus protein was inserted in frame after the predicted fifth codon of the Us8.5 gene. The
recombinant virus carrying this epitope induced the synthesis of a protein reactive with the monoclonal
antibody in immunoblots. The tagged protein localized in nucleoli of cells infected with the recombinant virus.

The herpes simplex virus 1 (HSV-1) genome consists of
two covalently linked components, long (L) and short (S),
each consisting of a unique sequence, UL and Us, respec-
tively, flanked by inverted repeats (10, 38).
Analyses of the DNA sequence combined with transcrip-

tional studies have led to the conclusion that the HSV-1 Us
sequence encodes 12 open reading frames designated Usl
through Us12. It was further reported that these open
reading frames yield 13 mRNAs and that 11 of the 13
mRNAs are arranged into four nested families composed of
two or three RNA species with common 3' termini but
distinct 5' ends. Two other mRNAs have unique 5' and 3'
ends (27, 33, 34). Concurrent and subsequent studies have
shown that all but one gene, that encoding glycoprotein D
(gD), are dispensable for viral replication in cells in culture
(19, 20, 35).

In this article, we report the discovery of a new gene
mapping in the S component. This gene, designated Us8.5,
yields an mRNA whose 3' terminus may be colinear with
those of Us8 and Us9 mRNAs.

MATERIALS AND METHODS

Cells and viruses. The origin, maintenance, and propaga-
tion of Vero, thymidine kinase-minus baby hamster kidney
(BHKTK-), 143TK-, and rabbit skin cells were as previ-
ously described (2, 31). HSV-1(F) is a limited-passage wild-
type isolate (7). The recombinant viruses R7030 and R7032
were constructed as detailed elsewhere (18, 28); R7030
contains a thymidine kinase gene under the control of the
a27 promoter inserted into the unique HpaI site of the Us8
gene, whereas in R7032, a 1.8-kbp HincII-NruI sequence
was deleted from the Us8 gene encoding gE.

* Corresponding author.

Construction of plasmids. Plasmids pRB123 and pRB124
contain the BamHI J and BamHI X fragments of the HSV-
1(F) DNA, respectively, inserted into the BamHI site of
pRB322 (30). Plasmid pRB417 contains the 2.7-kbp EcoRI-
BglII subfragment of the HSV-1(F) Us sequence inserted
into the EcoRI-BamHI sites of pUC8 (25). Plasmid pRB4321
was made by subcloning the 1.8-kbp SacI-Sacl fragment
from pRB123 into the SacI site of the pGEM3Zf+ vector.
Plasmid pRB4319 contains the 1.8-kbp BamHI X fragment
derived from plasmid pRB124 inserted into the BamHI site
of pGEM3Zf+. Plasmid pHPI321 was made by subcloning
the 380-bp HincII-HincII fragment from pRB124 into the
HincII site of pGEM3Zf+. Plasmid pHPI400, kindly pro-
vided by Vivi Myriagou, contains the 2.1-kb NruI-BamHI
fragment from pRB123 inserted into the BamHI-HincII site
of pGEM3Zf+. Plasmid pHPI320, kindly provided by Evi
Prousali, contains the 2.2-kbp Sacl-SacI fragment from the
HSV-1(F) EcoRI-H DNA inserted into the SacI site of
pGEM3Zf+. Plasmid pHPI35 contains the EcoRI-H DNA
fragment from the Us component of the HSV-1(F) DNA,
into which was inserted at the unique BglII site the 69-bp
sequence 5'-GATCTAGAAAGGGACAGAAGCCCAACCT
GCTAGACCGACTGCGACACCGCAAAAACGGGTAC
CGACACA-3'. This sequence and its complement were

synthesized in an Applied Biosystems DNA synthesizer
380A (Foster City, Calif.). The two oligonucleotides were

annealed, and the double-stranded DNA oligomer was li-
gated into the unique BglII site of the EcoRI-H cloned DNA
fragment to yield plasmid pHPI35. The oligonucleotide en-
codes an epitope recognized by monoclonal antibody
CH28-2 to human cytomegalovirus (CMV) gB (16, 17); it was
inserted in frame with the coding sequence of the predicted
Us8.5 open reading frame at codon 5. The monoclonal
antibody to this epitope, a gift of L. Pereira, does not react
with any HSV proteins in native or denatured form (16, 17).
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The DNA sequences encoding and flanking the epitope at the
sites of insertion were sequenced to verify that the inserted
epitope was intact and in frame with the open reading frame
of the putative Us8.5 gene. This oligonucleotide was de-
signed to end in a BglII restriction enzyme site and to carry

an XbaI site at the 5' end and a KpnI site at the 3' end for
convenient screening of the oligonucleotide insertion in the
plasmids.

Plasmid pHPI324 contained the 2.2-kb Sacl-SacI fragment
derived from the pHPI35 inserted into the SacI site of
pGEM3Zf+, and plasmid pHPI325 contained the same frag-
ment but in the opposite orientation.

Construction of recombinant virus R35. Recombinant virus
R35 was constructed as described in detail elsewhere (31).
Briefly, intact R7030 DNA was cotransfected with pHPI35
plasmid DNA onto rabbit skin cells. The progeny of the
transfection were plated on 143TK- cells in the presence of
bromodeoxyuridine. In the presence of the drug, only the
recombinant TK- viral progeny replicates and forms
plaques. Individual plaques were picked, plaque purified
again, and tested for the presence of the oligonucleotide
insert by Southern blot analyses of electrophoretically sep-

arated KpnI restriction endonuclease digests.
RNA analyses. Cytoplasmic RNA was prepared from

confluent Vero or 143TK- cells grown in 150-cm flasks as

previously described (39). Fifteen micrograms of RNA was

subjected to electrophoresis on 1.4% agarose-formaldehyde
gels as described by Maniatis et al. (22), transferred to a

nitrocellulose membrane (Schleicher & Schuell, Dassel,
Germany), and hybridized either with DNA probes nick
translated with [32P]dATP or with strand-specific 32P-labeled
RNA probes made with the Riboprobe system (Promega,
Madison, Wis.) according to the procedure recommended by
the manufacturer. The hybridization conditions for DNA
were as previously described (30, 40). The hybridization
with RNA probes was done at 80°C in 1 mM EDTA-0.5 M
NaH2PO4 (pH 7.2)-1% sodium dodecyl sulfate (SDS) for
about 12 h. Subsequently, the membranes were washed two
times for 60 min each time in 1 mM EDTA-40 mM NaH2PO4
(pH 7.2)-1% SDS at 80°C and exposed to autoradiography.
The S1 analyses were done as described elsewhere (13). The
probe was a double-stranded 480-bp MluI-BamHI DNA
fragment derived from pHPI400, 5' end labeled with poly-
nucleotide kinase at the BamHI site by using standard
procedures.

In vitro transcription and translation. Plasmid templates
were transcribed with Sp6 or T7 RNA polymerase in the
presence of the cap analog m7G(5')ppp(5')G (New England
BioLabs) as recommended by the manufacturer (Promega).
One microgram of synthetic RNA was translated in a 20-,ul
reaction mixture with a rabbit reticulocyte lysate in the
presence of [35S]methionine (Amersham International, Am-
ersham, Buckinghamshire, United Kingdom) according to
the protocol supplied by the company.

Transfections. Approximately 4 x 106 BHKTK- cells
were transfected with 20 ,ug of plasmid DNA by the calcium
phosphate precipitation method as previously described (2,
25). The cells were processed 48 h after transfection.

Immunofluorescence. The BHKTK- cell cultures trans-
fected with plasmid pHPI35 or infected with R35 were

washed twice with phosphate-buffered saline (PBS) and then
fixed for 20 min at -20°C in methanol (37). After fixation, the
cells were allowed to dry overnight; after a brief rinse in
PBS, they were exposed to anti-CMV monoclonal antibody
CH28-2. After 2 h, the cultures were washed three times for
10 min each time in PBS and then exposed to a 1:100 dilution

of fluorescein isothiocyanate-conjugated goat anti-mouse
immunoglobulin G (Biosoft Laboratories, Paris, France)
plus 1:10 volumes of Evans blue counterstain to overcome
nonspecific staining. After four 10-min washes in PBS, the
bottom of the flask was cut out, a coverslip was applied, and
the cells were photographed under UV light illumination.

SDS-polyacrylamide gel electrophoresis and immunoblot-
ting. The denatured solubilized polypeptides from mock-
infected and R35-infected Vero cell lysates or the products
of the in vitro transcription-translation described above were
electrophoretically separated on 10 or 12% SDS-polyacryl-
amide gels (8, 9, 29). For immunoblotting, the electrophoret-
ically separated polypeptides from infected cells were trans-
ferred electrically to nitrocellulose membranes (Schleicher
& Schuell) and reacted in an enzyme-linked immunoassay
first with monoclonal antibody CH28-2 against the CMV
epitope and then with a biotinylated anti-mouse antibody as
previously described (16, 17). The gels containing the elec-
trophoretically separated in vitro-translated polypeptides
were dried and exposed to Kodak X-Omat film.

RESULTS

Mapping of a new RNA transcript to the domain of the
Us8-Us9 gene family in the S component of HSV-1 DNA. The
experiments described below indicated that a novel, highly
abundant RNA made relatively early in infection mapped to
the domain of the Us8-Us9 gene family.
RNAs extracted at various times postinfection from

143TK- cells infected with 5 PFU of HSV-1(F) or with the
recombinant R7032 (gE-) per cell were separated on a
formaldehyde-agarose gel, transferred by blotting to a nitro-
cellulose membrane, and probed with the 32P-labeled
pHPI321 plasmid DNA (probe 1 in Fig. 1). On the basis of
the RNA maps published previously (27, 34), this probe
should hybridize only to Us8 and Us9 RNAs. The autora-
diograms shown in Fig. 2 indicated the following.

(i) Probe 1 (pHPI321) hybridized consistently to three
HSV-1(F) transcripts approximately 2.7, 1.2, and 0.6 kb in
size. On the basis of size, the 2.7- and 0.6-kb transcripts
were identified as the Us8 and Us9 mRNAs. The presence of
the 1.2-kb HSV-1 RNA, indicated by the arrow in Fig. 2, was
totally unexpected. Similar results were obtained with the
RNA extracted from HSV-1(F)-infected Vero cells at 4 and
7 h postinfection. As shown in Fig. 3, probe 1 recognized
three HSV-1 RNAs of 2.7, 1.2, and 0.6 kb (Fig. 3, lanes 2 and
3). RNA extracted from mock-infected cells did not hybrid-
ize with this probe (Fig. 2 and 3, lanes 1).

(ii) The kinetics of accumulation of the 1.2-kb mRNA
differed from that of the Us8 and Us9 mRNAs. None of the
RNAs were detectable at 3 h postinfection. Whereas be-
tween 7 and 14 h postinfection the amounts of Us8 and Us9
RNAs increased, the amounts of Us8.5 mRNAs decreased
(Fig. 2, lanes 7 to 13).

(iii) Hybridization of the probe with RNA extracted from
R7032 infected 143TK- cells identified only the 0.6-kb (Us9)
RNA. Both the 2.7-kb (Us8) and 1.2-kb RNAs were absent
(Fig. 2, lanes 5, 7, 9, 11, and 13). The RNA extracted from
cells infected with the R7032 recombinant exhibited two
additional RNA species of approximately 2.9 and 2.5 kb.
Their origin remains uncertain; it is conceivable that they
represent read-through transcription from the upstream US5-
Us6-Us7 3' coterminal mRNAs, since the deletion within the
Us component of the R7032 genome removed the predicted
poly(A) site.
The results of these experiments indicate that the abun-
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FIG. 2. Identification of a novel transcript overlapping the Us8-
Us9 3' coterminal gene family. Shown is an autoradiographic image
of a Northern (RNA) blot of formaldehyde-agarose gel-separated
cytoplasmic RNA isolated from mock-infected (M), HSV-1(F)-
infected (F), and R7032-infected (R) 143TK- cells hybridized with
nick-translated 32P-labeled DNA probe 1 (pPHI321; see Fig. 1 for
location of the probe). Lanes: 2, 4, 6, 8, 10, and 12, 15 ,ug of RNA
isolated from HSV-1(F)-infected 143TK- cells harvested at 3, 5, 5,
9, 12, and 14 h postinfection, respectively; 3, 5, 7, 9, 11, and 13, 15
,ug of RNA isolated from R7032-infected 143TK- cells harvested at
3, 5, 7, 9, 11, and 13 h postinfection, respectively. Positions of the
Us8 and Us9 transcripts are indicated by name; the arrow indicates
a novel 1.2-kb transcript in the HSV-1(F)-infected 143TK- cells,
designated Us8.5.
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FIG. 1. Sequence arrangement of the HSV-1 genome and loca-
tions of the genes in the S component of the HSV-1 genome. (A)
Schematic diagram of the HSV-1 genome in the prototype arrange-
ment, showing the unique sequences (lines) flanked by the inverted
repeats ab, b'a', a'c', and ca (rectangles). (B) Expanded represen-
tation of the S component of the HSV-1 genome depicting the gene
arrangement (affows) contained within these DNA sequences. (C)
Restriction endonuclease map of the SacI-BamHI fragment from the
unique sequence of the S component containing the Us8, Us8.5
(identified in this study), and Us9 genes (Sc, Sacl; Bst, BstEII; D,
DdeI; M, MluI; B, BamHI; Bg, BglII; N, NMI; H, HincII). Arrows
below represent the positions of the Us8.5 and U.9 gene sequences
contained in this fragment. Heavy lines represent the coding se-
quences; thin lines represent transcribed untranslated RNA se-
quences. The lines below, numbered 1 to 4, represent DNA se-
quences used as probes for the RNA analysis. Line 1 represents the
380-bp HincII-HincII fragment cloned in pGEM3Zf+ as pHPI321;
line 2 represents the MluI-BamHI fragment used as the probe for the
S1 analysis; line 3 represents the 1.8-kb Sacl-SacI fragment con-
tained in plasmid pRB4321; line 4 represents the 1.8-kb BamHl X
fragment contained in plasmid pRB4319. The arrows show the
direction of Sp6 transcription in vitro. (D) Schematic representation
of the deletion in the R7032 recombinant. The open rectangle
represents the DNA sequence deleted from the R7032 genome.

dant 1.2-kb transcript represents a new, not previously
identified RNA. This RNA maps, at least in part, within the
domain of the Us8-Us9 3' coterminal transcriptional units,
and its synthesis is not cell type specific inasmuch as it was
present in infected cells derived from both African green
monkeys (Vero) and humans (143TK-). In anticipation of
the results presented below, this RNA was designated Us8.5
RNA.

Fine mapping of the Us8.5 transcript. The results of two
series of experiments described below suggest that the Us8.5
RNA is colinear with the Us8-Us9 open reading frames.

In the first series, Vero cells were infected with HSV-1(F)
at a multiplicity of 5 PFU per cell. Cytoplasmic RNAs
harvested at 4 or 7 h postinfection were separated on
formaldehyde-agarose gels, transferred to nitrocellulose
membranes, and hybridized to six 32P-labeled RNA probes

derived by transcription in vitro of HSV-1 DNA fragments
cloned in plasmids pHP1321, pRB4319, and pRB4321 (Fig. 1)
with either Sp6 or T7 polymerase. The results (Fig. 3) were
as follows.

(i) The labeled RNA transcribed in vitro with Sp6 poly-
merase from plasmid pHPI321 (probe 1; Fig. 1) hybridized to
three RNA bands which correspond to the Us8, Us8.5, and
Us9 RNA species (Fig. 3B, lane 5). Labeled RNA generated
in vitro with T7 polymerase from the same plasmid failed to
hybridize to any RNA species.

(ii) The labeled RNA transcribed in vitro with T7 poly-
merase from plasmid pRB4319 (probe 4; Fig. 1) hybridized to
all three RNAs (Fig. 3C, lanes 9 and 10), whereas the RNA
transcribed in vitro with the Sp6 polymerase from the same
plasmid hybridized with a broad RNA band averaging about
1.3 kb which corresponds to the Us1O-Us11-Us12 cotermi-
nal RNA family (Fig. 3C, lanes 12 and 13).

(iii) The labeled RNA derived by in vitro transcription of
plasmid pRB4321 (probe 3; Fig. 1) with Sp6 hybridized only
to the Us8 RNA (Fig. 3D, lanes 18 and 19), whereas the T7
polymerase-transcribed RNA from the same plasmid failed
to hybridize to any RNA species (Fig. 3D, lanes 14 to 16).
These results indicate that the Us8.5 RNA is colinear with

the Us8 and Us9 RNAs and is derived from rightward
transcription of a portion of the Us sequence of the HSV-1
genome in the prototype arrangement. These results also
predict that the Us8.5 RNA represents the third member of
the Us8-Us9 3' coterminal RNA family.
The purpose of the second series of experiments was to

determine the probable transcription initiation site of the
Us8.5 RNA. Relevant to the design of this experiment were
the following data.

(i) Analyses of the RNA established that the size of the
RNA was 1.2 kbp.

(ii) The bulk of the Us8.5 RNA had to map downstream of
the Us8 open reading frame inasmuch as probe 3 (Fig. 1) did
not hybridize to the Us8.5 RNA.

(iii) As demonstrated in detail below, the domain to which
the Us8.5 RNA mapped contains an open reading frame
which was expressed in infected cells and could be ex-
pressed in vitro in coupled transcription-translation systems,
and therefore the Us8.5 mRNA encoded the information for
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FIG. 3. Mapping of the Us8.5 transcript. (A) Autoradiographic image of nick-translated 32P-labeled DNA probe 1 (plasmid pHPI321; see
Fig. 1 for location of the probe) hybridized to RNA extracted from mock-infected (M; lane 1) or HSV-1(F)-infected (F) Vero cells harvested
at 4 h (lane 2) or at 7 h (lane 3) postinfection, electrophoretically separated in formaldehyde-agarose gels, and transferred to a nitrocellulose
sheet. (B to D) Same as panel A except that the electrophoretically separated RNAs were hybridized with strand-specific Sp6 (lanes 4, 5,
11-13, and 17-19) or T7 (lanes 6, 7, 8-10, and 14-16)-derived 32P-labeled RNA probes. The probes in panel B were derived from plasmid
pHPI321 (line 1 in Fig. 1C); the probes in panel C were derived from plasmid pRB4319 (line 4 in Fig. 1C). The probes in panel D were derived
from plasmid pRB4321 (line 3 in Fig. 1C). Lanes: 4, 6, 8, 11, 14, and 17, 15 pg of RNA from mock-infected Vero cells; 9, 12, 15, and 18, 15
,ug of RNA from HSV-1(F)-infected Vero cells harvested at 4 h postinfection; 5, 7, 10, 13, 16, and 19, 15 ,ug of RNA from HSV-1(F)-infected
Vero cells harvested at 7 h postinfection. Positions of the Us8, Us8.5, and Us9 RNAs are indicated by name.

the Us8.5 protein. The coding sequence was not spliced, and
given the nature of the region, i.e., the presence of 3'
coterminal mRNAs (Us8 and Us9) which were the products
of flanked genes, it seemed highly probable, as indicated
above, that the polyadenylation signal for the Us8 and Us9
open reading frames was also shared by Us8.5 RNA. These
results predicted that the 5' terminus of the Us8.5 RNA
would map within the last 400 bases of the Us8 open reading
frame close to the SacI restriction endonuclease site. To test
this prediction, the BamHI-MluI DNA fragment which spans
the SacI site (probe 2; Fig. 1) was 5' end labeled with T4
polynucleotide kinase at the BamHI site and hybridized to
cytoplasmic RNA extracted from Vero cells 7 h postinfec-
tion from HSV-1(F).
As shown in Fig. 4, lane 2, two bands of about 460 and 124

nucleotides were detected in the 6% polyacrylamide-urea
gel containing the electrophoretically separated Si digest.
The 460-nucleotide top band is the result of protection from
Si digestion of the entire probe by the Us8 RNA. The lower
band corresponds to a fragment protected from Si digestion
by an RNA initiated within the Us8 open reading frame as
predicted above for the Us8.5 RNA. The size of the pro-
tected fragment placed the transcription initiation site of the
Us8.5 within the Us8 open reading frame approximately 27
bases downstream from the first T of a potential TATA box.
DNA sequencing analyses revealed a potential open reading
frame for the Us8.5 RNA starting 123 bases downstream of
the transcription initiation site for the Us8.5 RNA (Fig. 5).
The Us8.5 open reading frame specifies a protein. In the

preceding section, we demonstrated that infected cells con-
tain a previously unreported RNA that is made early in
infection and initiates in the domain of the Us8 gene. The
purpose of the two series of experiments described in this
section were to determine whether the Us8.5 transcript
specifies a protein.
As described in Materials and Methods, a DNA sequence

encoding a CMV epitope was inserted in frame between
codons 5 and 6 of the predicted coding domain of the Us8.5
gene to yield a plasmid designated pHPI35. The chimeric
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FIG. 4. Mapping of the 5' termini of the Us8.5 transcript by Si
analysis. One hundred micrograms of cytoplasmic RNA from HSV-
1(F)-infected Vero cells harvested at 7 h postinfection was hybrid-
ized with a 460-bp MluI-BamHI fragment labeled with 32P at the
BamHI site (Fig. 1C, line 2). The hybridization mixture was digested
with S1 nuclease, and Si-resistant fragments were separated in a
denatured polyacrylamide gel (lane 2). For size markers (indicated
in bases), plasmid pUC19 was digested with HaeIII, 5' labeled with
32p, denatured, and electrophoresed (lanes 1 and 3). The positions of
the protected bands are indicated by the dots.
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TGTGGGCGTGTATGACCTGTTGGCGCAGGCGTGCCTGGCGGGCGGTTAAAAGCAGGGCCT
1 . + + + + + + 60

TrpAlaCysMetThrCysTrpArgArgArgAlaTrpArgAlaVAlLysSerArgAlaSer

CGGGTAAGGGGCCCACG:TACATTCGCGTGG,CCGACAGCGAGCTG;TACGCGGACTGG(AGCT
61 + ..+ -+ . + + 120

GlyLysGlyProThrTyrIleArgValAlaAspSerGluLeuTyrAlaAspTrpSerSer-

Sacl
CGGACAGCGAGGGAGAACGCGACCAGGTCCCGTGGCTrGGCCCCCCCGGAG.AGACCCGACTY

121 +. +.+++ + + 180
AspSerGluGlyGluA.rgAspGlnValProTrpLeuAlaProProGluArgProAspSer-

BavmHI BIII
CTCCCTCCACCAATGGATCCGGCTTTGAGATCTTATCACCAACGGCTCCGTCTGTATACC

181i +- + +-+ +240
MetAs8pProAl1aLeuArgSerTyrH isGl1nArgLeuArgLeuTyrThr

ProSerThrAsnGlySerGlyPheG1uI1eLeuSerProThrAlaProSerValTyrPro -

BczmHI
CCCGTAGCGATGGGCATCAATCTCGCCGCCAGCTCACAACCTTTGGATCCGGAAGGCCCG

241 . . 4.++300
ProValAlaMetGlyIleAsnLeuAlaAlaSerSerGlnProLeuAspProGluGlyPro -

ArgSerAspGlyH sGlnSerArgArgGlnLeuThrThr-PheGlySerGlyArgProAsp

ATCGCCGTTACTCCCAGGCCTCCGATTCGTCCGTCTTCTGGTAAGGCGCCCCATCCCGAG
301 .- +- + - 360

IleAlaValThrProArgProProIleArgProSerSerlyLy-AlaProHisProGlu-
ArgArgTyrSerGlnAlaSerAspSerSerValPheTrpEnd

GCCCCACGTCGGTCGCCGAACTGGGCGACCGCCGGCGAGGTGGACGTCGGAGACGAGCTA
361 .---- -- + 420

AlaProArgArgserProAsnTrpAlaThrAlaGlyGluValAspvalGlyAspGluLeu -
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FIG. 6. Photograph of electrophoretically separated proteins
from mock-infected Vero cells or cells infected with 10 PFU of R35
recombinant virus per cell and harvested at 4, 7, 13, or 24 h
postinfection, solubilized in denaturing buffer, electrophoretically
separated in a denaturing polyacrylamide gel, electrically trans-
ferred to nitrocellulose sheets, and reacted with monoclonal anti-
body CH28-2 to CMV. The left lane shows molecular weight
markers. The band formed by the Us8.5 protein is identified by the
arrowhead.

ATCGCGATTTCCGACGAACGCGGACCCCCCCGACATGACCGCCCGCCCCTCGCCACGTCG
421 + +---+- -+ 480

IleAlalleSerAspGluArgGlyProProArgHisAspArgProProLeuAlaThrSer -

ACCGCGCCCTCGCCACACCCGCGACCCCCGGGCTACACGGCCGTTGTCTCCCCGATGGCC
481 .- - - - 540

ThrAlaProSerProHisProArgProProGlyTyrThrAlaVa1ValSerProetAla -

CTCCAGGCTGTCGACGCCCCCTCCCTGTTTGTCGCCTGGCTGGCcCC GGCTCCGG
541 ++ +-- 600

LeuGlnAlaValAspAlaProSerLeuPheValAlaTrpLeuAlaAlaArg'rrpLeuArg -

GGGGCTTCCGGCCTGGGGGCCTCCTGTGTGGGATTGCGTGGTATGTGA
601---------- 4----------------4- .- 649

GlyAlaSerGlyLeuGlyAlaSerCysValGlyLeuArgGlyMetEnd -

FIG. 5. Nucleotide and predicted amino acid sequences of the
carboxyl terminus of the Us8 open reading frame and the entire
Us8.5 open reading frame. The arrow indicates the approximate
location of the transcription initiation site for the Us8.5 RNA as
determined from Si nuclease analysis. The line indicates the posi-
tion of a potential TATA box sequence upstream of the cap site of
the Us8.5 transcript.

gene was recombined into the viral genome, and the virus
containing the tagged Us8.5 gene was designated R35.

In the first series of experiments, replicate Vero cell
monolayers grown in 25-cm2 tissue culture flasks were mock
infected or infected with the R35 recombinant virus at a
multiplicity of 10 PFU per cell. Infected cell cultures were
harvested at 4, 7, 13, and 24 h postinfection, solubilized in
disruption buffer containing SDS, electrophoretically sepa-
rated in denaturing gels, electrically transferred to nitrocel-
lulose, and reacted with monoclonal antibody CH28-2
against CMV gB. Figure 6 shows that monoclonal antibody
CH28-2 reacted with a specific R35-infected cell band with
an apparent Mr of 23,000. The band was first apparent as a
faint, barely visible band at 4 h postinfection and could be
readily detected at 7 h. At later times, a less intense,
higher-molecular-weight band reacted with the antibody.
Neither band could be detected in mock-infected cells.

In the second series of experiments, BHKTK- cells were

either transfected with plasmid pHPI35 or infected with
recombinant virus R35. Specific immunofluorescence was
observed in both cases. Interestingly, in the case of the
infected cells, the fluorescence was localized in the nucleoli
of the cell, whereas in the case of the transfected cells, the
fluorescence was localized reproducibly in rounded cells
(Fig. 7). Nucleolar localization of the Us8.5 protein in
infected cells was verified by phase fluorescence micros-
copy.

Lastly, the Us8.5 open reading frame was translated in
vitro from RNA transcribed in vitro with the Promega
transcription-translation system. Plasmid pHPI320 contain-
ing the Us8.5 open reading frame cloned into the pGEM3Zf+
expression vector was transcribed with Sp6 polymerase. The
resulting RNA was then translated with the aid of a rabbit
reticulocyte lysate. A protein which migrated in denaturing
polyacrylamide gel electrophoresis as a single band with an
apparent molecular weight of approximately 23,000 was
produced (Fig. 8A). The transcription-translation of plasmid
pHPI324 containing the CMV epitope inserted into the BglII
site in frame with the Us8.5 open reading frame with Sp6
polymerase resulted in a slower-migrating single band with
an apparent Mr of 29,000 (Fig. 8B). No specific band was
obtained following translation of the RNA obtained by
transcription of pHPI325 with Sp6 polymerase.

DISCUSSION

The salient features of the results presented in this report
are as follows.

(i) Several types of analyses, including mapping of viral
mRNAs, mapping of temperature-sensitive lesions, mapping
of domains encoding specific proteins, and particularly se-
quencing of the HSV-1 genome, led to the conclusion that
the HSV-1 genome encodes 72 open reading frames (23, 24,
26, 27, 30, 32, 41). As McGeoch et al. (26, 27) had every
reason to anticipate, this number formed a new lower limit
inasmuch as less abundant RNAs were likely to be discov-
ered subsequent to the publication of the sequence. Indeed,
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FIG. 7. Photographs of BHK cells mock-infected (A), infected
with R35 recombinant virus (B and C), or transfected with plasmid
pHPI35 (D). For immunofluorescence micrography the cells were

stained with monoclonal antibody CH28-2 and counterstained with
goat anti-mouse immunoglobulin G conjugated to fluorescein
isothiocyanate. If, immunofluorescence; Ph, phase microscopy. The
arrowheads in panels B and C show the correspondence of the Us8.5
antigen seen by immunofluorescence with nucleoli seen by phase
microscopy.

direct demonstration of a gene product (as opposed to
computer-based analyses) led to the demonstration of four
additional transcriptional units containing expressed open
reading frames. These were the two copies of the Y234-5 gene
mapping in the inverted repeats of the L component (1, 4-6)
and the UL26.5 (16, 17) and UL49.5 (3) genes mapping in the
UL sequences of the L component. In this article, we report

15-~ ~ ~ ~ ~
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FIG. 8. Synthesis of the Us8.5 protein in an in vitro transcrip-

tion-translation system. Shown is an autoradiographic image of
[35S]methionine-labeled polypeptides encoded by the Us8.5 open
reading frame. The RNAs transcribed in vitro by the Sp6 or T7
polymerase of the 2.2-kbp, SacI-Sacl DNA fragment (plasmid
pHPI320) (A) and of the same 2.2-kb SacI fragment but carrying the
CMV epitope in the BglII site (plasmids pHPI325 and pHPI324) (B)
were translated in a nuclease-treated rabbit reticulocyte lysate and
electrophoretically separated in a 12% denaturing polyacrylamide
gel. Lanes: 1, 6, and 10, translation product of the brome mosaic
virus (BMV) template provided with the kit (Promega); 2 and 4,
translation of the in vitro T7 polymerase-transcribed RNA from
plasmid pHPI320; 3 and 5, translation of the in vitro Sp6 poly-
merase-transcribed RNA from plasmid pHPI320; 8 and 9, transla-
tion of the Sp6 polymerase-transcribed RNA from plasmids
pHPI325 and pHPI324, respectively.

an additional gene which we have designated Us8.5. We
should note that unlike the transcript of the -y34.5 gene, the
transcript of the Us8.5 gene is quite abundant. The reason
why it was missed in the initial studies of the Us sequence
(34) is unclear. The HSV-1(17) strain sequenced by Mc-
Geoch et al. (27) shows an open reading frame of a size
consistent with the protein detected in our studies.

(ii) The Si analyses reported here and the size of the Us8.5
RNA suggest that transcription of the Us8.5 gene is initiated
within the coding domain of the Us8 gene and that as noted
in Results, the transcription initiation site is preceded at the
appropriate distance by a TATA box. The first methionine
codon which could serve as the translation initiation codon is
located 123 bases from the transcription initiation site.
Although the predicted 20th in-frame codon is a better
methionine initiation codon than the first (14, 15), the obser-
vation that the sequence encoded by the CMV tag and
inserted between codons 5 and 6 is expressed indicates that
the first methionine is the initiator codon. On the basis of the
size of the transcript and its initiation site, we predict that it
is coterminal with the 3' termini of the Us8 and Us9
transcripts. This conclusion is reinforced by the observation
that a single polyadenylation signal is available for all three
genes.

(iii) HSV genes form several groups (a, 1B, and y) whose
expression is coordinately regulated and sequentially or-
dered in a cascade fashion (11, 12). The y genes are ex-

pressed late in infection and are further subdivided into two
groups, yl and 'Y2, differing in their requirements for viral
DNA synthesis for expression (35). Preliminary studies
indicate that unlike the Y2 Us8 gene, the Us8.5 gene is
expressed earlier and is regulated as a 13 or -Yl gene (data not
shown).

(iv) The nucleotide sequence of the coding domain of

20-
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FIG. 9. Kyte-Doolittle hydropathic analysis of the protein pre-

dicted by the HSV-1 Us8.5 open reading frame. The sequences were

scanned with the University of Wisconsin Wisconsin Genetic Com-
puter Group package in a DEC5000 work station, using a window of
seven residues.

Us8.5 predicts a basic protein of 151 amino acids. The
hydrophobicity analysis (Fig. 9) predicts a hydrophilic pro-

tein. The apparent Mr of the tagged Us8.5 protein (151
predicted amino acids plus the 23-amino-acid tag) as deter-
mined from electrophoretic mobility in lysates of cells in-
fected with the R35 virus was 23,000. The electrophoretic
mobility of the protein translated in vitro (Fig. 8) yielded an

apparent Mr of 29,000. As a general rule, HSV proteins show
an apparent molecular weight 15% to as much as 50% (e.g.,
ICP4) greater than that deduced from the coding sequence.

Nevertheless, the difference in electrophoretic mobility of
these two products suggest that the two products carry

different posttranslational modifications. The nature of the
posttranslational modifications of the Us8.5 protein is under
study.

(v) In immunofluorescence studies with the tagged virus,
we detected the protein in the nucleoli of infected cells. We
should note that another HSV-1 protein, the product of the
Usll gene, also localizes in nucleoli (21, 37). However, the
Usll protein also binds to the 60S ribosomal subunit and is
an abundant constituent of the herpes simplex virion (34,
36). Whether the product of the Us8.5 protein localizes
solely to nucleoli, whether it is restricted to nucleoli because
of a functional defect induced by the insertion of the epitope,
and whether, like the protein product of the Usll gene, it
performs multiple functions remains to be determined.

(vi) The PFU/50% lethal dose ratio for R7032 virus follow-
ing intracerebral inoculation was higher for than that of the
parent HSV-1(F) virus (28). R7032 multiplies well in cells in
culture, and therefore we may conclude that Us8.5 is not
essential for viral replication in cultured cells tested to date.
Inasmuch as R7032 lacks both Us8 and Us8.5, it is not
known whether its phenotype in experimental animal sys-

tems is due to the absence of Us8, Us8.5, or both genes.
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