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A region of the herpes simplex virus type 1 genome located upstream of the a0 promoter contains a promoter
which regulates transcription in the opposite orientation to that driven by a0. Analyses of mutants from which
this promoter, aX, was deleted and a mutant in which a fragment that serves as a transcription terminator and
polyadenylation signal was inserted upstream of this promoter demonstrate that two distinct transcription
units overlap this region of the genome and are transcribed in a direction antisense to the neurovirulence gene
g134.5. One unit, dependent on the aX promoter, is active when cells are infected in the presence of the protein
synthesis inhibitor cycloheximide. The second unit, independent of aX, is active during the course of productive
infection. This transcription unit originates from a promoter upstream of aX which is distinct from the
latency-associated promoter (LAP). Two polyadenylated transcripts of 0.9 and 4.9 kb accumulate from this
region of the genome during productive infection, but no mature transcripts accumulate in infected cells
maintained in the presence of cycloheximide. Kinetic analyses demonstrate that the transcripts that accumu-
late during productive infection fall into the b class of herpes simplex virus type 1 genes.

The herpes simplex virus type 1 (HSV-1) genome is a dou-
ble-stranded DNA genome of approximately 150 kb (23, 29–
31) that contains at least 77 genes, 7 of which are repeated
(reviewed in references 53 and 54). The transcription pattern
of HSV is temporally regulated, consisting of at least three
kinetic classes of genes termed immediate-early (a), delayed-
early (b), and late (g) whose expression is coordinately regu-
lated (21, 22, 27, 48). Five a genes encoding the infected-cell
proteins (ICP) 4, 0, 22, 27, and 47 have been described. Tran-
scription of these genes can occur in HSV-infected cells in the
absence of protein synthesis, and at least four of these gene
products, ICP4, -0, -22, and -27, are regulators of subsequent
HSV gene expression (11, 15, 28, 36, 40–43, 57). Furthermore,
ICP4 and ICP27 can negatively regulate a genes (11, 15, 36, 39,
41–43, 49). The b genes are expressed prior to the onset of
HSV DNA replication but require a-gene expression. These
genes can be divided into two subclasses (b1 and b2) based on
their time of expression (55). The g genes are maximally ex-
pressed after the onset of viral DNA replication, although they
also can be divided into two subclasses (g1 and g2) based on
the obligatory requirement of DNA replication for their ex-
pression (50).
The genome contains two unique DNA sequences that differ

in size and are designated the long unique (UL) and short
unique (US) regions (Fig. 1A) (44, 52). Flanking the unique
sequences are the inverted repeats specific to the individual
unique regions, and they are designated RL and RS. These
repeats are composed of sequences designated ab and ac, re-
spectively. The common a sequence flanks the entire genome
and comprises the joint region where inverted copies of RL and
RS meet. Circularization of the HSV genome during infection
results in the generation of a second physically identical but

inverted joint where the terminal repeats flanking UL and US
are juxtaposed and separated by a second set of a sequences.
Several transcription units have been mapped to the repeat

region (Fig. 1A). Two of the a transcription units, a0 and a4,
map to the repeats flanking the UL and US regions, respec-
tively. When these repeats are juxtaposed in the structure of
the joint, the RNAs are transcribed in the same polarity. A
transcription unit of the g class, g134.5, has been mapped
between the a0 and a4 transcription units and is transcribed in
the same polarity (5, 6). The only other transcription unit of
that polarity within the repeat regions maps to a location
upstream of the origin of DNA replication (oriS) and extends
through oriS and coterminates with a4 (51).
The transcription map of the opposite strand of the repeat

regions is less well characterized. The latency-associated tran-
scripts (LATs) originate in the b sequence flanking UL at a
point about 1,600 bases downstream of the a0 transcription
unit, extend through the a0 region and the joint region includ-
ing the g134.5 transcription unit, and terminate at a polyade-
nylation signal near the 39 end of the a4 transcription unit (10,
12, 47, 62). Analysis of RNAs from this region demonstrates a
complex pattern of transcripts during productive infection.
These include the 8.5- to 9.0-kb primary LAT, its 2-kb stable
LAT intron, and a number of other polyadenylated species.
The family of transcripts identified in latently infected neurons
is nearly as complex. It includes the 9.0-kb polyadenylated
primary LAT, its 2-kb intron, one or more nonpolyadenylated
spliced derivatives of the intron, and several smaller polyade-
nylated species. This last class of transcripts may depend on
use of a second latency active promoter (LAP) which requires
the major LAP for its activity (16, 34). Another transcription
unit, a22 or a47 depending on the DNA isomer, maps down-
stream of LAT and is of the same polarity. These genes utilize
a duplicated promoter that maps to c, the sequence flanking
US. However, they are transcribed into opposite ends of US
and therefore encode different structural genes (58). Recently,

* Corresponding author. Mailing address: Department of Microbi-
ology, Columbia University, 701 W. 168th St., New York, NY 10032.
Phone: (212) 305-8149. Fax: (212) 305-1468. Electronic mail address:
sjs@cuccfa.ccc.columbia.edu.

2889



two transcripts of 1.1 and 1.8 kb mapping upstream of LAT
have also been described (45).
We have previously reported the existence of a novel pro-

moter mapping to the b sequence repeat that flanks UL (Fig. 1)
(3). This promoter drives transcription in the same polarity as
that of LAT and could generate transcripts that would overlap
the 8.3-kb LAT and the g134.5 and a4 transcripts in the op-
posite polarity. Nascent transcripts which map downstream
from this promoter demonstrated characteristics of two differ-
ent kinetic classes. During the course of productive viral infec-
tion, these transcripts appeared with b kinetics but demon-
strated a high constitutive level of synthesis when cells were
infected and maintained in the presence of cycloheximide,
which is indicative of a kinetics. This promoter contained a
high-affinity DNA binding site for the ICP4 gene product and
was negatively regulated by ICP4 in transient expression as-
says. Recently, Yeh and Schaffer have reported the existence of
a set of polyadenylated transcripts mapping downstream of this
promoter which are seen exclusively in cells infected with de-
fective a4 mutants (61). The 59 end of these transcripts was
mapped to a point within the previously described high-affinity
ICP4-binding site, suggesting initiation of transcription from
this promoter.
Here, we report that the RNAs we detect downstream from

this partially characterized promoter belong to two overlap-
ping transcription units. One transcription unit, aX, is nega-
tively regulated by ICP4 and transcribed in the presence of
cycloheximide. However, transcripts seen during the course of
productive viral infection are derived from another transcrip-
tion unit (bX) and their promoter maps upstream of the aX

promoter. Furthermore, we demonstrate that this promoter is
distinct from the LAT promoter. Finally, we demonstrate the
existence of two polyadenylated transcripts of 0.9 and 4.0 kb
which map downstream of the aX promoter and are detected
during productive infection.

MATERIALS AND METHODS

Cell lines and viruses. Monolayer cultures of Vero cells were maintained in
Dulbecco’s modified Eagle’s medium supplemented with 5% calf serum and
incubated at 378C. A derivative of Vero cells containing the UL52 gene from
HSV-1, 2D6 (generously provided by Sandra Weller, University of Connecticut),
was maintained under the same conditions except the medium was further
supplemented with 250 mg of geneticin per ml.
Mutant and wild-type stocks of HSV-1 were propagated in Vero cells and

assayed by plaque formation as previously described (35). Nucleocapsids were
prepared according to the method of Wagner and Summers (56). The LAT
promoter disruption mutant FLA5 has been described previously (14). A mutant
in which the UL52 gene was deleted, hr114, was kindly provided by Sandra
Weller, University of Connecticut.
Plasmid and phage constructs. Restriction endonucleases and DNA-modify-

ing enzymes were purchased from New England Biolabs Inc.; International
Biotechnologies, Inc.; or Boehringer Mannheim Biochemicals, and reactions
were carried out according to the suppliers’ instructions. Ligation mixtures were
transfected into Escherichia coli DH5a according to the method of Hanahan
(18). Colony hybridizations were performed according to the method of Grun-
stein and Hogness (17), and small-scale DNA preparations were performed as
described by Holmes and Quigley (20). Large-scale plasmid purification was
performed by the alkaline lysis technique of Birnboim and Doly (1) as described
by Maniatis et al. (26). DNA blots were performed according to a variation of the
method of Southern (46) by using Nytran (Schleicher & Schuell) membranes.
The riboprobe construct pRAB1 and the phage constructs fRAB1, -2, -23, -24,

a0-11, and a0-18 have been described previously. The M13mp19 thymidine
kinase (TK) phage construct contained an 840-bp PstI fragment that overlapped
the 59 end of the TK open reading frame (ORF). The M13mp18 gC phage
construct contained a 983-bp EcoRI-to-PvuI fragment from the 59 end of the gC
ORF. The plasmid used to create the aX promoter deletion mutants, pRAB43,
was constructed as follows. The vector pKS8 was derived from pBR322 by
digestion with DraI and isolation of the 3650-bp fragment followed by ligation of
a XhoI linker, transformation, and selection by tetracycline. The 8,240-bp XhoI-
SalI fragment spanning the joint region of HSV-1(17) was cloned into the XhoI
site of pKS8 to create pRAB30. This plasmid was digested with BstXI and DraI
to yield a 10,575-bp fragment, which was ligated to BglII linkers and recircular-
ized (pRAB37), and a 1,315-bp fragment, which was ligated to BamHI linkers
and inserted into the BamHI site of pBR322 (pRAB38). Digestion of pRAB38
with StuI and SacI followed by ligation to an Asp 718 linker and recircularization
resulted in pRAB40, where the aX promoter is deleted and substituted with the
Asp 718 linker as a physical marker. This fragment was built back into the
XhoI-SalI fragment by insertion of the BamHI fragment of pRAB40 with BglII-
linearized pRAB37 to create the recombination substrate pRAB43 shown in Fig.
1B. The recombination substrate used to create the polyadenylation insertion
mutant upstream of the aX promoter, pRB4813, was constructed by the insertion
of a 500-bp NcoI fragment from the HSV-1(F) gB gene from pRB2108 into the
BstXI site in pRB143.
Nuclear run-on transcription assays.Nuclear run-on transcription assays were

performed by a variation of the technique of Weinheimer and McKnight (59).
The differences were that the cells were washed three times in ice-cold phos-
phate-buffered saline before being resuspended in reticulocyte standard buffer
containing 0.1% Nonidet P-40 and 20 U of RNase inhibitor (Boehringer Mann-
heim Biochemicals) per ml. Reactions were performed at 308C instead of 278C
and utilized 100 mCi of [a-32P]GTP per mixture. Equal counts per minute from
each reaction were hybridized to GeneScreen Plus filters (NEN) containing
specific single-stranded DNA probes. Hybridizations were carried out in 750 mM
NaCl–150 mM Tris-HCl (pH 7.0)–18 mM NaH2PO4–28 mM Na2HPO4–0.08%
polyvinylpyrrolidone–0.08% Ficoll 400–0.08% bovine serum albumin (fraction
V)–2% sodium dodecyl sulfate (SDS)–50% formamide supplemented with 100
mg of sonicated denatured calf thymus DNA per ml. Hybridization was at 478C
for 40 h. The filters were washed twice with 23 SSC (13 SSC is 0.15 M NaCl plus
0.015 M sodium citrate) at 258C for 15 min, twice with 0.13 SSC–0.5% SDS at
688C for 30 min, and once in 0.13 SSC at 688C for 30 min. Following autora-
diography, the filters were subjected to two-dimensional b-emission spectroscopy
and the counts were determined for specific bands.
RNA extraction and analysis. Total cellular RNA was isolated by extraction

with guanidinium isothiocyanate (GuSCN) by a modification of the procedure of
Chirgwin et al. (4, 15). Cytoplasmic RNA was isolated by pretreatment of the
cells with 0.5% Nonidet P-40 and centrifugation at 3,500 3 g to pellet nuclei
before extraction with GuSCN. Alternatively, cytoplasmic RNA was extracted
from cells by using RNA STAT-60 (Tel-Test, Inc.) by a modification of the
manufacturer’s instructions whereby cytoplasmic extracts were diluted 1:8 in

FIG. 1. Map of HSV-1 repeats and recombination schemes for construction
of vRAB1a, vRAB1b, and R7508. (A) The genome of HSV-1 is schematically
represented. The notations U, IR, and TR refer to the unique, internal repeat,
and terminal repeat regions, respectively. The subscripts L and S refer to the long
and short regions, respectively. An expanded region composed of IRL and IRS
juxtaposed is shown. The solid arrows denote the known mRNAs. The dotted
arrow indicates the position and polarity of the aX promoter. (B) Recombina-
tion scheme for the construction of vRAB1a and vRAB1b from pRAB43 and the
virus tsK. (C) Recombination scheme for the construction of R7508 from
pRB4813 and the virus R3616.
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RNA STAT-60. Polyadenylated RNA was purified by using the poly(A) tract
system (Promega).
Northern (RNA) blot analyses were performed by electrophoresis of RNA

through 1% agarose–6% formaldehyde gels according to the method of Lehrach
et al. (25) as described by Maniatis et al. (26). Gels were blotted by capillary
action to GeneScreen Plus membranes (New England Nuclear) in 103 SSC (pH
7.0). Blots were hybridized to 32P-labeled DNA probes prepared by random
priming (13) for a4, to 32P-labeled riboprobes prepared according to the method
of Melton et al. (33) for pRAB1, or to 32P-labeled strand-specific DNA probes
made from templates cloned into M13 vectors as described elsewhere (26) for
TK and gC.

RESULTS

Construction of HSV-1 mutants with an aX promoter dele-
tion. The plasmid, pRAB43, which was used to delete the aX
promoter contains a synthetic Asp 718 linker inserted in place
of a 253-bp fragment extending from a StuI site upstream of
the aX TATA box through the two SacI sites downstream (see
Materials and Methods). The HSV-1(17) sequence within
pRAB43 extended 6,177 bp downstream of the Asp 718 marker
substitution to a SalI site located within the a4 gene. The clone
overlaps the region of the a4 gene containing the A-to-V
mutation at codon 474 which is responsible for the phenotype
of the mutant tsK (9, 38). There is another 1,544 bp of overlap
upstream (relative to a4) of the tsK allele and 1,805 bp up-
stream (relative to aX) of the aX promoter deletion at the
other end. This construct was used in a recombination scheme
(Fig. 1B) in which recombinants were first screened by rescue
of the tsK allele and subsequently screened for the Asp 718 site
substitution by Southern blot.
Ten plates of Vero cells were cotransfected with nucleocap-

sids from tsK and pRAB43 DNA which was linearized at the
XhoI site 1,805 bp upstream of the aX promoter deletion. The
plates were incubated at the permissive temperature (31.58C)
and harvested at 3 days postinfection. The virus yield from
each plate was plated and incubated at the nonpermissive
temperature (39.58C) to select for recombinants. Four plaques
were picked from each plate and amplified, and infected-cell
DNA was extracted. The DNA was digested with Asp 718 and
subjected to Southern blot analysis (data not shown). Three of
the 40 plaques screened positive for the substitution but were
heterogeneous, probably because only one of the two copies
was mutated. These isolates were subjected to three further
rounds of plaque purification and screening. One of the iso-
lates reverted to the wild type, but the other two homogenized
to the mutant form and were designated vRAB1a and
vRAB1b.
The structure of the mutant genotypes was determined by

Southern blot hybridization (Fig. 2A). When Asp 718 digests of
DNA extracted from infected cells were blotted and probed
with a 515-bp BstXI-DraIII fragment, two sets of bands were
seen in the digests of wild-type and tsKDNA. A doublet of 10.5
and 12 kb results from digestion of a joint fragment. This
species is a doublet because of the two orientations of US. The
3.7-kb band represents the terminal fragment. The deletion of
the aX promoter and introduction of the new Asp 718 site
resulted in the digestion of the 10.5-kb–12-kb joint doublet to
7.2-kb–9.7-kb and 2.1-kb fragments. The 7.2-kb fragment was
not detected in the vRAB1b digest. This may result from an-
other mutation within the a repeats that prevents isomeriza-
tion of the viral genome, such as the mutations described by
Poffenberger et al. (37). The 3.2-kb terminal fragment was
digested to a 2.1-kb fragment and a residual 1.3-kb fragment.
To verify that both copies of the tsK allele were rescued, we

probed for a restriction site polymorphism which was created
by the tsK mutation. The C-to-T transition at nucleotide
11717 results in the formation of anMaeII site (9). Therefore,

infected-cell DNA was digested with MaeII, blotted, and hy-
bridized to a 368-bp MaeII-BamHI probe located within the
wild-type fragment. As shown in Fig. 2B, the 1.58-kb MaeII
wild-type DNA fragment is reduced to 1.36 kb in tsK. The
residual 222-bp fragment cannot be seen on this gel. The two
mutants contain only the 1.58-kb fragment indicative of homo-
geneous diploid wild-type a4.
Construction of an HSV-1 mutant with a polyadenylation

site upstream of the aX promoter. As described in Materials
and Methods, the plasmid pRB4813 contains a 500-bp frag-
ment including the polyadenylation signal of the glycoprotein
B gene, which is inserted into the BstXI site located 138 bp
upstream of the StuI site used to define the aX promoter
deletion in the previous mutants. This construct was used in a
recombination scheme (Fig. 1C) in which recombinants were
selected on the basis of the rescue of a 1-kb deletion in the

FIG. 2. Southern blots of vRAB1a and vRAB1b. (A) Asp 718 digest of
HSV-1(17), tsK, vRAB1a, and vRAB1b electrophoresed on a 1% agarose gel,
transferred to Nytran membrane, and hybridized to the BstXI-DraIII probe
shown in panel C below. (B) MaeII digest of HSV-1(17), tsK, vRAB1a, and
vRAB1b electrophoresed on a 1% agarose gel, transferred to Nytran membrane,
and hybridized to the BamHI-MaeII probe shown in panel D below. (C) Map of
relevant restriction endonuclease sites for the autoradiogram depicted in panel
A. The probe and specific fragments are shown below the map, and the fragment
sizes are noted at the right. The boxed site is present only in the mutant. A, Asp
718; B, BstXI; D, DraIII. The subscripts denote the positions of the Asp 718 sites
in either genomic orientation. wt, wild type; mut, mutant. (D) Map of relevant
restriction endonuclease sites for the autoradiogram depicted in panel B. The
probe and specific fragments are shown below the map, and the fragment sizes
are noted at the right. The boxed site is present only in the mutant. M, MaeII;
Bm, BamHI.
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g134.5 gene in the mutant R3616. The plasmid was cotrans-
fected with R3616 DNA into rabbit skin cells, and the resulting
virus yield was used to infect mice by the corneal route (32).
Because of the deletion in g134.5, R3616 is unable to replicate
in sensory ganglia (5, 60). Therefore, the viruses harvested
from the ganglia 3 days postinoculation and plaque purified on
Vero cells were recombinants in which g134.5 was rescued.
These mutants were then screened for the presence of the
polyadenylation site in both copies of the repeat flanking UL
(data not shown), and the mutant R7508 was isolated.
Transcription of HSV-1 mutants downstream of the aX

promoter. In addition to the HSV-1(17) aX promoter deletion
mutants, vRAB1a and vRAB1b, and the mutant in which a
fragment containing the transcription termination and polyad-
enylation site of the gB gene was inserted at the BstXI site
upstream of the aX promoter in HSV-1(F), R7508, one other
mutant was obtained for transcription analysis. In this mutant,
FLA5, both LAT promoters in HSV-1(17) were deleted and a
fragment containing the lacZ gene under the control of the
UL38 promoter was substituted (Fig. 3) (14).
To ensure that the replication kinetics of the aX promoter

deletion mutants and the polyadenylation insertion mutant
were equivalent to those of wild-type virus, single-step growth
curve experiments were performed. Vero cells were infected
with virus at a multiplicity of infection of 5 PFU per cell, and
the yields were titrated at regular intervals postinfection (Fig.
4). Neither the deletion of the aX promoter nor the insertion
of the polyadenylation signal upstream of the aX promoter
had any effect on the replication of the mutants relative to that
of wild-type virus under these conditions. The LAT promoter
deletion mutant also grew like wild-type virus (data not
shown).
Transcription downstream of the aX promoter was mea-

sured by nuclear run-on assays. The high level of transcription
detected by the fRAB1 probe in extracts from cells infected
and maintained in the presence of cycloheximide with wild-
type virus also occurred with FLA5 and R7508. However, very
little transcription was detected from the vRAB1 viruses with
this probe. The low level detected was equivalent to the level
detected by the upstream fRAB23 probe. This amount of
transcription was not seen in cells infected with the LAT pro-
moter deletion virus, FLA5, suggesting that it was derived from
transcription of LAT. Therefore, high-level transcription in the
presence of cycloheximide required the aX promoter and was
independent of some upstream promoter (Fig. 5).

Interestingly, nascent transcripts from the opposite strand,
as detected by fRAB2, were more abundant in cells infected
by the vRAB1 mutants. This would suggest that deletion of the
aX promoter results in the loss of some regulatory element
which normally inhibits transcription from the opposite strand.
The significance of this is unclear, as no immediate-early tran-
scription from this locus has been detected with any wild-type
virus.
Different results were obtained, however, in assays per-

formed with nuclei from cells infected with virus in the absence
of inhibitor and harvested at 8 h postinfection, the peak period
of transcription of sequences downstream of the aX promoter
(Fig. 6) (3). Under these conditions, transcription detected
downstream of the aX promoter by fRAB1 was similar in cells
infected with vRAB1a and vRAB1b to that seen in cells in-
fected with wild-type virus. However, in cells infected with
R7508 transcription from this region was decreased. In con-
trast, transcription of the a0 and LAT genes, as detected by the
a0-11 and a0-18 probes, respectively, was unchanged. This
suggests that the transcripts seen during productive infection
originate from a promoter located upstream of the aX pro-
moter. The pattern of transcription from FLA5 is equivalent to
that from the wild type, demonstrating that this upstream pro-
moter is not either of the two previously characterized LAT

FIG. 3. Structures of mutants used in this study.

FIG. 4. Single-step growth curve of mutants. Vero cells were infected with
virus at a multiplicity of infection of 5 in triplicate and harvested at 4, 8, 12, and
27 h postinfection. Titers and yields were determined for each time point and are
expressed as means. The error bars indicate standard deviations.
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promoters but represents transcription from a previously un-
described promoter.
Preliminary characterization of stable transcripts mapping

downstream of the aX promoter. The existence of two over-
lapping transcription units downstream of the previously char-
acterized aX promoter which are expressed under different
conditions suggested the possibility of several novel stable
RNA species mapping to this region of the HSV-1 genome. To
examine this possibility, Vero cells were infected with HSV-
1(F) and harvested at 2, 6, or 16 h postinfection. Steady-state
levels of polyadenylated RNA from cytoplasmic extracts of
these cells were measured by Northern blot analysis. A strand-
specific riboprobe transcribed from the SacI-BstEII fragment
(pRAB1) detected two transcripts of 0.9 and 4.0 kb at all three
time points utilized. In the experiment shown, they were most
abundant at 6 h (Fig. 7). More detailed analysis demonstrated
that accumulation was greatest at 10 h postinfection (data not
shown). A third stable RNA, approximately 5.4 kb in size, was
detected at the 2-h time point in this experiment, but it was not
seen in other experiments.
In addition, some cells were infected in the presence of 100

mg of cycloheximide per ml and incubated for 6 h prior to
harvest. A subset of these cells were washed at 5 h postinfec-
tion and incubated in the absence of cycloheximide for 1 h. In
the presence of cycloheximide, no RNA homologous to the
pRAB1 probe was detected. However, after reversal of the
cycloheximide treatment transcripts corresponding to those
detected at 10 h postinfection accumulated at a level compa-
rable to that for the early time point. Thus, although aX

nascent transcription occurs in the presence of cycloheximide,
no stable transcripts accumulated.
In two control groups, cells were either mock infected or

infected with HSV-2(G). These cells were incubated for 2 or 6
h prior to harvest. In each instance, polyadenylated cytoplas-
mic RNA was purified and subjected to Northern blot analysis
and no stable mRNAs were seen. This confirmed that the
transcripts detected were of viral origin and not cellular tran-
scripts which were constitutively expressed, or, for the HSV-
2(G) infection, induced by the virus. To control for differential
RNA degradation, a similar blot was made and probed for the
a4 transcript by using a 32P-labeled BamHI Y fragment. The
kinetics of accumulation of this transcript resembled those of
other a RNAs and were distinct from those of the RNAs
transcribed through the junction between the L and S compo-
nents of HSV DNA.
To determine whether the transcription seen during produc-

tive infection occurs with b or g kinetics, we obtained a mutant
virus, hr114, in which one of the subunits of the helicase-
primase complex, UL52, was deleted. This gene is required for
viral DNA replication, and infection of noncomplementing
Vero cells with hr114 results in a block of the viral life cycle so
that late gene products are not detectable by Western blot
(immunoblot) analysis (data not shown). Northern blot analy-
sis was performed with cytoplasmic RNAs extracted at 10 h
from cells infected with wild-type or mutant viruses under
conditions in which DNA replication was blocked either ge-
netically (for hr114) or by the use of 300 mg of phosphonacetic
acid per ml (a concentration that inhibits virus DNA replica-

FIG. 5. Transcription of mutants in the presence of cycloheximide. Autoradiograms of nuclear run-on transcription assays are shown. The specific probes used are
noted at the right, and their positions are depicted at the bottom. The virus strain or mutant used is noted at the top of each column. All reactions were performed
with nuclei prepared 6 h postinfection and were carried out in the presence of cycloheximide. M, mock infected cells. Bm, BamHI; Sp, SphI; St, StuI; Sc, SacI; Bs, BstXI;
D, DraIII.
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tion). The results of this experiment demonstrated that stable
RNAs (4.0 and 0.9 kb) homologous to a probe downstream of
the aX promoter accumulated independently of DNA replica-
tion. These RNAs are therefore derived from a b gene (Fig. 8).
Similarly, RNAs derived from this region of the genome were
readily detected when hr114 was used to infect the comple-
menting cell line 2D6 and when wild-type viruses KOS (the
parent of hr114) and 17 infected Vero cells in the presence or
absence of phosphonacetic acid. The defect was due solely to
the loss of the UL52 gene product and not to a secondary
mutation within the bX promoter, as accumulation of these
transcripts in 2D6 cells was normal. In contrast, no RNA de-
rived from the gC gene, a true g gene, was detected after
infection of Vero cells by hr114 or by either of the wild-type
viruses in the absence of DNA replication.
It is interesting that in this experiment, the relative abun-

dance of the 0.9- and 4.0-kb transcripts was reversed compared
with what was seen in the experiment shown in Fig. 7. The
explanation for this discrepancy is not clear, but we note that
the RNAs shown in Fig. 7 were poly(A) selected whereas those
displayed in Fig. 8 were unselected total cytoplasmic RNAs.

DISCUSSION

Existence of two overlapping transcription units indepen-
dent of the LAT promoter. We previously reported the exis-
tence of the aX promoter, which was located upstream of and
in opposite orientation to the a0 promoter within the HSV-1
TRL/IRL sequences (3). Nascent transcription downstream of
this promoter was detected under two conditions. During pro-
ductive infection, maximum transcription occurs at 8 h postin-

fection, with little or no nascent RNA detected at early time
points. Paradoxically, high levels of transcription were detected
when infections were performed in the presence of cyclohexi-
mide. Although transcription in the presence of cycloheximide
was consistent with the existence of the high-affinity ICP4-
binding site at the RNA start site and the repression of the aX
promoter by ICP4 in transient expression assays, it was difficult
to reconcile the shutoff of aX very early in infection with the
apparent resumption of transcription at later times.
The evidence presented here suggests that transcription de-

tected downstream of the aX promoter arises from two inde-
pendent transcription units which are distinguished by the phe-
notypes of mutants with different mutations at or near the aX
promoter. Deletion of the promoter results in the loss of nas-
cent transcripts during infection of cells in the presence of
cycloheximide but does not affect transcription detected during
productive infection. In contrast, insertion of a transcription
termination and polyadenylation site upstream of the pro-
moter results in the loss of transcription during productive
infection while leaving transcription in the presence of cyclo-
heximide unaffected. From these data we conclude that this
promoter is active only under conditions in which there is no
active ICP4 to bind to its cognate high-affinity site and repress
transcription. During productive infection when ICP4 is
present, this promoter is inactivated and the transcription de-
tected under these conditions arises from another promoter
upstream of it. These transcripts are terminated by the inser-
tion of a gB polyadenylation signal just upstream of aX. The
presence of nascent transcripts from a mutant in which both
LAT promoters were deleted demonstrates that the promoter

FIG. 6. Transcription of mutants during productive infection. Autoradiograms of nuclear run-on transcription assays are shown. The specific probes used are noted
at the right, and their positions are depicted at the bottom. The virus strain or mutant used is noted at the top of each column. All reactions were performed with nuclei
prepared 8 h postinfection. M, mock infected cells. Bm, BamHI; Sp, SphI; St, StuI; Sc, SacI; Bs, BstXI; D, DraIII.
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used during productive infection is unique and has yet to be
identified.
The existence of two separate transcription units active un-

der different conditions can be verified by studies of mature
transcripts from this region, but verification is complicated by
the use of the unusual conditions needed to detect the stable
aX RNAs. Infection in the presence of cycloheximide does not
allow accumulation of mature transcripts, as measured by
Northern blots using the same sequence to probe as was used
to detect nascent transcription in nuclear run-on assays. It was
reported that mature transcripts can be detected when cells are
infected with HSV-1 mutants altered in the gene encoding
ICP4 (61). In that study, the two most prominent RNA species
migrated at 2.3 and 8.5 kb and their 59 ends mapped to a point
30 bp downstream from the TATA box in the aX promoter.
Presumably all other a functions remained active during these
infections. This suggests that although transcription from the
aX promoter does not require any a gene products, accumu-
lation of aX mRNAs to levels detectable by Northern blot
hybridization does require an a function other than a4.
Mature RNAs resulting from transcription during produc-

tive infection were also seen. Two mRNAs of 0.9 and 4.0 kb
were detected by Northern blot analysis. These transcripts

were not present in cells infected with HSV-2(G); therefore,
they are unlikely to be cell transcripts induced by HSV infec-
tion. A time course experiment revealed that these transcripts
accumulated maximally at 10 h postinfection (data not shown).
This corresponds with the kinetics of nascent transcription as
previously noted (3). Both of these transcripts are polyadeny-
lated and transported to the cytoplasm (Fig. 7).
The existence of a 0.9-kb transcript from this region was

reported previously (19). In that study, a double-stranded
DNA probe, the BamHI SP fragment, was used to monitor the
kinetics of a4 mRNA accumulation. This probe also detected
the 0.9-kb transcript. Presumably, that probe, which overlaps
the pRAB1 probe used in this study, would also have hybrid-
ized to the 4.0-kb transcript. However, such hybridization
would have been masked by the presence of the a4 transcript
of the same size but opposite polarity. Our use of a strand-
specific riboprobe revealed that there are two 4.0-kb species
transcribed from this region of the genome, each from a dif-
ferent strand. The strand specificity of the probe also explains
why the g134.5 mRNA, which maps to this region of the ge-
nome, was not detected.
Potential role of the aX transcription unit. The existence of

a polyadenylated transcript mapping downstream of the aX
promoter suggests the possibility of a protein encoded by this
region of the genome. Analysis of the DNA sequences of both
HSV-1(17) (29, 30) and HSV-1(F) (6, 7) shows an ORF be-
ginning 141 bp downstream of the RNA start site determined
by Yeh and Schaffer (61) that encodes a potential polypeptide
of 233 amino acids in strain 17 or 248 amino acids in strain F
(Fig. 9). The difference in size reflects a difference in the
number of repeats corresponding to the a regions between the
two strains, resulting in a variable number of VAG repeats
within the potential protein. Otherwise this reading frame is
highly conserved between the two strains, showing only five
other amino acid changes.
Two of us utilized the technique of epitope tagging to iden-

tify the ORFs within this region which are translated (24). The
particular ORF described above, which was designated ORF P,
was tagged and recombined into the HSV-1(F) genome. No
tagged protein was detected from this virus during productive

FIG. 7. Detection of transcripts downstream of the aX promoter by North-
ern blot analysis. Cytoplasmic polyadenylated RNA from mock-infected, HSV-
2(G)-infected, or HSV-1(F)-infected cells was subjected to Northern blot anal-
ysis. The numbers over the lanes denote the times postinfection of harvest and
RNA extraction. The lanes designated C contain RNA from cells infected with
HSV-1(F) in the presence of cycloheximide and incubated with the inhibitor for
6 h. The lanes designated CR contain RNA from cells for which the cyclohexi-
mide treatment was reversed by washing at 5 h postinfection and which were then
incubated for 1 h in the absence of cycloheximide. The blots were hybridized to
either a 32P-labeled riboprobe specific for the novel RNAs (upper gel) or a
32P-labeled BamHI Y restriction fragment specific for a4 RNA (lower gel). The
locations of the probes are depicted at the bottom.

FIG. 8. Transcription kinetics of bX. Vero or 2D6 cells were infected with
the virus strain or mutant noted at the top of each lane in the absence or
presence of 300 mg of phosphonacetic acid per ml. After 10 h, cytoplasmic RNAs
were extracted from each infected-cell culture and electrophoresed on formal-
dehyde gels. The RNAs were analyzed for the presence of transcripts down-
stream of the aX promoter (A) and for TK and gC RNAs (B) by hybridization
with riboprobes or single-stranded DNA probes specific for each of the above-
mentioned sequences.
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infection. Strain F has a temperature-sensitive a4 gene. When
cells were infected with strain F and maintained at 39.58C, a
protein with an Mr of approximately 26,000 was detected. Fur-
thermore, this protein could be detected in cells infected and
maintained in the presence of cycloheximide, which was sub-
sequently washed out in the presence of the transcription in-
hibitor actinomycin D (24a). Under these conditions only a
genes are transcribed, suggesting that enough stable RNA ac-
cumulated in the presence of cycloheximide to be translated,
although it could not be detected by Northern blot. That de-
tectable levels of mRNA accumulate in cells infected with a4
mutants (61) suggests that other a-gene products enhance its
accumulation and that this RNA may be a pre-a transcript.
At this time, any biological role for aX remains highly spec-

ulative. Consideration must be given to the unusual circum-
stances under which expression is seen. This gene is expressed
only at late times during an abortive infection when a4 is not
active. It is completely shut off during productive infection, as
if its expression would be antithetical to virus growth. This
mode of expression is consistent with a model in which aX is
a repressor required in some aspect of latency. No such HSV
function has been described, and although no evidence is pre-
sented here to directly address this issue, it provides an inter-
esting problem for further investigation.
Potential role for the bX transcription unit. As with the aX

transcription unit, an analysis of HSV-1(F) and HSV-1(17) was
performed to locate potential ORFs which might encode a
corresponding protein from the bX transcription unit. This
analysis was complicated by the fact that the locations of the
bX promoter and transcription start site are unknown. The
nearest upstream TATA box is located within IVS I of the a0
gene. ORF O, a potential ORF overlapping ORF P, begins
within the TATA box of the aX promoter and extends for 316
codons in the HSV-1(17) sequence (Fig. 9). In the F strain,
however, this ORF is terminated by an opal codon substituting
for an R at position 173, which corresponds to position 158 in
strain 17. The difference in codon numbers results from vari-

ation in the number of a sequence repeats. Other than the
repeat variation and the difference in the stop codons, this
reading frame is also highly conserved, with only three other
amino acid differences.
The study by Lagunoff and Roizman (24) used the F strain.

When recombinants in ORF O were tagged, no stable proteins
were detected either during productive infection or at the
nonpermissive temperature. The truncated nature of the ORF
O polypeptide in the F strain, however, may lead to protein
instability and an inability to detect the gene product in this
strain.
The possible functions of bX are unknown. The fact that this

transcription unit linearly overlaps with the g134.5 unit tran-
scribed from the opposite strand tempts speculation that some
of the functions involving neurovirulence and programmed cell
death attributed to g134.5 (5, 8, 60) may actually be the result
of bX activity. If, however, the bX gene product is indeed
encoded by ORF O, which is truncated in strain F, all the
previous experiments in which these activities were ascribed to
g134.5 were performed in a bX-defective background already.
This would suggest that these functions were correctly attrib-
uted to g134.5. A function for bX may be inferred from some
difference already noted between the F and 17 strains. The
50% lethal doses of the two strains after intracranial inocula-
tion differ by at least 2 orders of magnitude (2). It is possible
that this may result from the expression of bX in the more
virulent strain 17. Alternatively, the role of bX transcription
may involve the regulation of g134.5 expression through the
production of antisense RNAs. In this context, it is useful to
consider that expression of this transcription unit precedes that
of g134.5. Clearly, there is a need for further study of the
nature of these gene products.
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