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During latent infections of sensory neurons, herpes simplex virus type 1 gene expression is restricted to the
latency-associated transcripts (LATs). The association of the stable 2.0-kb LAT intron with polysomes has
suggested that it might represent a novel mRNA. In this work, we investigated expression of 2.0-kb LAT open
reading frames (ORFs) by inserting the gene for green fluorescent protein (GFP) within the 2.0-kb LAT
sequence, both within a LAT expression plasmid and in the context of the virus. Upon transient transfection
of cells of both neuronal and nonneuronal origin with LAT-GFP expression vectors, low-level GFP fluorescence
was distributed over the cell cytoplasm and likely resulted from infrequent initiation at a GFP AUG codon, on
either unspliced or alternately spliced LAT RNAs. A second nucleolar GFP expression pattern which resulted
from fusion of GFP to a conserved ORF in exon 1 of the LAT gene was also observed. However, the abundant
expression of this fusion protein was dependent upon an artificially added translation initiation codon.
Expression was much reduced and restricted to a small subset of transfected cells when this initator codon was
removed. Neither the 2.0-kb LAT-GFP intron itself nor transcripts originating from the latency-associated
promoter 2 (LAP2) were responsible for GFP expression. Abundant alternate splicing involving the 1.5-kb LAT
splice acceptor and including splicing between the 1.5-kb LAT splice donor and acceptor, was observed in the
nonneuronal Cos-1 cell line. Contrary to the results of our transfection studies, GFP expression could not be
detected from a LAT-GFP virus at any stage of the infection cycle. Our results suggest that the inhibition of
LAT ORF expression during viral infection occurred primarily at the level of translation.

Herpes simplex virus type 1 (HSV-1) is a neurotropic virus
with an infection cycle characterized by two distinct phases.
The virus replicates in a conventional lytic cycle in epithelial
tissue but may also establish a latent infection in sensory gan-
glia that innervate the initial replication site (17, 35, 43). Dur-
ing latent infection, viral transcription is restricted to a family
of RNAs known as the latency-associated transcripts (LATs)
(see Fig. 1a) (8, 39, 45). The most abundant LAT is 2.0 kb long,
while a second transcript of 1.5 kb is also routinely detected in
latently infected neurons (33, 39, 40, 44, 45, 51). These tran-
scripts are partially colinear and are considered to be differ-
entially spliced products of a large precursor RNA (41, 51).
Such a precursor RNA, identified by in situ hybridization and
known as the minor hybridized LAT (mLAT), has been pro-
posed to span the 2.0-kb LAT sequence and extend 8.3 kb from
the major LAT promoter LAP1, to the first downstream poly-
adenylation site (26).

The 2.0-kb LAT is not capped or poladenylated (10, 39, 49)
and is located 600 bp downstream of the major LAT promoter.
Several lines of evidence now indicate that the 2.0-kb LAT is
an intron. This RNA is circular (34, 54) and is excised both
from the context of the mLAT (55) and from within the b-ga-
lactosidase (b-Gal) gene (13). In addition, consensus RNA
processing sites flank the 2.0-kb LAT sequence (13, 41), are
spliced together within processed LAT RNA (55), and are

required for 2.0-kb LAT production in the context of the virus
(1). RNA processing is also responsible for the removal of 500
bp from within the 2.0-kb LAT sequence and results in the
production of the 1.5-kb LAT (1, 41). In contrast to the 2.0-kb
LAT, which is detectable both in productive and latent infec-
tion, the 1.5-kb LAT is detectable only in latently infected
neurons (39, 40, 50).

While the mLAT is present at low levels (56) and the spliced
exons of this RNA have yet to be detected in HSV-1-infected
cells, the steady-state levels of the 2.0-kb LAT are strikingly
high during both productive and latent infection (11, 13). This
abundance has been attributed to the unusual stability of the
2.0-kb LAT intron (34), which appears to result from an atyp-
ical branch point (53, 55) and/or from secondary structure at
the 39 terminus of the RNA (20). In latently infected cells, the
2.0-kb LAT is retained in the nucleus (39, 45, 46), while in
productively infected or transfected tissue culture cells and in
mouse brain stems, this RNA is also found in the cytoplasm
(28, 55).

Some HSV-1 LAT-negative mutants display a reduced effi-
ciency in the establishment or maintenance of latency (37)
and/or a delayed reactivation phenotype in animal models (3,
16, 23, 29, 42, 48). Several mechanisms to account for the
latency or reactivation function in molecular terms have been
envisaged, for example, the antisense suppression of immedi-
ate-early gene expression (45) and an active role of the 2.0-kb
LAT in suppression of macromolecular synthesis (28). Re-
cently, the LAT gene has been demonstrated to encode an
antiapoptosis function both in vitro and in vivo (30), which may
contribute to the survival of infected neurons and hence may
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affect both establishment of latency and subsequent reactiva-
tion. The product of the LAT gene responsible for enhanced
neuron survival and the mechanism by which it acts have yet to
be addressed.

In addition to the possibility that the LAT RNA itself is
active, it is thought that the HSV-1 LAT gene may encode a
protein with a latency-related function, as has been demon-
strated for bovine herpesvirus (38). Three open reading frames
(ORFs) located within the HSV-1 2.0-kb LAT (Fig. 1a) have
been extensively investigated. These ORFs are well conserved
between HSV-1 strains 17, F, and KOS, although in the latter
strain the larger two ORFs are fused (41, 49, 52; GenBank
accession no. X14112). Recently, the largest of the 2.0-kb LAT
ORFs has been placed directly under the control of a powerful
cytomegalovirus (CMV) promoter and expressed from an ec-
topic site within the HSV-1 genome (47). A protein product of
this ORF confers a significant growth advantage to the recom-
binant virus and is able to complement viruses deficient in
immediate-early genes. Whether this ORF can be expressed
from its normal context within the LAT gene remains unre-
solved. There has been one report of a LAT-encoded protein
in latently infected primary neuron cultures (12), but it has not
been confirmed. In this case the protein had an apparent mo-
lecular mass of 80 kDa, which far exceeds the capacity of any
of the 2.0-kb LAT ORFs, but may reflect fusion of LAT ORFs
as a result of an alternate splicing event. It remains possible
that the large 2.0-kb LAT ORF is expressed at very low levels
or in a highly regulated manner during a particular phase of
the infection cycle.

In this work, we investigated the possibility that ORFs within
the 2.0-kb LAT are translated by introducing the gene for the
green fluorescent protein (GFP) directly into the 2.0-kb LAT
sequence. In transient-transfection studies, we observed two
types of GFP signal. The first, a weak cytoplasmic signal, is
most likely produced by low-frequency translation initiation
upon a LAT mRNA and occurs at a GFP AUG codon located
far from the mRNA cap site. The second signal is localized to
the nucleus and results from translation of alternately spliced
LAT mRNAs encoding an exon 1 ORF-GFP fusion protein.
The majority of this fusion protein is artificially expressed, as a
result of the unintentional addition of an extraneous AUG
initiation codon. However, residual expression can still be de-
tected when this initiator is removed, albeit only in a subset of
cells. Contrary to previous predictions (15), we have demon-
strated that the excised 2.0-kb LAT intron does not act as a
mRNA for the inserted GFP gene in transfected cells of either
neuronal or nonneuronal origin. In contrast to our findings in
vitro, insertion of the GFP gene into the 2.0-kb LAT region of
HSV-1 does not result in GFP expression in either produc-
tively infected tissue culture cells or latently infected trigeminal
ganglia (TGs). The implications of our results with respect to
LAT ORF expression during the viral life cycle is discussed.

MATERIALS AND METHODS

Cell culture and viruses. Cos-1, HeLa, and Vero cells were grown in Eagle’s
minimal essential medium supplemented with 5% calf serum at 37°C, and SY5Y
neuroblastomas were grown in RPMI medium supplemented with 10% fetal calf
serum. High-titer stocks of HSV-1 strain F and LAT-GFP recombinant viruses
were produced by infection of Vero cells at a low multiplicity (0.1) followed by
concentration from infected-cell lysates as previously described (8, 9). Kos-GFP

(kindly provided by J. Baillet and P. A. Schaffer) is a Kos strain recombinant with
a CMV promoter-GFP cassette inserted between viral genes UL26 and UL27.

Plasmid construction. The plasmid pcDNA-Pst/Mlu (55) containing the PstI-
MluI restriction fragment of the HSV-1 strain F LAT gene (Fig. 1) served as the
parental construct from which all other clones were derived. A NheI-EcoRI GFP
fragment from pEGFP-C1 (Clontech, Palo Alto, Calif.) was cloned directly using
standard methods into the HpaI site of pcDNA-Pst/Mlu and a variant (pDXcm)
(20) containing an XcmI deletion (36) to produce plasmids pLAT(H)GFP1 and
pLAT(X)GFP1, respectively. Subclones with the GFP gene inserted in an an-
tisense direction [pLAT(H)GFP2 and pLAT(X)GFP2] were also isolated. The
cons mutation, which has been previously described (20) and contains a LAT
branch point mutation, was subcloned from plasmid pCONS and inserted as a
SalI-XbaI restriction fragment into pLAT(H)GFP1 and as a BbsI-EcoRI frag-
ment into pLAT(X)GFP1. An NruI-HindIII fragment containing the CMV
promoter was deleted from pLAT(H)GFP1 to generate the plasmid pDCMV
(H)GFP. All further manipulation was performed on the background of pLAT
(X)GFP1. Plasmids pDPA(X)GFP and pDPB(X)GFP were obtained by deleting
PpuMI-BsmI and PpuMI-AgeI restriction fragments from pLAT(X)GFP1, re-
spectively. An SphI site, located in the pLAT(X)GFP1 polylinker region be-
tween the CMV promoter and the PstI site of the LAT gene insert and which
contains an AUG codon, was removed by inserting an oligonucleotide adapter
(59AGCTTCGCGCTGCA39) into the HindIII and PstI sites on either side of the
SphI site to generate pDSph(X)GFP. Plasmid pDSph(X)FS11 was produced
from pDSph(X)GFP by shifting the entire GFP gene one reading frame in a
59-to-39 direction with respect to the 1.5-kb splice acceptor. This was accom-
plished by linearizing pDSph(X)GFP with AgeI, filling in the blunt ends with the
Klenow fragment of DNA polymerase I, and religating. A second frameshift
mutant [pDSph(X)FS12 (GFP gene shifted two reading frames in a 59-to-39
direction)] was produced by ligating an AgeI adapter into the AgeI site of pDSph
(X)GFP. The AgeI adapter consisted of annealed primers GFPF2-1 (59CCGG
AGGATCCGCTAGCGGATCC39) and GFPF2-2 (59CCGGGGATCCGCTAG
CGGATCCT39). All introduced mutations were verified by double-strand DNA
sequencing using an ABI Prism automated sequencer.

Transfections and fluorescence microscopy. Cell monolayers were grown di-
rectly on coverslips in six-well plates to 90% confluence, and plasmids were
transfected overnight using Lipofectamine 2000 reagent (Gibco-BRL) as indi-
cated by the manufacturer. Forty-eight hours following transfection or 24 h post-
HSV-1 infection, cells were fixed with 4% paraformaldehyde. For direct obser-
vation of GFP fluorescence, monolayers were washed with phosphate-buffered
saline, mounted with Fluoromount-G (Southern Biotechnology Associates), ex-
cited with a krypton-argon laser, and visualized using a Nikon Microphot FXA
microscope and fluorescein isothiocyanate filters. For immunofluorescence stud-
ies, fixed monolayers were incubated twice at room temperature for 5 min each
in 100 mM glycine, permeabilized for 2 min with 0.1% Nonidet P-40, and then
blocked for 30 min in 3% bovine serum albumin–0.1% Nonidet P-40. Anti-Rev
ascitic fluid (courtesy of Michael Malim, University of Pennsylvania) or anti-
HSV-1 polyclonal antibody (American Qualex Antibodies, San Clemente, Calif.)
was diluted appropriately in blocking buffer and applied to monolayers for 1 h at
room temperature. Coverslips were washed three times and incubated in Texas
Red-conjugated anti-mouse immunoglobulin G (IgG) (Amersham) or rhodam-
ine-conjugated anti-rabbit IgG (Chemicon) for 30 min at room temperature.
After three final washes, coverslips were mounted and observed as described
above for GFP fluorescence, except standard rhodamine filters were employed.

RNA analysis. Total RNA extracts of transfected cells and snap-frozen TGs
were made using Trizol reagent (GIBCO-BRL) according to the manufacturer’s
instructions. Northern analysis was performed as previously described (55) with
minor modifications. Following DNase treatment and phenol-chloroform extrac-
tion, 10-mg aliquots of glyoxylated RNA were resolved on 1.2% agarose gels,
vacuum blotted to nylon membranes (GeneScreen Plus; NEN), and UV cross-
linked. To synthesize probes, various DNA restriction fragments were isolated
from pcDNA-Pst/Mlu and 32P radiolabeled using a RadPrime DNA labeling
system (LTI). Heat-denatured probes were hybridized to immobilized RNAs
overnight, and blots were washed six times at 65°C as detailed previously (55)
followed by autoradiography. For PCR analysis, 1 mg of DNase-treated RNA was
reverse transcribed using primers d(N)6 and/or oligo(dT) according to the in-
structions supplied with the Superscript preamplification system (Gibco-BRL).
Following RNase H treatment, 10% of the cDNA reaction mixture was PCR
amplified with primers exon 1 (59TATCGGTACCGCTCCATCGCCTTTCTGT
39) and GFP5P (59ATAGTCTAGACTTGTGCCCCAGGATGTGC39). The
amplification products were subcloned into pBluescript (Stratagene) and se-
quenced on an automated sequencer (ABI) using a T7 promoter primer.

Protein analysis. Total protein extracts were generated by scraping cell mono-
layers into radioimmunoprecipitation assay (RIPA) buffer (0.15 M NaCl, 10 mM
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Tris [pH 7.4], 1% sodium deoxycholate, 1% Triton X-100, 0.1% sodium dodecyl
sulfate). Extracts were freeze-thawed three times and clarified at 600 3 g for 10
min, and residual genomic DNA was broken up by passing through a 30-gauge
needle. Fifty-microgram aliquots of protein were resolved by sodium dodecyl
sulfate–11% polyacrylamide gel electrophoresis and transferred to Immobilon P
membranes (Millipore). Blots were blocked in 5% dried milk and probed with a
polyclonal GFP antibody (Clontech), and bands were visualized by enhanced
chemiluminescence (Amersham).

Recombinant virus production and viral DNA analysis. LAT-GFP recombi-
nant viruses were obtained by cotransfection of purified viral F strain DNA and
the plasmid pDCMV(H)GFP. The screening procedure for GFP-positive plaques
has been described previously (19). Briefly, plaques were transferred from aga-
rose overlays to nitrocellulose filters, denatured, and then screened by plaque
hybridization using a random-primed 32P-labeled GFP probe. Positive plaques
were rescreened by this technique (five rounds) until all plaques were GFP
positive. The correct insertion of GFP in the final isolates was verified by South-
ern blot analysis. Total infected-cell DNA was obtained by standard methods
(36), restricted with AgeI and/or BstEII and separated on 1% agarose gels. DNA
was vacuum transferred under alkaline conditions (1.0 N NaOH) to GeneScreen
Plus nylon membrane (NEN), followed by hybridization to a 32P-labeled 2.0-kb
LAT-specific probe. High-stringency washes were performed as detailed by the
membrane manufacturer, and bands were visualized by autoradiography.

Animal infections and tissue analysis. BALB/c mice were infected bilaterally
via an ocular route with 106 PFU of various virus stocks per scarified eye. At 4
days pastinfection (PI) (acute) or 40 to 50 days PI (latent), TGs were excised. For
positive controls, BALB/c mice were infected intracranially with 2 3 106 PFU of
Kos-GFP. At 1 day PI (acute), the brains were excised. Ganglia were immedi-
ately snap-frozen in liquid nitrogen for RNA analysis, while for fluorescence
microscopy and immunohistochemistry, the animals were perfused with 4%
paraformaldehyde, and the TGs and brains were removed and incubated in 4%
sucrose for 2 h, transferred to 20% sucrose overnight, frozen in OCT (Tissue-
Tek), and then cryostat sectioned. Sections were observed directly using long-
pass emission filters (catalog no. 41018; Chroma). The standard methods for
tissue processing and light microscopic immunohistochemical analysis were used.
Antibodies used were anti-HSV-1 polyclonal rabbit antibody (American Qualex
Antibodies) and anti-GFP A-V peptide rabbit antibody (Clontech). Cells were
detected by an indirect avidin-biotin immunoperoxidase method (Vectastain
ABC kit; Vector Labs, Burlingame, Calif.) as specified by the manufacturer with
slight modifications. Briefly, tissue sections were rehydrated, quenched in per-
oxide (H2O2), and blocked in 3.5% goat serum (Sigma Chemical Co., St. Louis,
Mo.). Tissue sections were incubated with the primary antibody (1:10). Next, the
tissues were incubated with biotinylated goat anti-rabbit IgG, the avidin-biotin
horseradish peroxidase complex, and finally Vector red (Vector Labs) as the
chromagen. Sections were counterstained with hematoxylin and examined under

FIG. 1. HSV-1 LAT genetic locus and 2.0-kb LAT-GFP expression vectors. (a) A schematic representation of the HSV-1 genome with an
expanded view of the LAT transcription unit and the LAT RNAs is shown. (b) The LAT expression vector pcDNA-Pst/Mlu contains a PstI-MluI
fragment of the HSV-1 genome, which spans the 2.0-kb LAT and includes LAT exon 1 and part of LAT exon 2. Transcription is driven by a CMV
promoter, which directly replaces the LAT promoter. GFP was inserted into pcDNA-Pst/Mlu in both orientations (sense [1] and antisense [2])
at a HpaI site, directly upstream of conserved ORFs 1 and 2 but downstream of the 1.5-kb splice acceptor site (SA) to produce plasmids pLAT
(H)GFP1 and pLAT(H)GFP2. GFP was also inserted at the HpaI site of an XcmI deletion variant of pcDNA-Pst/Mlu to create the plasmids
pLAT(X)GFp1 and pLAT(X)GFP2. SD, splice donor site.
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the light microscope. Sections were washed twice with 0.01 M Tris-HCl (pH 7.9)
and: then twice with 0.01 M Tris-HCl containing 5% goat serum between every
step except for the chromagen addition step when sections were washed twice
with 0.01 M Tris-HCl only. As an additional control for the specificity of immu-
nostaining, tissues were processed as described above, except that nonimmune
goat serum was substituted for the primary antibody. Quantification of positive
stained cells was done using the Phase 3 Imaging program (Phase 3 Imaging,
Glen Mills, Pa.).

RESULTS

In vitro system for assessing protein expression from within
the HSV-1 2.0-kb LAT. Previously we described a LAT mini-
gene expression vector containing a PstI-MluI fragment of the
mLAT gene (Fig. 1b) (55). Transcripts originating from the
CMV promoter of this vector are efficiently spliced in cultured
cells to yield both the 2.0-kb LAT intron and spliced LAT
exons (55). We have utilized this transient-transfection system
to ask whether the 2.0-kb LAT can function as a mRNA for a
reporter protein sequence placed within it and to explore al-
ternate expression strategies for this protein. In this way we
hoped to throw light upon expression strategies for endoge-
nous 2.0-kb LAT ORFs. A GFP gene was placed directly into
the 2.0-kb LAT sequence of the minigene construct such that
the GFP AUG initiation codon was in the vicinity of the ini-
tiation codons of the two major 2.0-kb LAT ORFs. Specifically,
the plasmids pLAT(H)GFP1 and pLAT(H)GFP2 (Fig. 1b)
were created by inserting GFP (EGFP; Clontech) in both ori-
entations into the 2.0-kb LAT region of pcDNA-Pst/Mlu at a
HpaI restriction site just downstream of the 1.5-kb LAT splice
acceptor and upstream of two conserved 2.0-kb LAT ORFs
(41). To minimize the size difference between the 2.0-kb LAT
intron bearing GFP and the wild-type 2.0-kb LAT intron, a
second set of constructs [pLAT(X)GFP1 and pLAT(X)GFP2
(Fig. 1b)] were created by deleting an 805-bp region between
two XcmI sites within the pLAT(H)GFP plasmids. The result-
ing expression vectors were transfected into both nonneuronal
(Cos-1) and neuronal (SY5Y) cells where GFP fluorescence
was recorded.

Two distinct patterns of fluorescence are detected when
LAT-GFP expression vectors are transfected into cultured
cells. Transient transfection of the plasmid pEGFP-C1 (Clon-
tech), which contains the GFP gene under the control of the
CMV promoter and which has no LAT sequences present,
resulted in a typical pattern of GFP fluorescence over the
whole cell (Fig. 2a, panel 5). In contrast, transient transfection
of either one of the 2.0-kb LAT-GFP expression vectors pLAT
(H)GFP1 and pLAT(X)GFP1 resulted in two different pat-
terns of fluorescence within the same cell. A weak GFP fluo-
rescent signal was clearly detectable throughout the cytoplasm
of both SY5Y, a cell line of neuronal origin and nonneuronal
Cos-1 cells, transfected with either LAT-GFP vector (Fig. 2a,
panels 1, 3, and 6). A second more noticeable fluorescence
pattern in which GFP accumulated in the nuclei of both SY5Y
and Cos-1 cells (panels 1, 3 and 6) was also observed. More-
over, the GFP fluorescence appeared to be localized to specific
areas within the nucleus which were reminiscent of nucleoli.
To determine if the punctate nuclear GFP signal observed did
in fact reflect nucleolar targeting of GFP, the vector pLAT(X)
GFP1 and vector pcREV, which expresses the human immu-
nodeficiency virus type 1 (HIV-1) Rev protein known to local-

ize specifically to the nucleolus, were cotransfected. GFP co-
localized with Rev in this experiment (Fig. 2b, panels 7 to 9),
demonstrating that LAT sequences present in the LAT-GFP
expression vectors are capable of targeting GFP to the nucle-
olus. Such targeting is not a function of the conserved 2.0-kb
LAT ORFs 1 and 2 (Fig. 1a), since with the exception of 16
residues at the carboxy terminus of ORF 1, these ORFs are
absent in the plasmid pLAT(X)GFP.

A LAT-GFP fusion protein is produced from 2.0-kb LAT-
GFP expression vectors. One explanation for the nuclear lo-
calization pattern conferred upon GFP by the surrounding
LAT sequences was that a LAT-encoded polypeptide bearing
a nuclear localization signal was fused to the reporter protein.
The other signal observed in LAT-GFP-transfected cells, a
weak cytoplasmic fluorescence, probably reflected either low-
frequency GFP translation or incomplete localization of the
fusion protein to the nuclear compartment. To examine these
possibilities further, protein extracts from cells transfected with
LAT-GFP expression vectors were separated on polyacryl-
amide gels and subjected to Western blot analysis using a
polyclonal antibody specific for GFP (Clontech). As shown in
Fig. 2c, extracts from cells transiently transfected with pEGFP-
C1 express high levels of a 32-kDa protein, corresponding to
full-length GFP (lane 2). In contrast, a 48-kDa protein is de-
tected in extracts from cells transfected with pLAT(H)GFP1
and pLAT(X)GFP1 (lanes 3 and 6), albeit at lower levels. A
second polypeptide (30 kDa) is also detected in these extracts
and may represent an independently initiated protein. These
data suggest that the 48-kDa protein is a fusion between GFP
and a LAT polypeptide, which directs GFP to the nucleolus,
while the 30-kDa protein is responsible for the observed cyto-
plasmic GFP signal.

Alternately spliced transcripts are found in cells transfected
with LAT-GFP expression vectors. We were interested in iden-
tifying the LAT polypeptide fused to GFP, since it contained a
signal responsible for the accumulation of GFP within the
nucleolus and might have significance for both the biology and
latency of HSV-1. The conserved 2.0-kb LAT ORFs lying
downstream of the GFP insertion point are not candidates for
the LAT-encoded polypeptide fused to GFP, since their dele-
tion in the expression vector pLAT(X)GFP1 has no effect on
the nucleolar accumulation of GFP observed in cells trans-
fected with this plasmid. A third 2.0-kb LAT ORF (ORF 3
[Fig. 1b]) lies partially upstream and is in frame with the GFP
ORF inserted into both LAT-GFP expression vectors. How-
ever, it is unlikely that the 48-kDa protein results from a fusion
between this ORF and GFP, since this fusion would produce a
protein with a lower expected molecular mass (38 kDa).

Another way in which a fusion between a LAT ORF and
GFP may have occurred is through an RNA splicing event
other than that responsible for the excision of the 2.0-kb LAT
intron. This possibility was addressed by Northern blot analysis
of total cell RNA prepared from Cos-1 cells, transiently trans-
fected with various LAT-GFP expression vectors (Fig. 3).
Probes specific for GFP (probe I), the 2.0-kb LAT intron
(probe II), and exon 1 of the LAT gene (probe III) were used.
Cells transfected with pLAT(H)GFP1 and pLAT(H)GFP2
both produced a 2.7-kb transcript (labeled i in Fig. 3, lanes 1
and 2), the predicted size of the 2.0-kb LAT-GFP intron, which
contains both GFP and 2.0-kb LAT sequences (Fig. 3, probes
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I and II, lanes 1 and 2). This 2.7-kb transcript was shown to be
the excised LAT-GFP intron, since it failed to hybridize to
exon-specific probe III (lanes 1 and 2). Novel transcripts of 3.0
kb, 1.9 kb [pLAT(H)GFP1], and 2.2 kb [pLAT(X)GFP1]
were also detected on Northern blots (Fig. 3, probes I, II, and
III, lanes 1 and 4, labeled m). Interestingly, these transcripts
were absent (lane 5) or markedly less abundant (lane 2) when
GFP was inserted into the 2.0-kb LAT in the reverse orienta-
tion. The disappearance of these transcripts coincided with
increases in the levels of the 2.0-kb LAT intron and spliced
LAT exon RNA and suggested that certain sequence elements
within the GFP gene can influence the choice of splice sites,
resulting in the production of novel, alternately spliced tran-
scripts. This scenario is consistent with the previously pub-
lished observation that the orientation of phage lambda DNA

inserted at the HpaI site within the 2.0-kb LAT region strongly
affected splicing of the primary LAT transcript (20).

In order to verify that alternate splicing was occurring and to
identify the splice donor and acceptor sites utilized, DNase-
treated total RNA from cells transfected with LAT-GFP ex-
pression vectors was reverse transcribed using oligo(dT) as the
primer. cDNAs were PCR amplified using primers exon 1 and
GFP5P, annealing upstream of the 2.0-kb LAT splice donor
and within the GFP gene, respectively (Fig. 4a). A major band
of 580 bp and two slightly slower-migrating, less-abundant
bands were amplified from cells transfected with pLAT(H)
GFP1 and pLAT(X)GFP1 (lanes 2 and 4). These bands were
specific for LAT-GFP transcripts, since they were not ampli-
fied from RNA from cells transfected with either pcDNA-Pst/
Mlu or an unrelated plasmid (lanes 5 and 6). The reverse
transcription-PCR (RT-PCR) products were subcloned and

FIG. 2. GFP fluorescence in LAT-GFP vector-transfected cells. (a)
Expression plasmids pLAT(H)GFP1 (panel 1), pLAT(X)GFP1 (pan-
el 3), and pEGFP-Cl (panel 5) were transfected into Cos-1 cells, and
GFP fluorescence images were captured at a magnification of 345.
GFP expression from 2.0-kb LAT-GFP plasmids containing a con-
served intron branch point [pLAT(H)G.cons (panel 2) and pLAT(X)
G.cons (panel 4)] was also analyzed. GFP fluorescence from pLAT(X)
GFP1 in SY5Y, a cell line of neuronal origin, is shown in panel 6. (b)
Plasmids expressing GFP from 2.0-kb LAT sequences [pLAT(X)
GFP1] and the HIV-1 Rev protein (pcREV) were cotransfected into
Cos-1 cells. GFP fluorescence (panel 7) and Rev expression (panel 8)
from cotransfected cells are shown, and the images are superimposed
in panel 9. The photographs in panel b were taken at a lower resolution
than those in panel a in order to demonstrate colocalization in the
nucleus; hence, the weak cytoplasmic GFP signal from pLAT(X)
GFP1 cannot be seen. (c) Whole-cell extracts from Cos-1 cells trans-
fected with 2.0-kb LAT-GFP expression vectors were analyzed on
Western blots using a polyclonal anti-GFP antibody (Clontech). The
plasmids transfected are indicated above the lanes, with GFP oriented
in the sense (1) and antisense (2) directions or with a consensus
branch point (cons), and a band representing the 48-kDa LAT-GFP
fusion protein (p) is marked.
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sequenced, and a schematic representation of the sequencing
results is shown in Fig. 4b. The major RT-PCR product rep-
resents a spliced transcript with an intron excised between the
2.0-kb LAT splice donor site (nucleotides [nt] 119464) and the
1.5-kb LAT splice acceptor site (nt 120296). The minor RT-
PCR products detected involve splicing both between the
1.5-kb LAT splice donor (nt 119737) and acceptor (nt 120296)
sites and between the 2.0-kb LAT splice donor and two other
splice acceptor sites (nt 119611 and 119661). Notably, splicing
between the 1.5-kb LAT splice donor and acceptor occurs in
nonneuronal cells, whereas previously these splice sites have
been characterized as “neuron specific” (41). In summary, al-
ternate splicing, predominantly between the 2.0-kb LAT splice
donor and the 1.5-kb LAT splice acceptor, is abundant in the
transient-expression system and is influenced by the orienta-
tion in which GFP is inserted into the 2.0-kb LAT intron. The
alternately spliced transcripts produced are mRNA candidates
for the LAT-GFP fusion protein.

Nucleolar GFP expression is mediated by alternate mRNA
splicing. To assess whether the GFP fluorescence and poly-
peptides observed in LAT-GFP-transfected cells resulted from
alternate splicing involving the 1.5-kb LAT splice acceptor site,
a pair of deletion mutants [pDPA(X)GFP and pDPB(X)GFP]
were generated from pLAT(X)GFP1 (Fig. 5a). In pDPA(X)
GFP, the 59 half of the 2.0-kb LAT is deleted, including the
1.5-kb LAT splice acceptor, while the deletion in pDPB(X)
GFP overlaps with that in pDPA(X)GFP but does not include
the splice acceptor site. Transfection of pDPB(X)GFP into
Cos-1 cells gives a pattern of nuclear fluorescence identical to
that seen upon transfection of pLAT(X)GFP1 (Fig. 5a, com-
pare panels 1 and 7) and leads to the production of both the
48- and 30-kDa proteins typically seen in cells transfected with
pLAT(X)GFP1 (Fig. 5b, compare lanes 2 and 8). In contrast,
when pDPA(X)GFP was transfected into Cos-1 cells, nucleolar
GFP expression was not detectable by fluorescence microscopy
(Fig. 5a, panel 6) and the 48-kDa protein was not seen on
Western blots (Fig. 5b, lane 7). Detection of the weak cyto-
plasmic GFP signal was unaffected by this mutation, although
a decrease in the level of the 30-kDa protein was observed
(Fig. 5a, panel 6, and b, lane 7). Taken together, these results

demonstrate that alternate splicing involving the 1.5-kb LAT
splice acceptor site is critical for expression of the 48-kDa
LAT-GFP fusion protein and for nucleolar localization of
GFP, but not for 30-kDa GFP polypeptide expression or for
the weak cytoplasmic GFP fluorescence pattern. Since we have
shown that GFP sequences affect alternate splicing (Fig. 3,
lanes 1 and 2), it should be noted that the production of the
48-kDa protein through alternate splicing may be an artificial
outcome. The 30-kDa protein is apparently a weakly expressed
unfused GFP polypeptide.

An artificially initiated ORF in LAT exon 1 is fused to GFP
and contains a nuclear localization signal. The sequences of
the RT-PCR products and the requirement of the 1.5-kb LAT
splice acceptor site for the production of the 48-kDa protein
strongly suggested that this protein was produced by splicing of
an ORF in LAT exon 1 to GFP. In support of this theory,
deletion of the StyI fragment from pLAT(X)GFP1 which in-
cludes 370 bases of the 600-bp exon 1 [pDSty(X)GFP (Fig. 5a)]
resulted in the loss of the 48-kDa protein (Fig. 5b, lane 10) and
of the nucleolar GFP expression pattern (Fig. 5a, panel 9).
This result demonstrates not only that an exon 1 LAT ORF is
fused to GFP but also that this ORF contains a nuclear local-
ization signal. Interestingly, GFP is strongly expressed from
pDSty(X)GFP as a 30-kDa protein (Fig. 5b, lane 10) that lo-
calizes in a wild-type pattern throughout the cell (Fig. 5a, panel
9). The data suggest that removal of the StyI fragment from
exon 1 enhances GFP translation, possibly by moving the GFP
ORF closer to the CMV promoter or by deleting a sequence
inhibitory to translation. Shifting the entire GFP coding region
one or two reading frames [pDSph(X)FS-1 and -FS-2] in a 39
direction with respect to the 1.5-kb splice acceptor also dis-
rupted nucleolar localization (Fig. 5a, panels 4 and 5) but had
no effect on either the weak cytoplasmic fluorescence pattern
or expression of the 30-kDa GFP polypeptideide (Fig. 5b, lanes
5 and 6). Since the frameshift mutations were made on the
background of pLAT(X)GFP where the 2.0-kb LAT ORFs are
deleted, they specifically address fusions with LAT ORFs up-
stream of the GFP insertion site. Thus, together with the pDSty
(X)GFP result, the frameshift mutations confirm that GFP is
fused to an ORF in LAT exon 1. In addition, it appears that

FIG. 3. Northern blot analysis of LAT-GFP RNA. Total transfected Cos-1 cell RNA was blotted to a nylon membrane and probed sequentially
with each of three probes. The probes used were a 0.65-kb NheI-EcoRI GFP fragment (probe I), a 1.0-kb BstEII fragment specific for the 2.0-kb
LAT (probe II), and a 0.37-kb StyI fragment specific for LAT exon 1) (probe III). The positions of precursor RNAs (p), introns (i), spliced exons
(e), and novel transcripts (m) are indicated. The plasmids transfected were pLAT(H)GFP and pLAT(X)GFP with GFP oriented in the sense (1)
and antisense (2) directions or pLAT(H)GFP1 and pLAT(X)GFP1 bearing a consensus intron branch point (c).
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other ORFs lying upstream of GFP in different reading frames
are not fused to GFP, either directly or by alternate splicing,
since no new polypeptides were detected on Western blots
(Fig. 5b, lanes 5 and 6).

Analysis of the LAT exon 1 sequence (Fig. 6) revealed that
only a single ORF in reading frame 3 spanning the entire
length of the exon was sufficient in length to account for the 16-
to 18-kDa sequence fused to GFP to create the 48-kDa pro-
tein. In the HSV-1 strain F sequence, this ORF contains no
in-frame AUG initiation codons downstream of the transcrip-
tional start site, although putative non-AUG initiation codons
are present. In our expression vectors, an AUG codon in the
same reading frame as exon 1 ORF 3 was present in the SphI
restriction site of the polylinker. Deletion of this SphI site
[pDSph(X)GFP] led to a loss of the LAT-GFP fusion protein
expression, as determined by Western blotting (Fig. 5b, lane 3).
Interestingly, however, although nucleolar fluorescence was
absent in most cells, a small percentage of cells still exhibited
this phenotype (Fig. 5a, panel 2). We conclude therefore that
ORF 3 in LAT exon 1 is fused to GFP and contains a nuclear
localization signal. However, the translation of this fusion pro-
tein is artificially initiated due to the unintentional addition of
an AUG initiator codon. In the absence of this initiator, very
low-level expression occurs, detectable only by fluorescence
microscopy in a minor subset of cells, in which permissive
conditions appear to exist. This expression is most likely me-
diated by non-AUG translational initiation. The identity of the
non-AUG initiation codon and the conditions required for its
use are not known.

The 2.0-kb LAT intron does not function as a mRNA for
GFP expression in vitro. Our transfection experiments indi-
cated that expression of GFP occurs from both 2.0-kb LAT-
GFP vectors where GFP was inserted in the sense direction.
We demonstrated above that nucleolar fluorescence resulted
from translation of an alternately spliced mRNA. However, it
remained unclear whether the spliced intron was functioning
as a mRNA for the 30-kDa protein and consequently the weak
cytoplasmic fluorescence or whether a polyadenylated RNA
was responsible. To distinguish between these possibilities, a
previously described mutation cons, which changes the 2.0-kb
LAT intron branch point into a consensus branch point and
destabilizes the 2.0-kb LAT RNA (20), was introduced into
both LAT-GFP expression vectors to yield pLAT(H)G.cons
and pLAT(X)G.cons. Analysis of RNA from transfected cells
demonstrates that as expected, the cons mutation destabilizes
the LAT-GFP intron produced from pLAT(H)G.cons, since
the 2.7-kb RNA present in cells transfected with LAT(H)
GFP1 was absent in cells transfected with pLAT(H)G.cons
(Fig. 3, probes I and II, compare lanes 1 and 2). However, loss
of the LAT-GFP intron does not affect the GFP fluorescence
patterns seen in cells transfected with pLAT(H)GFP1 (Fig.
2a, panel 2, and 5a, panel 3) or production of either the 48-kDa
fusion protein or the 30-kDa polypeptide (Fig. 2c, lane 4, and
5b, lane 4). Furthermore, following transfection of pLAT(X)
GFP1, both types of GFP fluorescence and both the 48- and
30-kDa GFP proteins were observed when the GFP gene was
present in the sense orientation (Fig. 2a, panel 3, and c, lane 6).
In this orientation, the production of the LAT-GFP intron is
inhibited, since there was negligible hybridization to an intron-
specific probe at the expected size for the LAT-GFP intron

(1.9 kb) (Fig. 3a, probe III, lane 4). Thus, as is the case for
pLAT(H)GFP1, neither nucleolar nor cytoplasmic GFP ex-
pression observed upon transfection of pLAT(X)GFP1 orig-
inates from an excised 2.0-kb LAT-GFP intron.

Another possibility is that the RNA responsible for ORF
expression is a mRNA initiated at the promoter mapped just
upstream of the 2.0-kb LAT splice donor site (LAP2) (Fig. 1)
(14). However, a construct in which the CMV promoter was
removed but in which LAP2 was left unaltered [pDCMV
(H).GFP] (Fig. 1) failed to express both GFP, as measured by
fluorescence microscopy and Western blot analysis (Fig. 5a,

FIG. 4. RT-PCR mapping of LAT-GFP RNA splice junctions. (a)
Total transfected cell RNA was reverse transcribed and PCR amplified
using primers exon 1 and GFP5P. RT-PCR products from cells trans-
fected with LAT-GFP expression plasmids, as indicated above the
lanes, were resolved on a 1% agarose gel. (b) Splicing patterns of
transfected cell RNAs as determined by sequencing RT-PCR prod-
ucts. A truncated LAT gene containing the GFP coding sequence is
represented by shaded and open boxes, respectively. The positions of
2.0- and 1.5-kb LAT splice acceptor and donor sites (SD and SA) and
of the amplification primers exon 1 and GFP5P (arrows) are also
shown. Spliced exons are represented by solid lines, and excised in-
trons are shown as gaps. The corresponding HSV-1 genome positions
are indicated (in nucleotides).
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panel 8, and b, lane 9) and LAT-specific transcripts (not shown)
in transiently transfected cells. Clearly, in the transient-trans-
fection system described, LAP2 is not operational in isolation
and may require cooperation with LAP1 or other viral factors
for activity. Taking all our data into account, we conclude that
the 30-kDa GFP protein observed in transfected cells is trans-
lated from CMV promoter-driven mRNAs and not the LAT-
GFP intron.

GFP is not expressed from a 2.0-kb LAT-GFP virus during
either productive or latent infection. Our finding that GFP can
be expressed from within the 2.0-kb LAT DNA sequence sug-
gested that under optimal conditions, endogenous 2.0-kb LAT
ORFs might also be expressed from viral LAT transcripts. To
address this possibility, a recombinant virus, vLAT-GFP, was
produced by cotransfection of the plasmid pDCMV(H)GFP
and parental F strain DNA, followed by several rounds of
plaque purification as described in Materials and Methods.
This process also has the effect of removing the SphI site which
encodes the artificial AUG codon at the amino terminus of
exon 1 ORF 3, since it is deleted in the pDCMV(H)GFP
construct and lies outside the region of homology between the

FIG. 5. Characterization of LAT-GFP expression products. (a) Va-
rious deletions and mutations were introduced onto the background of
pLAT(X)GFP1 as described in Materials and Methods and indicated
in the figure. The SphI deletion [pDSph(X)GFP] removes an artificially
introduced AUG initiation codon in the vector polylinker, while the
cons mutation (solid circle) [pDSph(X)G.cons] destabilizes the 2.0-kb
LAT-GFP intron. In constructs pDSph(X)FS11 and pDSph(X)FS12,
the GFP gene is shifted one and two reading frames in a 59-to-39
direction (arrows). The PpuMI-AgeI deletion [pDPA(X)GFP] deletes
both the 1.5-kb LAT splice acceptor site (SA) and a leader sequence
lying between the 2.0-kb LAT splice donor site (SD) and the 1.5-kb
LAT splice acceptor, while the PpuMI-BsmI deletion [pDPB(X)GFP]
deletes only the leader. The CMV promoter is removed from the
vector pLAT(H)GFP1 to produce the pDCMV(H)GFP plasmid,
while a 370-bp StyI [pDSty(X)GFP] deletion removes two-thirds of
LAT exon 1. The fluorescence patterns shown upon transfection of
Cos-1 cells are shown to the right of the schematics. (b) Western blot
analysis of cells transfected with various mutant constructs as indicated
above the lanes. The blot was probed with a polyclonal antibody spe-
cific for GFP.
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transfer vector and the virus. The correct insertion of GFP into
the viral LAT gene was determined by Southern blot analysis
of vLAT-GFP DNA. A LAT-specific BstEII band of 1.7 kb
(Fig. 7a, lanes 1 and 3) was observed with both isolates of the
vLAT-GFP virus, while the parental F strain gave only a 1.0-kb
band (lane 7). This mobility shift and the introduction of an
AgeI site (compare lanes 2 and 5) confirm that GFP is present
in the 2.0-kb LAT locus of the recombinant viruses. However,
when LAT-GFP virus-infected cells were observed for fluores-
cence, GFP expression could not be detected in either fibro-
blasts (Fig. 7b, panels 7 and 8) or an SY5Y neuroblastoma cell
line (not shown), despite high-level expression of other HSV-1
antigens (panels 3 and 4). Confirmation that the viruses were
altered with respect to LAT expression was obtained by North-
ern analysis of infected-cell RNA (Fig. 7c). A band of 2.7 kb
representing the LAT-GFP intron could not be detected in
RNA from Cos-1 cells infected with either LAT-GFP virus
isolate using an intron-specific probe (lanes 3 and 4). A minor
band of 1.9 kb was seen in LAT-GFP virus-infected cells mi-
grating alongside the F strain 2.0-kb LAT intron (lane 2). The
1.9-kb RNA is also detected by an exon 1-specific probe (data
not shown) and is possibly the same alternately spliced RNA
detected previously in Cos-1 cells transfected with pLAT(H)
GFP1 (Fig. 3, lanes 1 and 3). The presence of alternately

spliced exon 1-GFP transcripts in LAT-GFP virus-infected
cells was assessed by RT-PCR analysis, as outlined above for
transiently transfected cells (Fig. 4), and the results are shown
in Fig. 7d. The 580-bp major band was amplified from LAT-
GFP virus-infected Cos-1 cells (lanes 4 and 5) and from TGs
excised on day 5 (lanes 8 and 9) and day 40 (lanes 12 and 13)
PI with LAT-GFP virus isolates. These time points represent
acute infection/establishment of latency and latent infection,
respectively. In addition, at higher amplification levels, the
faster-migrating minor bands previously amplified from tran-
siently transfected cells were also observed (lanes 4, 5, and 13).
Thus, alternate splicing of LAT transcripts involving the 2.0-kb
splice donor and the 1.5-kb splice acceptor is occurring in cells
both productively and latently infected with LAT-GFP viruses,
while production of a 2.7-kb LAT-GFP intron (involving 2.0-kb
LAT splice donor and splice acceptor sites) is apparently sup-
pressed.

Since TGs both acutely and latently infected with the LAT-
GFP virus produced alternately spliced transcripts, we were
interested to know if the specific environment of productively
or latently infected TGs might permit GFP expression. Frozen
tissue sections were examined directly for GFP fluorescence
with long-pass GFP filters, which have previously been used to
discriminate between background fluorescence from the tissue
section and a true GFP signal (31). Employing both this tech-
nique and GFP antibody-based immunohistochemistry, we
were unable to detect GFP expression in TGs harvested at day
5 (Fig. 7e) or day 40 PI or at 24 h postreactivation (data not
shown). Therefore, despite expression of LAT transcripts,
which in a transient-transfection system mediate GFP expres-
sion, GFP is not expressed from the 2.0-kb LAT locus in the
context of the virus at any stage of infection of peripheral
nervous system tissue.

DISCUSSION

Expression of the LAT gene in infected cells is a highly
regulated process, involving a tightly controlled promoter (2,
11, 56), a downstream regulatory region (24), and splicing of a
LAT precursor RNA (41, 51). An ORF contained within the
2.0-kb LAT intron has recently been shown to encode a protein
with considerable biological activity in terms of viral growth
enhancement (47). However, this activity was detected from a
recombinant gene where all LAT regulatory elements were
removed and it is presently unclear if this ORF might be
expressed from the natural context within the LAT gene or
indeed which expression strategies might be used. With these
issues in mind, we assessed the expression of a reporter gene
placed within the 2.0-kb LAT DNA sequence, initially in an in
vitro system from the powerful CMV immediate-early pro-
moter and subsequently in the context of the virus. In the in
vitro system we observed two patterns of GFP expression,
which suggest that 2.0-kb LAT ORFs and perhaps an exon 1
ORF have the potential to be expressed in the viral life cycle.
The 2.0-kb LAT intron (15) and alternately spliced RNAs or
polyadenylated RNAs initiating from LAP1 and LAP2, respec-
tively, have been previously postulated as mRNA candidates
mediating 2.0-kb LAT ORF expression (47). Our data indicate
that the only potential mRNAs for the expression of 2.0-kb
LAT ORFs are alternately spliced and unspliced RNAs orig-

FIG. 6. LAT exon 1 ORFs. Schematic ORF analysis for bases 1 to
650 of the LAT gene of HSV-1 strains 171 (GenBank accession no.
X14112), McKrae (GenBank accession no. AF041142), and F (M.
Lock and N. W. Fraser, unpublished data). The 59-terminal base of the
PstI site is designated the first base of exon 1 due to a lack of sequence
information upstream of this site for strain F. ORFs are shown as
arrows and are numbered accordingly. The AUG codon that is present
in ORF 3 of strain 171, but not in strains McKrae and F, is indicated.
The position of the 2.0-kb LAT splice donor site (SD) is shown.
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FIG. 7. Construction and analysis of a LAT-GFP virus. (a) South-
ern blot of LAT-GFP recombinant virus DNA. Viral DNA was iso-
lated from infected cells and digested with either BstEII (B) alone or
BstEII and AgeI (B/A). Two isolates of the plaque-purified recombi-
nant virus (lanes 1 to 4) were compared with the donor plasmid (lanes
5 and 6) and with the parental virus strain (lanes 7 and 8). The blot was
hybridized with a 1.0-kb BstEII LAT probe, which detects a 0.7-kb
increase in the size of the BstEII viral fragment (1.0 kb) due to the
insertion of GFP. SA and SD, LAT splice acceptor and splice donor
sites, respectively. (b) Fluorescence analysis of vLAT-GFP-infected
cells. Cells infected with F strain (panels 1 and 5) or Kos-GFP (panels
2 and 6) or with two isolates of the LAT-GFP virus (panels 3 and 7 and
panels 4 and 8) were examined both by immunofluorescence using an
anti-HSV-1 polyclonal antibody and directly for GFP expression. (c)
Northern blot analysis of total RNA from Cos-1 cells either uninfected
(U/I) or infected with strain F or LAT-GFP viral isolates (isolates 1
and 4) as indicated. The blot was hybridized with a 1.0-kb BstEII LAT
probe. (d) RT-PCR analysis of total RNA isolated from infected Cos-1
cells and from both productively infected (day 5) and latently infected
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inating from LAP1. However, despite the production of alter-
nately spliced transcripts from a recombinant LAT-GFP virus
in productively and latently infected cells, no GFP signal could
be detected.

The GFP gene placed within the 2.0-kb LAT DNA sequence
can be expressed in transfected cells. Previous attempts to
visualize HSV-1 LAT ORF expression using polyclonal anti-
bodies against LAT peptides (J. G. Spivak and N. W. Fraser,
unpublished observations) or by an epitope tagging approach
(22, 32) have been largely unsuccessful. In the latter studies,
two ORFs towards the 39 terminus of the mLAT were ex-
pressed from tagged viruses (ORF O and ORF P [Fig. 1a]) but
only under conditions where the viral regulatory protein ICP4
was not expressed. Current evidence suggests that both these
proteins are translated from an overlapping set of transcripts

known as the LS/Ts, rather than from a LAT RNA (4, 54a). In
our transfection studies, any viral regulation of LAT ORF
expression has been largely circumvented by removing the
LAT gene from the context of the virus and by replacing the
LAT promoter with the constitutive immediate-early CMV
promoter. In this system we observe two patterns of GFP
expression, one of which is low level and resembles the normal
cytoplasmic distribution pattern of GFP and another that lo-
calizes to the nucleolus (Fig. 2 and 5). Previously, Coffin et al.
(6) inserted a chloramphenicol acetyltransferase (CAT) re-
porter gene between two XcmI sites within the 2.0-kb LAT in
a construct driven by the CMV promoter but were unable to
demonstrate CAT expression in transfected cells. This contra-
dictory result may reflect the different choice of gene insertion
sites used in the two studies and the relative effects of the two

(day 40) TGs. Cells or animals were either left uninfected (U) or infected with HSV-1 strain F (F) or with two isolates of the LAT-GFP virus
(isolates 1 and 4) as indicated above the lanes. The reverse transcription primer for Cos-1 and day 5 TG was oligo(dT), and for latently infected
TGs, it was a mixture of oligo(dT) and p(N)6. PCR was performed with primers exon 1 and GFP5P as indicated in Fig. 4. Lane M contains
molecular size markers. (e) Immunohistochemistry and fluorescence of acutely infected LAT-GFP and KOS-GFP tissue. Animals were infected
and sacrificed at day 5 (LAT-GFP [panels 1, 2, 4, and 5]) or day 1 (Kos-GFP [panels 3 and 6]). Immunohistochemistry sections were stained with
both anti-HSV (panel 1) and anti-GFP antibodies (panel 4), and images were captured at a magnification of 37. LAT-GFP rhodamine (anti-HSV)
and GFP fluorescence images were captured at a magnification of 314 (panels 2 and 5), while KOS-GFP rhodamine (anti-HSV) and GFP
fluorescence images were captured at a magnification of 332 (panels 3 and 6).
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inserted sequences on alternate splicing involving the 1.5-kb
LAT splice acceptor site. In our hands, GFP insertion at the
HpaI site affects usage of the 1.5-kb LAT splice acceptor site
and results in nucleolar GFP expression. However, GFP ex-
pression is not completely dependent on alternate splicing,
since a weak cytoplasmic GFP signal and a 30-kDa GFP pro-
tein are consistently observed, even after deleting the 1.5-kb
splice acceptor site [pDPA(X)GFP (Fig. 5)]. Our data indicate
that a polyadenylated RNA originating from LAP1 serves as a
mRNA for expression of the 30-kDa GFP protein, despite the
fact that the GFP coding sequence is located 1,500 bp down-
stream of the RNA cap site. Previously it has been demon-
strated that the “leader” sequence between the 59 terminus of
the 2.0-kb LAT and the 1.5-kb LAT splice acceptor acts to
enhance translation of 2.0-kb LAT ORFs (6). The presence of
this element might help explain the initiation of translation so
far downstream of the cap site of the LAT mRNA. Interest-
ingly, deletion of this leader sequence [PpuMI-AgeI; pDPA(X)
GFP] leads to a decrease in expression of the 30-kDa GFP
protein (Fig. 5b), while deletion of the PpuMI-BsmI sequence
[pDPB(X)GFP], which leaves 150 bp of the leader sequence
intact just upstream of the splice acceptor, has no effect on
30-kDa GFP expression. These results are consistent with the
existence of an element just upstream of the 1.5-kb LAT splice
acceptor that acts to enhance translation but are complicated
by the fact that the PpuMI-AgeI deletion also removes the
1.5-kb LAT splice acceptor which may negatively affect expres-
sion. In a separate study using a wheat germ cell-free transla-
tion system, the 2.0-kb LAT leader sequence was demon-
strated to inhibit rather than promote translation of 2.0-kb
LAT ORFs (41). It is possible that this result reflected a lack
of appropriate trans-acting factors in the wheat germ extract
required for leader-mediated enhancement of translation.

Alternate splicing and LAT ORF expression. The demon-
stration that alternate splicing of LAT RNAs occurs in trans-
fected cells (Fig. 3 and 4) (20) suggests novel strategies for
LAT ORF expression. Alternate splicing would bring down-
stream LAT ORFs into closer proximity to LAP1 and would
eliminate the small ORFs and secondary structure lying in
between. In addition, splicing between the 2.0-kb LAT splice
donor and alternate acceptor sites may lead to the fusion of
ORFs in exon 1 with other LAT ORFs: Our results are con-
sistent with the first scenario, since the 30-kDa GFP polypep-
tideide appears to be translated despite being located far
downstream of the mRNA cap site. Interestingly, deletion of
the 1.5-kb splice acceptor [pDPA(X)GFP (Fig. 5)] appears to
decrease the level of GFP expression, although as mentioned
above, this deletion does not differentiate between disruption
of the leader sequence and the 1.5-kb splice acceptor. It is also
relevant to note that deletion of a large fragment from exon 1
[pDSty(X)GFP] markedly increases 30-kDa GFP expression
and probably reflects the closer proximity of GFP to the cap
site, brought about by a combination of the deletion and al-
ternate splicing involving the 1.5-kb LAT splice acceptor.

In our transfection studies, fusion occurred between an ORF
in LAT exon 1 and GFP and leads to the production of a
48-kDa fusion protein and nucleolar localization of GFP. In
this case, however, introduction of an artificial initiation codon
to the exon 1 ORF was required to detect expression of the
fusion protein to any major extent. In addition, the insertion of

GFP into the HpaI site just downstream of the 1.5-kb splice
acceptor favors the use of this site and hence the production of
the fusion protein. Thus, the expression of fusions between
exon 1 ORF 3 (Fig. 6) and downstream LAT ORFs is unlikely
to occur in the context of wild-type HSV-1. In the absence of
an artificially introduced AUG at the N terminus, the exon
1-GFP fusion protein is translated sporadically in transfected
cells, a phenotype consistent with the requirement of a specific
set of cellular conditions for translation initiation. Such con-
ditional protein expression has been demonstrated for other
proteins (for example, the cell cycle-dependent expression of
p58PITSLRE through an internal ribosome entry sequence [IRES]
element located within the mRNA coding region [7]). There-
fore, it remains possible that HSV-1 LAT exon 1 ORF 3 may
be translated in specific cells in vivo. Expression of the ORF
3-GFP fusion protein, however, was not readily detectable
from the LAT-GFP virus where the artifical initiation codon
was not present.

Finally, with regard to alternate splicing, we show that 1.5-kb
LAT splice sites are used in nonneuronal cells (Fig. 4). Thus,
the production of the 1.5-kb LAT in HSV-1 latently infected
neurons (41, 51) may not be due to neuron-specific recognition
of these sites but rather to cellular conditions which influence
their utilization.

The 2.0-kb LAT does not function as a mRNA in an in vitro
expression system. The presence of the 2.0-kb LAT in the
cytoplasm of infected cells and the association with polysomes
have led to the proposal that the 2.0-kb LAT is translated (15).
In our experiments, transfection of the 2.0-kb LAT-GFP ex-
pression plasmids into both neuronal and nonneuronal cells
did indeed result in GFP expression (Fig. 2). However, we have
shown here that this expression is not due to direct translation
of the 2.0-kb LAT, since the destabilization of the LAT-GFP
intron by the introduction of the cons mutation has no effect on
either nucleolar or cytoplasmic GFP expression in transfected
cells (Fig. 2 and 3). The conclusion that the 2.0-kb LAT is not
directly translated is consistent with results obtained previously
by Coffin et al. (6) where a CAT gene inserted between the
XcmI sites within the 2.0-kb LAT could not be expressed in
transient-transfection assays. We cannot formally rule out the
possibility that translation of the 2.0-kb LAT occurs if the
correct viral factors are present, since a LAT-GFP intron was
not produced from the recombinant virus vLAT-GFP. How-
ever, preliminary experiments in which cells were transfected
with pLAT(H)GFP1 are subsequently infected with HSV-1 F
strain (not shown) do not demonstrate a significant increase in
GFP expression over that of cells transfected with pLAT(H)
G.cons, as might be expected if viral factors indeed influence
2.0-kb LAT translation. We are therefore inclined to believe
that if the 2.0-kb LAT has a functional role in the viral life
cycle, it is probably at the level of an RNA-ribosome interac-
tion which is unrelated to 2.0-kb LAT translation, as has been
previously proposed (28).

GFP is not expressed from within 2.0-kb LAT DNA in the
context of the virus and implications for expression of 2.0-kb
LAT ORFs. A caveat of the in vitro expression system used in
this work is that any potential role of viral factors in the
expression of 2.0-kb LAT ORFs is not assessed. This concern
was addressed by the construction of a virus containing GFP
inserted at the HpaI site of the 2.0-kb LAT intron. Expression
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of GFP from this virus, in either neuronal or nonneuronal cells
in culture or in infected TGs at any stage of the infection cycle
was not observed, despite the production of alternately spliced
LAT-GFP RNAs in both acutely and latently infected TGs
(Fig. 7). It has been suggested that the putative promoter or
regulatory element LAP2 (14), which abuts the 59 terminus of
the 2.0-kb LAT and which has been reported to be active
during productive infection (5), may also be involved in the
expression of 2.0-kb LAT ORFs (47). Based upon the obser-
vation that LAT transcripts can initiate just upstream of the
2.0-kb LAT (5), it was envisioned that LAP2 might drive the
transcription of a polyadenylated, unspliced 2.0-kb LAT. The
lack of GFP expression from our LAT-GFP virus during pro-
ductive infection implies that this scenario is not likely. One
possibility is that since LAP2-initiated RNA is efficiently
spliced to form the 2.0-kb LAT intron (5), the unspliced form
is never present in sufficient abundance to act as a mRNA.

The major LAT promoter, LAP1, was initially reported to be
active during both productive infection and latency, while a
second promoter was active in tissue culture cells, (27). More
recently, it has been claimed that LAP1 is active mainly in
latently infected cells, while the 2.0-kb LAT-proximal LAP2 is
predominantly active during productive infection (5). Which-
ever the case, transcripts originating from LAP1 in the context
of the LAT-GFP virus did not express detectable levels of GFP
either in infected-cell cultures or in productively or latently
infected TGs. Our results from cell culture transfections indi-
cate that LAP1 initiated transcripts, either alternately spliced
or unspliced, should indeed act as mRNAs for GFP expression.
This discrepancy suggests that translation of LAP1-initiated
transcripts is specifically affected in infected cells. In previous
studies, the LAT HpaI site has been used successfully for
expression of foreign gene sequences from the LAT promoter
of HSV-1 vectors (21). However, some modifications were
made to achieve expression, which occurred weakly during
productive infection but more strongly during latency. Specif-
ically, a cassette containing the lacZ gene under the control of
an IRES and terminated with a CMV poly(A) signal was in-
serted at the HpaI site. Since LAT-GFP alternately spliced
transcripts observed in our studies are polyadenylated during
productive infection (Fig. 7d), it appears that the important
difference between this study and our own in terms of latent
reporter gene expression is the inclusion of the IRES element.
Previously, we have observed that expression of the b-galacto-
sidase (b-Gal) gene from the LAT promoter differs at the
transcriptional and translational levels (18). In this study, 89-
fold-more neurons from TGs acutely infected with a LAT
promoter-LacZ virus, were positive for b-Gal RNA than for
enzyme activity. It was suggested that the 59 untranslated re-
gion (UTR) between the LAT cap site and the AUG codon of
the lacZ gene was responsible for the inhibition of translation,
since substituting a neurofilament 59 UTR restored b-Gal en-
zyme expression. Margolis et al. (25) also noticed a similar low
level of b-Gal expression from the LAT promoter during pro-
ductive ganglionic infection, although in this case, the relation-
ship between b-Gal enzyme and transcript expression on a
single neuron basis was not investigated. Interestingly, in the
LAT-GFP expression vectors used in the transfection assays,
cloning of the LAT gene resulted in the deletion of a large
portion of the 100-bp 59 UTR element. The difference in trans-

lation between the plasmid-produced transcripts and viral tran-
scripts may therefore reflect the presence or absence of the
LAT 59 UTR and suggests that viral LAP-1-initiated RNAs are
blocked at the level of translation.

Previously, our group has been unable to demonstrate a
protein product of 2.0-kb LAT ORF 1 in either productively
infected cells or in infected-mouse brains, using a polyclonal
antibody directed against an ORF 1 peptide (Spivak and
Fraser, unpublished). Together with the results of the current
work, this lack of detection leads us to believe that the biolog-
ically active ORF 1 product (47) may not be expressed from its
natural context within the 2.0-kb LAT intron during viral in-
fection. However, we cannot formally exclude the possibility
that expression does occur but is limited to a particular window
of the infection process not covered by either the current study
or by previous work. Such expression might require cellular
factors or activation signals unique to the specific environment
of infected neurons.
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