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Infection of metazoan cells with some viruses alters the balance of cellular mRNA export to favor viral RNA
export and to retain cellular transcripts in the nucleus. Here, evidence is presented to show that the herpes
simplex virus 1 (HSV-1) essential regulatory protein ICP27, which inhibits host cell-splicing, resulting in the
accumulation of unspliced transcripts in the nucleus, mediates RNA export of viral intronless mRNAs. ICP27
was shown to shuttle between the nucleus and cytoplasm through a leucine-rich nuclear export signal, which
alone was able to direct the export of the heterologous green fluorescent protein. In vivo UV irradiation
studies demonstrated that ICP27 could be crosslinked to poly(A)+ RNA in the nucleus and the cytoplasm,
supporting a role in export. Furthermore, the amount of hnRNP A1, which has been implicated in the export
of cellular spliced mRNAs, that was bound to poly(A)+ RNA in HSV-1-infected cells was reduced compared
with uninfected cells. In addition, it was demonstrated that ICP27 bound seven intronless HSV-1 transcripts
in both the nucleus and the cytoplasm, and export of these transcripts was diminished substantially during
infection with an ICP27 null mutant virus. In contrast, ICP27 did not bind to two HSV-1 mRNAs that
undergo splicing. Finally, binding of ICP27 to RNA in vivo required an arginine-glycine region that resembles
an RGG box. These results indicate that ICP27 is an important viral export factor that promotes the transport
of HSV-1 intronless RNAs.
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Eukaryotic RNAs are synthesized in the nucleus by
RNA polymerase I, II, or III (Pol I, II, III) after which they
are processed and transported to their sites of action,
predominantly in the cytoplasm. The exchange of mac-
romolecules between the nucleus and the cytoplasm oc-
curs through nuclear pore complexes (NPCs). Different
classes of RNAs appear to leave the nucleus by distinct
pathways (Jarmolowski et al. 1994; Fischer et al. 1995;
for review, see Gorlich and Mattaj 1996; Corbett and
Silver 1997) through an active, energy-dependent, satu-
rable mechanism (for review, see Nakielny et al. 1997).
Recently, a number of studies have shown that RNA
transport through the NPC is mediated by proteins as-
sociated with the RNAs, and these proteins contain spe-
cific signals to use receptor-mediated export through the
NPC to transport their cargo (Fischer et al. 1995; Michael
et al. 1995; Bogerd et al. 1996; Fridell et al. 1996b; Kim et
al. 1996; Lee et al. 1996; Palmer and Malim 1996; Dob-

belstein et al. 1997). A feature of these proteins is that
they shuttle continuously between the nucleus and the
cytoplasm. The best candidates to mediate export of
metazoan mRNAs are the abundant hnRNPs, and espe-
cially hnRNP A1. It has been demonstrated that hnRNP
A1 shuttles between the nucleus and the cytoplasm
through a sequence, designated M9, which serves as both
the export and import signal (Fritz et al. 1995; Izaurralde
et al. 1997). Furthermore, hnRNP A1 was found associ-
ated with poly(A)+ RNA in both the nucleus and the
cytoplasm (Piñol-Roma and Dreyfuss 1992). Most com-
pelling, a protein in Chironomus tentans termed hrp36,
which is similar to mammalian hnRNP A1, was found to
associate with Balbiani ring RNA concomitant with
transcription, and to remain associated as the Balbiani
ring RNA particles were translocated through the
nuclear pore (Visa et al. 1996).

Perhaps the best characterized RNA export protein is
HIV-1 Rev. Rev shuttles between the nucleus and the
cytoplasm (Kalland et al. 1994; Meyer and Malim 1994;
Richard et al. 1994), promoting the export of unspliced1E-mail RMSANDRI@UCI.EDU; FAX (949) 824-8598.
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and partly spliced HIV env RNA (Fischer et al. 1994) by
binding to a stem–loop structure within the env intron,
termed the Rev response element (RRE) (Malim et al.
1989; Kjems et al. 1991). The nuclear export signal (NES)
of Rev has been identified (Fischer et al. 1995; Szilvay et
al. 1995), and consists of a short stretch of amino acids
that is rich in leucine residues. Similar sequences that
function as NESs have been identified in PKI, the heat-
stable inhibitor of cAMP-dependent protein kinase (Wen
et al. 1995), in the Rex protein of HTLV-1 (Bogerd et al.
1996; Kim et al. 1996; Palmer and Malim 1996), in the
Rev proteins of visna virus and equine infectious anemia
virus (Meyer et al. 1996), in adenovirus E4–34-kD (Dob-
belstein et al. 1997), in transcription factor IIIA (Fridell et
al. 1996b), and in the yeast mRNA transport protein Gle
1 (Murphy and Wente 1996). Using the yeast two-hybrid
system, a human protein called Rip (Fritz et al. 1995) or
Rab (Bogerd et al. 1995) that interacted specifically with
Rev was identified. This protein possesses FG repeats
that are characteristic of a subclass of nucleoporins, sug-
gesting an involvement of Rip/Rab in Rev export (Fridell
et al. 1996a), however, direct interaction with the NES
has not been demonstrated. Recently, three groups have
provided evidence that CRM1 (chromosome mainte-
nance region 1), a protein that shares sequence similarity
with the karopherin b family of import proteins, forms a
complex with a leucine-rich NES and functions as an
essential export receptor (Fornerod et al. 1997; Ossareh-
Nazari et al. 1997; Stade et al. 1997). Furthermore, it has
been shown that CRM1 bridges the interaction between
Rev and the nuclear pore complex (Neville et al. 1997).
Accordingly, CRM1 has been named exportin 1 (for re-
view, see Ullman et al. 1997).

In metazoans, most pre-mRNAs require an intron for
efficient processing and export (Liu and Mertz 1995). Pre-
mRNAs are retained largely in the nucleus, and it has
been hypothesized that certain splicing factors may in-
teract with nuclear structures, or the spliceosomes may
prevent the interaction of RNA with export factors,
therefore holding RNA in the nucleus until spliced (for
review, see Nakielny et al. 1997). Retroviruses require
viral structural products that are encoded by unspliced
transcripts, and therefore, have evolved both cis-acting
signals (Kiss-Laszlo and Hohn 1996) and trans-acting ex-
port factors (Cullen 1992) to facilitate the export of in-
tron-containing mRNAs. In contrast, the export of many
cellular RNAs appears to be directly dependent on splic-
ing (Liu and Mertz 1995, and references therein). In this
context, herpes simplex virus type 1 (HSV-1) presents an
interesting situation for probing mammalian RNA ex-
port pathways. HSV-1 expresses over 80 transcripts dur-
ing viral lytic infection, and only four of these undergo
splicing, the remainder being intronless. In addition,
HSV-1 infection inhibits host-cell splicing (Hardy and
Sandri-Goldin 1994), resulting in the accumulation of
pre-mRNA in the nucleus (Hardy and Sandri-Goldin
1994) and decreased accumulation of spliced cellular
mRNAs in the cytoplasm (Hardwicke and Sandri-Goldin
1994). The HSV-1 protein responsible for these effects is
the essential immediate-early protein termed ICP27. Re-

cent studies have shown that ICP27 can shuttle between
the nucleus and the cytoplasm (Soliman et al. 1997) and
that ICP27 affects the nuclear export of two HSV-1 in-
tron-containing transcripts (Phelan et al. 1996). The goal
of this study was to determine whether ICP27 functions
as a viral export protein involved in the transport of
HSV-1 intronless RNAs. Here, it is demonstrated that
ICP27 shuttles via a leucine-rich NES, and that it binds
poly(A)+ RNA in both the nucleus and the cytoplasm.
Most interestingly, ICP27 was shown to bind to intron-
less HSV-1 RNAs, but no binding was seen with two
HSV-1 transcripts that undergo splicing. Export of the
HSV-1 intronless RNAs was reduced greatly during in-
fections where ICP27 was not expressed. Furthermore,
binding of hnRNP A1 to poly(A)+ RNA was reduced sig-
nificantly during wild-type HSV-1 infection. Finally, in
vivo RNA binding by ICP27 required an arginine-rich
sequence that resembles an RGG box. These results sug-
gest that ICP27 is an important viral transport factor that
mediates export of intronless viral RNAs.

Results

HSV-1 ICP27 shuttles between the nucleus
and cytoplasm through a leucine-rich NES

To confirm that ICP27 shuttles and to map the region of
ICP27 that is required for export, the intracellular distri-
bution of ICP27 during viral infection was monitored.
Cells were infected with wild-type HSV-1 strain KOS
either in the absence of inhibitors or in the presence of
the RNA Pol II inhibitor actinomycin D and the protein
synthesis inhibitor cycloheximide. Actinomycin D was
added because it has been demonstrated that the inhibi-
tion of transcription interferes with the nuclear import
of some proteins, whereas export continues (Piñol-Roma
and Dreyfuss 1992; Meyer and Malim 1994); therefore, it
is possible to visualize the cytoplasmic accumulation of
rapidly shuttling proteins. Cycloheximide was added to
insure that cytoplasmic staining resulted from nuclear
protein export, not newly synthesized protein. The pre-
dominantly nuclear localization of ICP27 in the absence
of inhibitors (Figs. 1a and 2, left hand panels) was seen to
change to a pronounced cytoplasmic fluorescence by 3 hr
after the addition of actinomycin D (Figs. 1d and 2, top
right), with most of the protein found in the cytoplasm
by 4.5 hr after treatment (Fig. 2, bottom right). A coales-
cent staining pattern over a more diffuse nuclear staining
was seen for ICP27 in untreated cells (Figs. 1 and 2). This
is because ICP27 redistributes snRNPs and some of the
protein co-localizes with these condensed structures
(Phelan et al. 1993; Sandri-Goldin et al. 1995). Staining
after actinomycin D treatment was diffuse throughout
the nucleus and cytoplasm, indicating that ICP27 leaves
these structures. Under the conditions of drug treat-
ment, two other HSV-1 proteins remained nuclear. ICP4,
the major transcriptional transactivator of HSV-1, and
ICP8, the major DNA-binding protein required for DNA
replication, were found associated with viral transcrip-
tion-replication complexes in untreated cells (Fig. 1b,c)
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but had a less structured, more diffuse nuclear staining
after actinomycin D treatment (Fig. 1e,f) when these
complexes disassemble. In addition, hnRNP A1 moved
to the cytoplasm (Fig. 1g,j) as originally shown by Piñol-
Roma and Dreyfuss (1992). In contrast, hnRNP C and
splicing factor SC35, which do not shuttle, remained in
the nucleus (Fig. 1h-l).

The predicted amino acid sequence of ICP27 contains
a leucine-rich region in the amino terminus from resi-
dues 5 to 17 (Fig. 3). This sequence resembles the leu-
cine-rich NESs first identified in Rev and PKI (Fischer et
al. 1995; Szilvay et al. 1995; Wen et al. 1995). To deter-
mine whether this region functioned as an NES, we con-
structed ICP27 mutants that deleted amino acids 4 to 27,
substituted leucine residues in the NES with arginine
residues, or replaced amino acids 8 to 17 with the NES of
Rev or PKI. Cells were transfected with each of these
mutants and were either untreated or actinomycin D
was added 24 hr after transfection. Both the wild-type
protein and a mutant that has an insertion in the car-

boxy-terminal splicing repressor region of ICP27 (Sandri-
Goldin and Hibbard 1996) moved to the cytoplasm fol-
lowing the addition of actinomycin D (Fig. 4a,d,g,j). A
similar movement to the cytoplasm was seen with sev-
eral other mutants in the splicing repressor and activator
regions (data not shown). In contrast, deletion of the pu-
tative NES (Fig. 4b,e) or substitution of the leucine resi-
dues with arginine residues (Fig. 4c,f) resulted in a pro-
tein that remained nuclear. Exclusively nuclear staining
was also seen in a mutant in which proline residues were
substituted for the leucine residues (data not shown).
Cytoplasmic fluorescence was seen again when either
the Rev or PKI NES replaced the ICP27 NES. In fact,
cytoplasmic staining could be seen with the PKI NES in
the absence of actinomycin D. This would suggest that
the NES of PKI is a stronger signal than the NLS of
ICP27. These data demonstrate that the amino-terminal
leucine-rich region is necessary for the export of ICP27.

To determine whether the NES of ICP27 could export
a heterologous protein as the Rev and PKI signals were
shown to enable the export of ICP27, a green fluorescent
protein (GFP) import–export substrate was constructed.
A plasmid that contains the NLS from the transcription
factor LEF (lymphoid enhancer factor) inserted into the
carboxyl terminus of GFP was used (Prieve et al. 1996).
LEF–GFP was found to be localized to the nucleus in the
presence and absence of actinomycin D (Fig. 5, top pan-
els). When the NES of ICP27 from amino acids 5–17 was
inserted in the amino terminus of LEF–GFP, a defined
cytoplasmic fluorescence was seen after the addition of
actinomycin D (Fig. 5, middle panels). A similar result
was seen when the Rev NES was fused to LEF–GFP.
Therefore, the NES of ICP27 is sufficient to export a
heterologous protein with a heterologous NLS, confirm-
ing its role as an export signal.

ICP27 binds poly(A)+ RNA in vivo in both the nucleus
and the cytoplasm, but the amount of hnRNP A1
bound is reduced during infection

To determine if the purpose of ICP27 shuttling was to
export RNA, in vivo UV-cross-linking studies were per-

Figure 1. The HSV-1 regulatory protein ICP27 ac-
cumulates in the cytoplasm of infected cells
treated with actinomycin D. Cells were infected
with HSV-1 strain KOS. Cells shown in a–c and g–i
were not treated with inhibitors and were fixed 7
hr after infection. Actinomycin D (10 µg/ml) and
cycloheximide (100 µg/ml) were added to the cells
shown in d–f and j–l beginning 4.5 hr after infec-
tion for a period of 3 hr. Immunofluorescent stain-
ing was performed with monoclonal antibodies to
the HSV-1 proteins ICP27, ICP4 and ICP8, and to
the cellular proteins, hnRNP A1, hnRNP C, and
SC35, as indicated.

Figure 2. The majority of ICP27 in HSV-1- infected cells
moves to the cytoplasm after a longer treatment with actino-
mycin D. Cells infected with HSV-1 KOS were fixed 7 hr after
infection in the absence of inhibitors (left-hand panels) or 3 or
4.5 hr after the addition of actinomycin D (right-hand panels).
Cells were stained with ICP27 monoclonal antibody H1113.
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formed, similar to those described initially for hnRNP
A1 (Piñol-Roma and Dreyfuss 1992). Uninfected cell
monolayers, or cells infected with HSV-1 KOS or the
ICP27 null mutant 27–LacZ were exposed to UV light to
induce covalent protein–RNA cross-links in vivo as de-
scribed (Piñol-Roma and Dreyfuss 1992). Total RNA was
isolated, and poly(A)+ RNA was selected by oligo(dT)–
cellulose chromatography under protein denaturing con-
ditions so that only proteins that were bound to the RNA
during irradiation would copurify (Piñol-Roma and Drey-
fuss 1992). Following digestion with RNase, bound pro-
teins were fractionated and immunoblot analysis was
performed with a monoclonal antibody to ICP27. As
seen in Figure 6, (top), ICP27 was recovered with the
poly(A)+ RNA from KOS-infected cells, indicating that
ICP27 bound poly(A)+ RNA in vivo. Surprisingly, prob-
ing the same blot with antibody 4B10 showed that al-
though hnRNP A1 was recovered with the poly(A)+ RNA
in equivalent amounts from uninfected cells and 27–
LacZ-infected cells, it was barely detectable in the
poly(A)+ RNA fraction from wild-type infected cells.
This suggests that ICP27 expression during HSV-1 infec-
tion results in reduced binding of hnRNP A1 to RNA.

To investigate whether ICP27 bound poly(A)+ RNA in
both the nucleus and the cytoplasm therefore, suggesting

a role in RNA export, and to determine whether binding
of other cellular RNA-binding proteins was affected by
ICP27 expression, in vivo UV cross-linking was per-
formed followed by nuclear and cytoplasmic fraction-
ation. In this experiment cells were labeled with 32Pi for
4 hr before irradiation. In this way, phosphoproteins and
other proteins bound covalently to RNA were labeled so
that the repertoire of proteins bound to poly(A)+ RNA
could be visualized. A complex array was seen in both
the nuclear and cytoplasmic fractions from uninfected
cells, and a similar pattern with some differences in band
intensity and some additional bands could be seen in
fractions from 27–LacZ-infected cells (Fig. 7A). The pat-
tern appeared to be less complex in both the nuclear and
cytoplasmic KOS-infected cell fractions, and a 63-kD
band was visible in both the nuclear and cytoplasmic
lanes. ICP27 is a 63-kD phosphoprotein, but there was a
cellular band near this position in uninfected and 27–
LacZ samples, making identification of ICP27 difficult.
Immunoblot analysis with anti-ICP27 antibody, how-
ever, demonstrated that ICP27 was recovered with both
the nuclear and cytoplasmic poly(A)+ RNA from wild-
type-infected cells (Fig. 7D). In fact, at this relatively late
time after infection, most of the protein recovered was
bound to cytoplasmic RNA. This result suggests that

Figure 3. Schematic representation of ICP27
coding region showing the putative NES. The
512-amino-acid coding region of ICP27 is rep-
resented. The putative NES from residues 5–
17 is shown as are the two arginine-rich re-
gions, R1 (residues 141–151) and R2 (162–171)
that follow the NLS (residues 110–137) (Hib-
bard and Sandri-Goldin 1995; Mears et al.
1995). The activation region extends from
residues 260–512 (Hardwicke et al. 1989) and
the splicing repressor region, which includes
a cysteine–histidine–zinc-finger-like domain
(CCHC) encompasses residues 406–512 (San-
dri-Goldin and Hibbard 1996).

Figure 4. The leucine-rich region is required for
the export of ICP27 to the cytoplasm. Cells were
transfected with plasmids expressing wild-type
ICP27 (WT), a mutant in the splicing repressor re-
gion (S1807), or mutants in the putative NES.
NESD has a deletion of amino acids 4–27, which
encompasses the NES. In L/R, leucine residues at
positions 8, 11, 13, and 15 were replaced by argi-
nine residues. NES–Rev has a substitution of the
Rev NES, and NES–Pki has a substitution of the
PKI NES. Cells in a–c and g–i were not treated
with inhibitors, whereas cells in d–f and j–l were
treated with actinomycin D for 3 hr.

HSV-1 ICP27 is an intronless RNA export factor

GENES & DEVELOPMENT 871



ICP27 is involved in RNA export during HSV infection.
The blot was also probed with monoclonal antibodies to
hnRNP A1 and L. HnRNP L has been shown to bind a
sequence present in the HSV-1 intronless thymidine ki-
nase (TK) transcript (Liu and Mertz 1995). Nearly equiva-
lent amounts of hnRNP L were found in the nuclear and
cytoplasmic poly(A)+ RNA fractions from uninfected,
KOS-infected and 27–LacZ-infected cells (Fig. 7B). In
contrast, the amount of hnRNP A1 seen in samples from
KOS-infected cells was reduced about fivefold. To deter-
mine if the total amount of hnRNP A1 was reduced dur-
ing wild-type infection, perhaps by degradation, Western
blot analysis was performed on total protein lysates
taken from a portion of each sample before UV irradia-
tion. The amounts of hnRNP A1 were equivalent in all
three samples, as were the amounts of hnRNP L. These
results suggest that ICP27 expression during HSV-1 in-
fection results in decreased binding of hnRNP A1 to
poly(A)+ RNA but it does not affect overall levels. This
would suggest that HSV-1 RNA export does not involve
hnRNP A1.

A possible explanation for the decreased binding of
hnRNP A1 to poly(A)+ RNA during wild-type infection is
that hnRNP A1 may not come into contact with HSV-1
mRNA because the majority of HSV-1 transcripts are
intronless. Furthermore, ICP27 impairs host-cell splic-
ing (Hardy and Sandri-Goldin 1994) and causes the redis-
tribution of splicing factors into large globular structures
that move to the periphery of the nucleus (Phelan et al.
1993; Sandri-Goldin et al. 1995). Therefore, factors that
associate with RNA during splicing would be expected
to be less abundant in poly(A)+ RNA samples from HSV-
1-infected cells when ICP27 is expressed. To determine
if this was the case, the blot was treated with mAb104,
which is specific for a family of SR-domain proteins in-
volved in splicing (Roth et al. 1991). At least four mem-

bers of this family were present in equal abundance in
uninfected and HSV-1-infected cells as seen in the total
protein lysates (Fig. 7E). In contrast, only Srp75 and
Srp55 were clearly detectable among the proteins that
copurified with poly(A)+ RNA and only in nuclear
samples from uninfected and 27–LacZ-infected cells (Fig.
7C). The nuclear location of these proteins was expected
because SR proteins would be bound to RNA undergoing
processing. In addition, because ICP27 impairs splicing,
reduced binding in KOS-infected cells would be expected
(Fig. 7C).

ICP27 binds to HSV-1 intronless RNAs
but not to HSV-1 RNAs that undergo splicing

To determine to which RNAs ICP27 binds, in vivo UV
cross-linking was performed on wild-type HSV-1-in-
fected cells and nuclear and cytoplasmic fractions were
prepared. ICP27 was immunoprecipitated using two
anti-ICP27 monoclonal antibodies. The antigen–anti-
body complexes were bound to protein A–Sepharose
beads and washed extensively. RNA that remained
bound to the beads because of covalent association with
ICP27 was termed the bound fraction, whereas, RNA in
the supernatants was termed the unbound fraction. Both
fractions were digested with proteinase K and RNase
protection analysis was performed. A probe specific for
ICP27 RNA showed that ICP27 bound its own intron-
less, immediate-early transcript in both the nuclear and
cytoplasmic fractions (Fig. 8). ICP4 RNA, another intron-
less, immediate-early transcript was also recovered in
the bound nuclear and cytoplasmic fractions. In contrast,
ICP0 RNA was not detected in the bound RNA fractions.
The ICP0 pre-mRNA contains two introns and ICP27
has been shown to reduce splicing of this transcript dur-
ing infection so that pre-mRNA accumulates in the
nucleus (Hardy and Sandri-Goldin 1994). This was seen

Figure 5. The ICP27 NES can serve as an export signal on a
heterologous protein with a heterologous import signal. The
ICP27 NES from amino acids 5–17 was fused to the amino ter-
minus of GFP, which contains an NLS from transcription factor
LEF (Prieve et al. 1996). The Rev NES was also added to GFP–
LEF. Actinomycin D was added for 3 hr to cells shown in the
right-hand panels.

Figure 6. ICP27 can be bound covalently to poly(A)+ RNA by
in vivo UV irradiation. 293 cell monolayers that were unin-
fected (UN), infected with wild-type HSV-1 KOS, or 27–LacZ
were irradiated with UV light and RNA was isolated and frac-
tionated by oligo(dT)–cellulose chromatography under protein-
denaturing conditions. Associated proteins were released by
RNase digestion. Immunoblot analysis was performed with
anti-ICP27 monoclonal antibodies. Subsequently, the mem-
brane was probed with anti-hnRNP A1 antibody 4B10.
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in the unbound RNA fraction (Fig. 8). Therefore, ICP27
bound two intronless, immediate-early RNAs but not an
immediate-early RNA that undergoes splicing.

To identify additional transcripts to which ICP27
binds, immunoprecipitations were performed after UV
cross-linking wild-type KOS- and 27–LacZ-infected cells.
Interestingly, the amount of ICP27 protein that was pre-
cipitated in the nuclear and cytoplasmic fractions was
equivalent (Fig. 9, bottom), even though immunofluores-
cent staining of cells that were not treated with actino-
mycin D showed a predominant nuclear fluorescence
(Fig. 1). This could reflect the larger volume of the cyto-
plasm, which could appear to dilute the actual concen-
tration of ICP27 normally present in the cytoplasm. Ad-
ditionally, it is possible that some of the nuclear protein
that is associated with splicing complex factors precipi-
tated when the lysates were cleared, therefore reducing
the amount of nuclear ICP27 that was immunoprecipi-
tated. The early intronless mRNAs encoding TK and the
major single-stranded DNA-binding protein (ICP8) were
recovered with the bound RNA in the nuclear and cyto-
plasmic fractions in samples from KOS-infected cells
(Fig. 9). As expected, RNA was not recovered bound to
protein A beads in the absence of ICP27 during infection
with 27–LacZ virus. Three intronless HSV-1 late mR-
NAs, those encoding glycoprotein D (gD), glycoprotein C
(gC), and the virion host shutoff factor, vhs (UL41) were
recovered in the bound nuclear and cytoplasmic frac-
tions from KOS-infected cells (Fig. 10). The UL15 tran-
script, however, which is spliced, was not found in the

bound RNA (Fig. 10), again suggesting that ICP27 medi-
ates intronless RNA export, whereas spliced transcripts
use the cellular mRNA export pathway.

The bound and unbound RNA fractions in Figures 8–
10 are shown at different exposures, and the actual
amount of RNA bound for each transcript was calculated
to be 1%–3% of the unbound RNA. This would suggest
that ICP27 binds RNA, rapidly exports it to the cyto-
plasm where it is released, and the protein returns to the
nucleus. In fact, the amount of bound cytoplasmic RNA
recovered was greater than the nuclear recovery for sev-
eral of the transcripts analyzed, especially TK, ICP8, gD,
and gC. This could indicate that export of these tran-
scripts is inefficient in the absence of ICP27. That this
was the case can be seen in the unbound RNA fractions
from 27–LacZ-infected cells (Figs. 9 and 10). Whereas
abundant amounts of TK, ICP8, gD, gC, and UL41 RNA
were found in the unbound nuclear RNA from 27–LacZ-
infected cells, substantially lower amounts of these tran-
scripts were recovered in the cytoplasmic fractions.
ICP27 has been shown to be required for efficient HSV-1
early gene expression (Uprichard and Knipe 1996) and to
be essential for late gene expression (Sacks et al. 1985;
Rice and Knipe 1990). These data indicate that ICP27
regulates HSV-1 gene expression in part by facilitating
the export of HSV-1 intronless RNAs. This premise is
supported by the finding that NESD and NES-L/R were
unable to complement 27–LacZ virus infection (data not
shown), indicating that nuclear export is an essential
function for ICP27 during viral infection.

Figure 7. ICP27 binds poly(A)+ RNA in vivo in
both the nucleus and the cytoplasm. 293 cells,
which were mock-infected or infected with HSV-1
KOS or 27–LacZ were labeled with 32Pi for 5 hr be-
ginning 1 hr after infection. Following UV irradia-
tion, RNA–protein complexes were purified from
nuclear and cytoplasmic fractions under protein de-
naturing conditions, and poly(A)+ RNA was selected
using oligo(dT)–cellulose. In addition, a portion of
each cell suspension was lysed directly in electro-
phoresis sample buffer before irradiation. Proteins
were electrophoresed and transferred to nitrocellu-
lose membranes. Immunoblots of proteins that co-
purified with poly(A)+ RNA are shown in A–D. Im-
munoblots of total protein lysates are shown in E–
G. (A) The membrane with proteins that copurified
with poly(A)+ RNA was exposed to x-ray film over-
night to visualize the labeled proteins. The left-
hand lane contains 14C-labeled standards. (B) After
autoradiography, the blot was treated with anti-
hnRNP L and anti-hnRNP A1 antibodies. Bands
were visualized using ECL, and the exposure was 30
sec. (C) The blot was washed, then treated with anti-
SR protein antibody mAb104. The ECL exposure

was 15 min. (D)The blot was washed and treated with anti-ICP27 antibody H1119. Because this was the third successive probing of
the membrane, several background bands were seen. Lane 4 contains prestained molecular mass standards that were used to orient the
membrane. The position of ICP27, detected after a 30-sec exposure, is marked by an asterisk. The lower band seen in both the nuclear
and cytoplasmic fractions (lanes 2,6) is probably a proteolytic product of ICP27. (E) The membrane with total protein lysates was
treated with mAb104. (F) The blot was subsequently probed with anti-hnRNP L antibody and anti-hnRNP A1 antibody. (G) The blot
was probed with anti-ICP27 antibody. Some residual background, probably from hnRNP L was seen; however, the 63-kD ICP27 band
was clearly distinguishable in the wild-type (WT) lane.
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ICP27 binds RNA in vivo through an RGG motif

To determine which region of ICP27 is required for bind-
ing to RNA, in vivo UV cross-linking was performed on
cells expressing ICP27 mutants with deletions or inser-
tions in the major functional regions of the protein.
Analysis of the predicted peptide sequence indicated that
the most likely regions to be involved in RNA binding
were one or both arginine-rich regions in the amino-ter-
minal half of the protein from amino acids 141 to 171 or
a zinc-finger-like region in the carboxyl terminus that is
required for splicing inhibition (Fig. 3). The R-rich re-
gions, termed R1 and R2, directly follow the NLS of
ICP27 as mapped by Mears et al. (1995), which is an
unusual NLS in that it is neither basic nor bipartite in
structure. In fact, the R-rich regions were shown to in-
crease the efficiency of import of ICP27 (Hibbard and
Sandri-Goldin 1995). Cells were transfected with plas-
mids encoding various ICP27 mutants and were subse-
quently infected with 27–LacZ virus. This was done so
that all other conditions of HSV-1 infection would occur,
but transfected cells (∼10%–20% of the cells) would ex-
press mutant ICP27 protein during infection. The major-
ity of the cells would be infected but not transfected, and
these cells would express no ICP27. Binding of ICP27 to
its own mRNA was monitored because this was the only

HSV-1 transcript whose expression would be restricted
to cells that were transfected and therefore would ex-
press ICP27 mutant protein.

ICP27 RNA was recovered in the nuclear and cytoplas-
mic bound fractions from cells expressing the mutants

Figure 8. ICP27 binds two HSV-1 intronless transcripts in the
nucleus and cytoplasm but does not bind an HSV-1 spliced
mRNA. Cells infected with HSV-1 KOS for 5 hr were irradiated
with UV light, and nuclear and cytoplasmic fractions were pre-
pared. ICP27 and RNA bound by UV cross-linking was immu-
noprecipitated with antibodies H1119 and H1113. Antigen–an-
tibody complexes were bound to protein A–Sepharose beads and
washed extensively. RNA in the supernatant was termed the
unbound fraction, and material that remained bound to the
beads was termed the bound fraction. RNase protection analysis
was performed using antisense probes specific for the HSV-1
transcripts encoding ICP0, ICP27, and ICP4. The autoradio-
graphs of the protected bound and unbound RNA shown are at
different exposures. The amount of ICP27 and ICP4 RNA re-
covered in the bound fraction represented 1%–3% of the un-
bound RNA in three different experiments.

Figure 9. ICP27 binds two HSV-1 early intronless mRNAs and
facilitates their transport to the cytoplasm. Cells infected with
HSV-1 KOS or 27–LacZ for 6 hr were treated with UV light,
divided into nuclear and cytoplasmic fractions, and immuno-
precipitation was performed. Cells were labeled with [35S]me-
thionine during infection to allow monitoring of immunopre-
cipitated ICP27 protein (bottom). RNase protection analysis of
the bound (top) and unbound (middle) RNA fractions was per-
formed with antisense probes specific for mRNAs encoding TK
and ICP8, respectively.

Figure 10. ICP27 is required for the efficient export of late
intronless RNAs. HSV-1 KOS or 27–LacZ-infected cells were
UV irradiated and immunoprecipitations were performed. The
antisense probes used were specific for HSV-1 late intronless
mRNAs encoding gD, gC, UL41, and UL15, a late RNA that
contains an intron. RNA recovered in the bound fractions (top)
represents ∼ 1%–2% of the RNA in the unbound fractions (bot-
tom).
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NS4 and S1807, which contain insertions in the zinc-
finger region of the protein (Fig. 11A). The insertion in
S1807 renders the mutant protein more susceptible to
proteolytic cleavage in vivo, so that a smaller than full-
length protein (45 kD) was recovered in the immunopre-
cipitations (Fig. 11B, lane 10), whereas full-length pro-
tein is synthesized in reticulocyte lysates (data not
shown). NS4 contains a stop codon within the inserted
sequences resulting in a protein that terminates at
amino acid 460 at the start of the zinc-finger region (Fig.
3). Therefore, the zinc-finger region does not appear to be
required for binding RNA. Similarly, N21, an insertion
mutant and H17, a deletion mutant that map to the ac-
tivation region of ICP27 (Hardwicke et al. 1989) bound
RNA as efficiently as the wild-type protein (Fig. 11A).
The NESD mutant bound RNA efficiently in the
nucleus, but as this protein was undetectable in the cy-
toplasm, little bound RNA was recovered in the cyto-
plasmic fraction (Fig. 11A, lane 7). These results show
that the NES, activation region and zinc-finger region are
not required for binding. In contrast, three different mu-
tants that lack the NLS and both R-rich regions, D2DS5,
TAG, and TAT-R showed greatly reduced binding
(Fig.11A, lanes 2–4). Because the D2DS5 mutant lacks
the major NLS, the protein was localized to the nucleus
inefficiently (Fig. 11B, lane 2). The TAG mutant contains
the SV40 NLS (PKKKRKV) in the site of the deletion, and
the TAT-R mutant contains the HIV Tat NLS and RNA-
binding region (RKKKRRQRRA), which increase the
nuclear localization of the mutant proteins (Hibbard and
Sandri-Goldin 1995); however, RNA binding was re-
duced to the same background level seen with the
D2DS5 mutant. This suggests that the NLS or one or
both R-rich regions is required for efficient RNA binding.
To distinguish among these possibilities, two other mu-
tants were analyzed. The S5 mutant has a deletion of just
the R2 region with both the NLS and R1 region intact,
and the R1 mutant has a deletion of the NLS and the R2
region, but the R1 region is intact (Fig. 3). Both of these
mutant proteins bound ICP27 RNA efficiently (Fig. 11A,

lanes 8,9). In addition, mutant N6, which has a 5-amino-
acid insertion (PGIPG) that disrupts the R2 sequence
(Hardwicke et al. 1989), bound RNA efficiently (data not
shown). These data suggest that the R1 region, which
consists of arginine and glycine residues, and resembles
RGG boxes found in other RNA-binding proteins (Birney
et al. 1993; Liu and Dreyfuss 1995), is required for the
binding of ICP27 to RNA in vivo. In accord with this
finding, the RGG region was shown previously to be
both required and sufficient for in vitro RNA-binding by
ICP27 (Mears and Rice 1996).

Discussion

The experiments described here have provided strong
evidence that an essential HSV-1 regulatory protein that
acts predominantly at the post-transcriptional level (San-
dri-Goldin and Mendoza 1992; Smith et al. 1992) medi-
ates RNA export of viral intronless mRNAs. ICP27 was
shown to possess a leucine-rich nuclear export signal in
the amino terminus that enabled the protein to shuttle
between the nucleus and the cytoplasm. In vivo UV ir-
radiation studies demonstrated that ICP27 could be
crosslinked to poly(A)+ RNA in both the nucleus and the
cytoplasm, suggesting a role in RNA export. This was
supported further by the finding that ICP27 bound seven
intronless HSV-1 transcripts in vivo, and the export of
these transcripts to the cytoplasm was substantially re-
duced during infection with 27–LacZ virus, where ICP27
is not expressed. These results, coupled with the finding
that mutants in the NES cannot complement 27–LacZ
viral infection, suggests that export of HSV-1 intronless
mRNAs by ICP27 comprises at least part of its function
as an essential regulator of viral gene expression.

The question arises as to why HSV-1 transcripts would
require an export pathway that is distinct from the path-
way for cellular mRNAs. Substantial evidence has been
presented to show that hnRNP A1 has an important role
in the export of cellular mRNAs. HnRNP A1 binds to 58
splice site-like sequences (Burd and Dreyfuss 1994),

Figure 11. ICP27 binds RNA in vivo through an
RGG motif. RSF cells transfected with different
ICP27 mutants were infected with 27–LacZ and
UV irradiated 6 hr later. RNase protections were
performed with a probe specific for the ICP27 tran-
script. The region spanned by the probe is present
in all of the ICP27 mutant RNAs. (A) RNA recov-
ered in the nuclear and cytoplasmic bound frac-
tions. (B) Immunoblot analysis of immunoprecipi-
tated ICP27 protein. Wild-type ICP27 (lanes 1,6,11)
migrates at 63 kD. The dark band in all lanes at 55
kD is heavy-chain IgG, which reacts with the sec-
ondary antibody and is present because immuno-
precipitated proteins were transferred to the mem-
brane.
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which suggests that it exports mRNAs that undergo
splicing. Interestingly, the amount of hnRNP A1 bound
to poly(A)+ RNA was reduced significantly in wild-type
HSV-1-infected cells, whereas the amount of hnRNP L
that bound was similar in infected and uninfected cells.
Liu and Mertz (1995) showed that hnRNP L binds to a
cis-acting element in the intronless HSV TK mRNA, and
these authors postulated that hnRNP L may have a role
in the export of cellular and viral intronless mRNAs,
whereas, hnRNP A1 mediates the export of mRNAs that
are spliced. The majority of HSV-1 transcripts are intron-
less. In addition, HSV-1 has a relatively rapid and robust
transcription pattern that is regulated by strong viral
transcriptional activators. Following HSV-1 infection
there is a rapid inhibition of cellular RNA PolII tran-
scription followed by selective activation of the viral ge-
nome (Spencer et al. 1997). Therefore, viral intronless
mRNAs become very abundant as infection progresses. If
cellular mRNA export proteins recognize splice site se-
quences or associate with splicesomal complexes, these
factors would not bind the abundant HSV-1 intronless
RNAs. The finding that the amount of hnRNP A1 bound
to poly(A)+ RNA was reduced in HSV-1-infected cells,
whereas, the total amount of hnRNP A1 appeared un-
changed would support that hypothesis. It is also pos-
sible that hnRNP A1 is modified following HSV-1 infec-
tion, perhaps by differential methylation of the RGG re-
gion. It has been proposed that selective methylation
may have a role in the subcellular localization of pre-
mRNA binding proteins (Henry and Silver 1996). Differ-
ences in the staining pattern of hnRNP A1 in infected
versus uninfected cells were not seen (M.A. Hardwicke
and R.M. Sandri-Goldin, unpubl.). hnRNP A1, however,
is a very abundant protein, so that changes in the distri-
bution of a percentage of the protein would be difficult to
detect by immunofluorescent staining.

It has been well-documented that some viral infec-
tions alter the balance of cellular mRNA export path-
ways to favor viral export and to retain cellular tran-
scripts in the nucleus. The E1B 55-kD and E4 34-kD
adenoviral oncoproteins form a complex that promotes
the export of viral mRNA late in infection, and inhibits
the export of most cellular mRNAs (Dobbelstein et al.
1997, and references therein). Within this complex, the
E4 34-kD protein directs both nuclear import and
nuclear export and this protein contains an NES similar
to the leucine-rich signal of Rev (Dobbelstein et al.
1997). When E4 34-kD is expressed alone, a predicted
arginine-rich amphipathic a-helical region mediates
nuclear retention of the protein. Association with E1B
55-kDa, however, abolishes this retention. It is hypoth-
esized that the interplay between the two polypeptides
contributes to the efficiency of the adenovirus export
system (Dobbelstein et al. 1997). Another example of a
viral protein that inhibits cellular mRNA export is the
influenza virus NS1 protein (Fortes et al. 1994; Qui and
Krug 1994), which binds the poly(A) tail of mRNAs and
therefore, a generalized block of mRNA export from the
nucleus ensues. In HSV-1 infection, ICP27 appears to
promote both effects, the nuclear retention of unspliced

cellular RNA and the export of viral intronless RNAs. In
addition, the pre-mRNA for two spliced viral transcripts,
ICP0 and UL15, was seen to accumulate in nuclear
clumps (Phelan et al. 1996). In accord with these find-
ings, neither ICP0 nor UL15 RNA was recovered in the
fractions bound to ICP27 (Figs. 8 and 10), suggesting that
these RNAs are retained in spliceosomal complexes. In
fact, the amount of spliced ICP0 and UL15 mRNA in the
unbound cytoplasmic fractions was at least 10 times
lower than the amount present in the nuclear fraction in
wild-type infections. This result suggests that export of
spliced RNAs also may be inefficient during infection,
perhaps as a consequence of competition with ICP27-
mediated export of intronless RNA. Therefore, during
HSV-1 infection, ICP27 may be sufficient to induce a
shift in nucleocytoplasmic transport, such that viral in-
tronless transcripts are favored.

It is likely that cellular proteins are also involved in
the export of HSV-1 RNAs. For example, hnRNP L may
have a role. Studies are underway to identify cellular
proteins that interact with ICP27 as part of its export
function and to determine the sequence or structural
specificity of ICP27 RNA binding. In any event, the stud-
ies described here have defined an important role for an
essential viral regulatory protein as an exporter of intron-
less viral mRNA.

Materials and methods

Cells, viruses, and recombinant plasmids

Rabbit skin fibroblasts (RSF) and 293 cells (American Type Cul-
ture Collection, Bethesda, MD) were grown as described (Sandri-
Goldin and Mendoza 1992). Cells were infected with wild-type
HSV-1 strain KOS or the ICP27 null mutant, 27–LacZ as de-
scribed previously (Smith et al. 1992). Mutants H17 and N21
were described previously (Hardwicke et al. 1989), as were
D2DS5, TAG, TAT-R, S5 and R1 (Hibbard and Sandri-Goldin
1995). Mutant S1807 was constructed by inserting three copies
of a ClaI linker into a SmaI site at the position of amino acid 465
in the ICP27 coding sequence. NS4 was constructed by inserting
an oligonucleotide encoding a stop codon into an NsiI site at
amino acid 459. NESD was constructed by digesting the wild-
type ICP27 plasmid with DrdI and NaeI, which results in the
deletion of a fragment beginning five nucleotides upstream of
the translation initiation site to the codon for amino acid 28. An
oligonucleotide encoding the 5 upstream nucleotides and the
first 3 amino acids was inserted into the site of the deletion,
resulting in a deletion of amino acids 4–27. NESL/R was con-
structed by inserting an oligonucleotide encoding the upstream
nucleotides and the first 27 amino acids of ICP27, but arginine
codons were substituted for leucine codons at positions 8, 11,
13, and 15 (Fig. 3). NES–Rev and NES–PKI were made by insert-
ing oligonucleotides encoding the amino terminus of ICP27 into
NESD with the HIV Rev NES, LPPLERLTL, or the PKI NES,
LALKLAGLDI, substituted for ICP27 amino acids 8–17. NES–
27–GFP and NES–Rev–GFP have insertions of oligonucleotides
encoding ICP27 amino acids 5–17 or the Rev NES into a BamHI
site in the amino terminus of LEF–GFP (Prieve et al. 1996).

Virus infection, transfection, and radiolabeling

Cells were infected with HSV-1 KOS or 27–LacZ for the times
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indicated in each experiment. If 32Pi or [35S]methionine labeling
was done, the procedure as described by Sandri-Goldin and Hib-
bard (1996) was performed. Cells were labeled for 5 hr beginning
1 hr after infection. When cells were transfected, lipofectamine
(Life Technologies) was used at 50 µl per 100-mm-diameter tis-
sue culture dish, and the plasmid DNA concentration was 10 µg
per dish. Cells were infected with 27–LacZ at a multiplicity of
infection of 10 beginning 24 ht after transfection.

Immunofluorescence staining

RSF cells were grown on glass coverslips for 16 hr and then
infected with HSV-1 KOS. Transfections were performed on
cells that were seeded onto coverslips 12 hr earlier. Actinomy-
cin D (10 µg/ml) and cycloheximide (100 µg/ml) were added 4.5
hr after infection or 24 hr after transfection for a period of 3 or
4.5 hr as indicated. Cells were fixed in 3.7% formaldehyde in
PBS for 10 min. Before staining, cells were permeabilized in PBS
containing 0.5% NP-40. Indirect immunofluorescent staining
was performed as described (Sandri-Goldin et al. 1995). Primary
antibodies included the ICP27 monoclonal antibodies H1113
and H1119 (Goodwin Institute, Plantation, FL), used at a dilu-
tion of 1:500; anti-ICP4 monoclonal antibody H1114 at a dilu-
tion of 1:500; anti-ICP8 monoclonal antibody, H1115 at 1:500;
anti-hnRNP A1 4B10 hybridoma supernatant (Piñol-Roma and
Dreyfuss 1992) at 1:100; anti-hnRNP C monoclonal antibody,
4F4 (Piñol-Roma and Dreyfuss 1992) at 1:1000, and anti-SC35
hybridoma supernatant (Fu and Maniatis 1990) at a dilution of
1:50.

UV irradiation, cell fractionation, and RNA purification

The culture medium was removed from cell monolayers, which
were washed twice with ice-cold PBS. Irradiation was performed
for 4 min as described (Piñol-Roma and Dreyfuss 1992). Follow-
ing UV irradiation, total RNA and bound protein were extracted
by the guanidium thiocyanate method as described (Sandri-Gol-
din and Mendoza 1992). Nuclear and cytoplasmic RNA–protein
fractions were prepared and isolated with guanidium thiocya-
nate (Sandri-Goldin and Mendoza 1992). After precipitation of
the cross-linked RNA–protein complexes with LiCl, the pellets
were resuspended in 10 mM Tris (pH 7.4), 1 mM EDTA, 0.5%
SDS, and 1% b-mercaptoethanol. Samples were heated at 65°C
for 5 min and adjusted to 0.5 M LiCl. Oligo(dT)–cellulose chro-
matography was performed under protein denaturing conditions
(Piñol-Roma and Dreyfuss 1992), therefore, only proteins cova-
lently bound to poly(A)+ RNA copurified. RNA samples were
centrifuged and resuspended in PBS containing 2.5 mM Pefabloc
and 2.5 mM leupeptin. Proteins cross-linked to RNA were re-
leased by digestion with 2.5 units of RNase A and 200 units of
RNase T1 (Ambion) at 37°C for 60 min.

Immunoblotting procedures

Polyacrylamide gel electrophoresis and transfer of proteins to
nitrocellulose were performed as described (Sandri-Goldin and
Hibbard 1996). Enhanced chemiluminescence (ECL: Amersham
Life Sciences) was used to visualize bands. Primary antibodies
H1113 and H1119 were used at dilutions of 1:5000, anti-hnRNP
A1 hybridoma supernatant 4B10, at a dilution of 1:4, anti-
hnRNP L monoclonal antibody 4D10 (Liu and Mertz 1995), at a
dilution of 1:5000, and anti-SR protein mAB104 hybridoma su-
pernatant (Roth et al. 1991), at a dilution of 1:2. When mem-
branes were reprobed with different primary antibodies, the
membranes were washed extensively with PBS containing 0.1%
Tween 20 between each probing, but the membranes were not

stripped to avoid removing any of the proteins bound to the
membranes.

Immunoprecipitation and RNase protection analysis

Following UV irradiation, cells were scraped into cold PBS, cen-
trifuged and resuspended in 10 mM Tris (pH 7.4), 3 mM CaCl2, 2
mM MgCl2, 0.5% NP-40, 1.0 mM Pefabloc, 1.0 mM leupeptin,
and 500 units of RNasin (Promega). The cell suspension was
passed through a syringe with a 25-gauge needle five times to
lyse the cells and the nuclei were harvested by centrifugation at
14,000g for 20 sec. The cytoplasmic supernatant was removed
to a separate tube, and adjusted to 0.5 M NaCl. Nuclei were
resuspended in high salt extraction buffer consisting of PBS con-
taining 0.5 M NaCl, 0.5% NP-40, 1.0 mM Pefabloc, 1.0 mM leu-
peptin, and 500 units of RNasin. Proteins were extracted by
placing the tubes on an end to end rotator for 40 min at 4°C. The
extracts were cleared by centrifugation at 14,000g for 30 min at
4°C. Antibodies H1119 and H1113 were added to each superna-
tant (2 µl/ml) and tubes were placed on a rotator at 4°C for 60
min. Rabbit–anti-mouse IgG (Pierce, 2 µl/ml) was added to each
tube to increase the efficiency of binding of the antigen-anti-
body complexes to protein A. After 60 min, the samples were
divided into aliquots corresponding to each RNA probe to be
used and a portion to be analyzed by SDS-PAGE. Protein A–
Sepharose beads (50 µl of a 40% suspension) were added to all
samples. The beads were prepared by extensive washing in high
salt extraction buffer containing RNasin (1000 units). Com-
plexes bound to the protein A–Sepharose beads were washed by
five rounds of centrifugation and resuspension in high-salt ex-
traction buffer, followed by two washes in PBS containing 0.5%
NP-40 and one wash in PBS without NP-40. The supernatants
from the first centrifugation and wash were combined as the
unbound RNA fractions. Samples to be analyzed by SDS-PAGE
were treated with RNase A and T1 as described above. Samples
to be analyzed by RNase protection were digested with protein-
ase K (2.5 µg/µl) at 37°C for 60 min, then three volumes of
inactivation/precipitation mixture (Ambion) was added.
Samples were stored at −70°C, centrifuged at 14,000g for 30 min
and resuspended in 20 µl of hybridization buffer (Ambion). Gel-
purified RNA probes (5 × 105 cpm) were added. RNase protec-
tion assays were performed as described previously (Sandri-Gol-
din and Mendoza 1992). The hybridization temperature was
56°C for all HSV-1 RNA samples because of the high-GC con-
tent. The probes for ICP27, ICP0, and ICP8 were described pre-
viously (Hibbard and Sandri-Goldin 1995), as were the probes for
ICP4, UL41 (Hardwicke and Sandri-Goldin 1994), and UL15
(Hardy and Sandri-Goldin 1994). A gD transcription plasmid
(Hibbard and Sandri-Goldin 1995) was digested with BsaI to
generate a 260-nucleotide antisense RNA on transcription with
T7. The gC transcription vector (Hibbard and Sandri-Goldin
1995) was digested with NcoI to generate a 255-nucleotide
probe. The TK probe was transcribed from a pGEM-2 plasmid
containing a PstI to SstI fragment of the HSV-1 TK gene. The
plasmid was digested with EcoRI before transcription with T7
polymerase, resulting in a probe that would protect a 300-
nucleotide TK RNA fragment.
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