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The multifunctional herpes simplex virus type 1 (HSV-1) protein IE63 (ICP27) interacts with the essential
pre-mRNA splicing factor, spliceosome-associated protein 145 (SAP145), and in infected cells IE63 and
SAP145 colocalize. This interaction was reduced or abrogated completely using extracts from cells infected with
IE63 viral mutants, with mutations in IE63 KH and Sm homology domains, which do not exhibit host shutoff
or inhibit splicing. In the presence of IE63, splicing in vitro was inhibited prior to the first catalytic step and
the B/C complex formed during splicing was shifted up in mobility and reduced in intensity. With the use of
splicing extracts, IE63 and SAP145 both comigrated with the B/C complex, suggesting that they interact within
this complex to inhibit B/C complex formation or conversion. The inhibition of splicing may facilitate the
export of viral or cellular transcripts, possibly via other protein partners of IE63. These data provide important
new insights into how IE63 influences pre-mRNA processing during HSV-1 infection.

Herpes simplex virus type 1 (HSV-1) is a nuclear replicating
virus with a large double-stranded DNA genome that encodes
some 80 gene products (30). During lytic infection, viral genes
are expressed in a temporal manner (48) and are classified as
immediate-early (IE), early, or late. The five IE genes do not
require prior viral protein synthesis for their expression; four
regulate early and late viral gene expression (11, 13, 15, 29, 37,
50, 51, 54, 67), while one subverts the host cytotoxic T-lym-
phocyte response (20).

IE63 (ICP27), an HSV-1 RNA binding protein (21, 34, 52)
essential throughout infection (50), promotes accumulation of
a subset of viral early and late mRNAs and is necessary for the
switch from early to late virus gene expression (29). IE63 is
required for efficient viral DNA replication and stimulates the
accumulation of certain viral early and late mRNAs (16, 29, 31,
32, 45, 50, 56, 63, 65). Itself not a transcriptional activator,
IE63 is required for expression of viral early and late genes at
both transcriptional and posttranscriptional levels. At the post-
transcriptional level, IE63 has effects on the processing of
pre-mRNA and mediates nucleocytoplasmic transport of tran-
scripts from intronless viral genes which form the majority of
viral RNAs (52). IE63 inhibits splicing of cellular pre-mRNAs
to mediate host cell shutoff (18), redistributes splicing factors
(39, 53), and increases RNA 39 processing at weak virus
poly(A) sites (31). In addition, IE63 shuttles between the nu-
cleus and the cytoplasm (35, 40, 52, 59).

IE63 contains several functional domains (see Fig. 3B). The

N terminus contains an acidic activation domain essential for
enhancing early gene expression and hence viral DNA repli-
cation (46), a leucine-rich nuclear export signal which pro-
motes nuclear shuttling (52), nuclear and nucleolar localiza-
tion signals (33), and an RGG box involved in RNA binding
(34). Along with a putative zinc finger (66), IE63 contains
three KH-like domains homologous to RNA binding regions
of hnRNP K (60) and an Sm domain (60), a motif found in
certain spliceosomal proteins which potentiates protein-pro-
tein interactions (19, 22). Mutations in the KH1 and KH3
domains have shown their requirement for virus growth, up-
regulation of certain late transcripts, and IE63 shuttling (47,
59–61), while the Sm domain has been associated with host
shutoff (59–61). However, the KH-like domains in IE63 have
not been shown to bind RNA and are not fully typical of KH
domains, as they lack an invariant GXXG motif.

While IE63-mediated host shutoff is not essential for expres-
sion of virus proteins, the abilities of IE63 to shut off host
synthesis and to inhibit splicing are correlated (17, 18). As well
as contributing to host cell shutoff, inhibition of splicing could
uncouple the splicing and mRNA export pathways and facili-
tate nuclear export of transcripts from viral intronless genes
which may contain cryptic splice sites, allowing them to bypass
the normal stringent cellular requirement for splicing prior to
nuclear export (8).

Splicing specificity is determined by multiple RNA-RNA
and RNA-protein interactions involving sequences at both 59
and 39 splice sites, at the branch site, and within the exon.
During splicing, successive recognition of these elements oc-
curs as spliceosomal complexes E, A, B, and C assemble on
pre-mRNA in a stepwise manner (43). In the commitment
complex E, U1 snRNP is bound to the 59 splice site and
splicing factors U2AF and SF1 are attached to the polypyri-
midine tract upstream of the 39 splice site and the branch site,
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respectively. As U2 snRNP binds and complex E is converted
to presplicing complex A, a short helix forms between a single-
stranded region in U2 snRNA and the intron branch site which
requires both the 12S snRNP and splicing factors SF3a and
SF3b (3). The next step is binding of the U4/U5/U6 tri-snRNP
at the 59 splice site to form the B complex. Just prior to
splicing, conformational changes within complex B destabilize
the association of U4 and transform complex B into complex
C. Spliceosome-associated protein 145 (SAP145), an essential
component of the SF3b subunit, can bind to pre-mRNA (62)
and is implicated in the tethering of U2 snRNA to the branch
site (7). The splicing reaction occurs in two stages (38, 49). In
the first step, pre-mRNA is cleaved at the 59 splice site, gen-
erating a linear first exon and an intron-second exon RNA
species in a lariat formation (the lariat-second exon). In the
second step, the 39 splice site is cleaved and concomitantly the
exons are ligated together, generating the spliced mRNA.

We show that IE63 interacts with the essential splicing factor
SAP145 and that, in HSV-1-infected cells, IE63 and SAP145
colocalize. The IE63-SAP145 interaction was reduced or ab-
rogated completely using extracts from cells infected with IE63
viral mutants that fail to shut off host protein synthesis and
which map in the KH and Sm homology domains. From in
vitro splicing reactions in the presence of IE63, pre-mRNA
splicing was inhibited prior to the first catalytic step and both
IE63 and SAP145 comigrated with the B/C complex formed
during splicing. These data strongly suggest that the associa-
tion of IE63 with SAP145 acts to inhibit splicing. This inhibi-
tion could facilitate the nuclear export of RNAs and contribute
to host cell shutoff.

MATERIALS AND METHODS

Plasmids and antisera. For transient expression of IE63, plasmid pCMV63 (4)
was used. IE63 constructs used in the yeast two-hybrid screen have been de-
scribed previously (67). Anti-IE63 antiserum H1113 was a mouse monoclonal
antibody (1) supplied by the Goodwin Institute for Cancer Research. Anti-
SAP145 antiserum was a rabbit antibody (55) kindly provided by R. Reed.
Glutathione S-transferase (GST) fusion protein constructs pGEX145 from R.
Reed (55), pGEX27 from S. Rice (32), and pGEXK from K. Bomsztyk (36) have
been described previously. The pre-mRNA transcript used for splicing was tran-
scribed from pBSAD1 (23).

Cells and viruses. HeLa cells were grown in Dulbecco’s modified Eagle’s
medium supplemented with 2.5% fetal calf serum, 2.5% newborn calf serum, 100
U of penicillin/ml, and 100 mg of streptomycin/ml. Stocks of wild-type (wt)
HSV-1 strain 171; the IE63 insertion mutant HSV-1 27-lacZ (58); and the
HSV-1 mutant viruses vBSLG4, vBS3-3, vBS4-3, and vBS5-3 (59); vBSL387N
and vBSD448A (60); n263R and n406R (44); and M15 (47) were grown as
described previously (31) in BHK cells or in the IE63-complementing cell line
2-2, a derivative of Vero cells that expresses IE63 under the control of its own
promoter. Complementing cells were maintained in Dulbecco’s modified Eagle’s
medium supplemented with 500 mg of G418 (Geneticin; Gibco BRL) per ml. The
mutations present in each virus are shown in Fig. 3C.

Infection of cells and preparation of extracts. Ninety percent confluent HeLa
cell monolayers (4 3 107 cells) were infected with HSV-1 wt or IE63 mutant virus
at a multiplicity of 10 PFU/cell or left uninfected (mock infected). Growth of
temperature-sensitive (ts) viruses was carried out at 32 and 39.5°C, and growth
of wt virus and other mutants and mock infection were carried out at 37°C. After
1 h of absorption, medium was added and cells were left for 16 h. For preparation
of cell extracts, monolayers were washed with phosphate-buffered saline (PBS),
and cells were lysed by suspension in 1 ml of cell extract buffer (50 mM HEPES,
50 mM NaCl, 0.1% Nonidet NP-40 [pH 7.5]) containing a protease inhibitor
cocktail (Boehringer Mannheim). Extracts were sonicated on ice, cell debris was
pelleted, and the protein concentration was determined by the Bradford assay
(Bio-Rad). For immunofluorescence, 13-mm-diameter coverslips were seeded at
0.5 3 105 HeLa cells per well in 1 ml of normal HeLa medium and incubated
overnight at 37°C prior to infection at a multiplicity of 10 PFU/cell. Alternatively,

HeLa cells were transfected with the IE63-expressing plasmid pCMV63, a pro-
cedure in which 5 3 106 cells were transfected by electroporation with 20 mg of
DNA and left for 24 h before extracts were prepared as described above or cells
were fixed for immunofluorescence assay.

For splicing assays, nuclear extracts were prepared from 80% confluent mock-,
wt-, or 27-lacZ-infected HeLa cells. After being washed with PBS, cells were
resuspended in 1 packed cell volume of 10 mM HEPES–1.5 mM MgCl2–10 mM
KCl–1 mM dithiothreitol (pH 8.0) and left on ice for 15 min. The suspension was
then passaged 10 times through a 25-gauge needle and microcentrifuged at full
speed for 20 s. The nuclear pellet was then resuspended in 2/3 packed cell volume
of 20 mM HEPES–1.5 mM MgCl2–25% glycerol–420 mM NaCl–0.2 mM
EDTA–1 mM dithiothreitol–0.5 mM phenylmethylsulfonyl fluoride (pH 8.0),
and mixed on ice, and nuclear debris was pelleted.

Fusion protein expression and pull-down assays. GST, GST-SAP145, GST-
IE63, and GST-K fusion proteins were expressed, bound onto glutathione beads,
and purified as described previously (4). An equal amount of each fusion protein
was mixed with wt virus-, mutant virus-, or mock-infected cell extract. For wt-,
27-lacZ-, and mock-infected cell extracts, 100 mg of total protein extract was
added, while for mutant virus extracts an amount of IE63 equal to that found in
100 mg of wt-infected cell extract (as determined by Western blotting) was used.
After washing, bound proteins were removed from the beads by boiling, loaded
onto sodium dodecyl sulfate (SDS)-polyacrylamide gels, and transferred to ni-
trocellulose for analysis by Western blotting.

Immunoprecipitation and Western blotting. One hundred micrograms of cell
extract was mixed with 5 ml of anti-SAP145 rabbit antibody in 50 ml of binding
buffer (100 mM Tris HCl, 5 mM EDTA, 1% Triton X-100 [pH 7.4]) for 3 h at
4°C; 75 ml of protein A-Sepharose was then added, and mixing was done for 1 h
as described previously (4). After pelleting of the beads and multiple washes, the
bound proteins were assayed for CK2 activity or eluted by boiling, separated by
SDS-polyacrylamide gel electrophoresis, and detected by Western blotting.
Western blotting was performed as described in reference 4, using primary
antibody dilutions of 1:2,000 for IE63 and of 1:1,000 for SAP145.

CK2 activity assay. Following washing, proteins that coimmunoprecipitated
with SAP145 were resuspended in 30 ml of CK2 reaction buffer (50 mM Tris, 20
mM MgCl2 [pH 8.2]) containing 10 mCi of [a-32P]ATP per reaction mixture,
either with or without 0.1 mM CK2 peptide substrate (Arg-Arg-Arg-Glu-Glu-
Glu-Thr-Glu-Glu-Glu), and CK2 activity was detected as described previously
(67).

Yeast two-hybrid screen and mapping of the regions of IE63 involved in the
p32 interaction. The yeast two-hybrid screen was performed using IE63 amino
acids 10 to 512 as bait and target plasmids containing a HeLa cell cDNA library
(Clontech) as described previously (67). Mapping the IE63 regions involved in
the interaction utilized the truncated IE63 constructs described in reference 67;
these were mated into yeast cells transfected with the SAP145 clone identified
from the library screen, using a b-galactosidase (b-Gal) filter assay. Results from
each cotransformation represented an analysis of some 200 individual colonies.
The time taken for the positive cells to turn blue varied between experiments,
depending on factors such as colony size. However, a positive interaction (1) was
identified by the presence of blue colonies seen after 3 h on b-Gal filter assays
which, compared to interactive standards assayed by liquid b-Gal assays, had
activities of between 10 and 50 U, while standards showing lack of interaction
had activities of ,1 U. Filter assays and liquid b-Gal assays were performed
according to the manufacturer’s instructions (protocol PT3024-1; Clontech).

Indirect immunofluorescence. Infected, transfected, or mock-infected HeLa
cell monolayers were fixed for 10 min at 20°C with 2% sucrose–5% formaldehyde
in PBS. After being washed three times in PBS, cells were permeabilized for 10
min at 20°C with 0.5% NP-40–10% sucrose in PBS. After further washes, primary
antibody diluted to the appropriate concentration (IE63, 1:100, and SAP145,
1:150) in PBS with 1% calf serum was added for 60 min at 20°C. Cells were once
again washed before incubation with secondary antibody coupled to fluorescein
isothiocyanate or Cy 5 (Sigma) diluted 1:100 in PBS was carried out for 30 min
at 20°C. After a final wash, cells were examined with a Zeiss LSM 510 confocal
microscope system with two lasers giving excitation at 488 nm (fluorescein iso-
thiocyanate) and 633 nm (Cy 5) and a Zeiss Axioplan microscope using a 633
oil-immersion objective lens, numerical aperture 1.4. Data were processed with
LSM 510 software and then exported for preparation using Photoshop.

Splicing. Splicing assays were performed using uniformly labeled, capped
pre-mRNAs incubated with wt-, 27-lacZ-, or mock-infected nuclear extracts
using the in vitro splicing conditions described previously (25) in which the
pre-mRNA was the adenovirus major late precursor transcribed from Sau3A-
digested plasmid pBSAD1. Splicing products were separated on 10% polyacryl-
amide–8 M urea denaturing gels and exposed to X-Omat film (Kodak) overnight.
Splicing complexes were prepared and separated on nondenaturing agarose-
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polyacrylamide composite gels (26) and visualized by autoradiography overnight
or transferred to nitrocellulose under standard transfer conditions prior to West-
ern blotting for IE63 and SAP145.

RESULTS

SAP145 interacts with IE63. To identify cellular proteins ca-
pable of interacting with IE63 in the yeast two-hybrid assay, we
screened a HeLa cell library fused to the GAL4 activation domain
and expressed in pGADGH using IE63 amino acids 10 to 512 as
bait. Eighty-two clones fulfilled the criteria for interaction of gene
products from a total of 2.3 3 106 transformants screened. These
were sequenced and checked against the GenBank-EMBL data-
base. For one clone, containing an insert of approximately 900 bp,
a 499-bp fragment had 89.4% homology with the 2,839-bp human
SAP145 gene. Confirmation of the interaction was provided by
coimmunoprecipitation from virus-infected cells and GST
pull-down assays. With anti-SAP145 serum, SAP145 was im-
munoprecipitated from extracts of cells infected with wt or
27-lacZ and from mock-infected cells (Fig. 1A, lanes 1 to 3).
IE63 was coimmunoprecipitated with SAP145 from wt-in-
fected cell extracts only (Fig. 1B, lane 2); however, neither
SAP145 nor IE63 was precipitated by the preimmune sera
(Fig. 1A and B, lanes 4). The intense lower band present in
each track is the heavy chain of the antibodies used.

Recombinant GST-IE63 and GST-SAP145 proteins were
expressed in Escherichia coli along with the control GST pro-
tein alone (Fig. 2A), and these were used in pull-down assays.
GST-SAP145 was capable of pulling down IE63 from wt-in-

fected cell extract (Fig. 2B, lane 5), whereas the control GST
alone brought down an insignificant background amount (Fig.
2B, lane 3). Conversely, GST-IE63 pulled down SAP145 from
both wt- and mock-infected extracts (Fig. 2C, lanes 3 and 4);
again, GST alone did not bring down significant levels of
SAP145 (Fig. 2C, lanes 1 and 2). The difference shown in the
quantity of interacting SAP145 from wt- and mock-infected
extracts (Fig. 2C, compare lanes 3 and 4) was not consistently
found and is not thought to be significant.

Regions of IE63 involved in SAP145 binding. To identify the
region(s) of IE63 involved in the interaction with SAP145,
both the yeast two-hybrid system and mutant IE63 viruses were
used. The yeast two-hybrid mapping was performed using large
truncations of IE63 cloned into the GAL4 DNA binding do-
main which were mated with the SAP145 clone pulled out of
the initial yeast two-hybrid screen. Results indicated that the
IE63 region(s) responsible for interaction was contained within
amino acids 397 to 512 at the C-terminal region (Fig. 3A). A
panel of IE63 mutant viruses containing amino acid substitu-
tions within this region (Fig. 3C) was used to further charac-
terize the region of interaction with SAP145 using the GST
pull-down assay.

Mutant vBSLG4 contains a single mutation within an over-
lapping region of the Sm and KH3 domains (R480H); this
gives rise to a ts phenotype defective in both host shutoff and
synthesis of viral proteins. Defective growth at the nonpermis-
sive temperature (39.5°C) reflects the failure to synthesize viral
late proteins. Three unique second-site intragenic suppressor
mutants of the ts phenotype also were used; they contain the
R480H mutation plus mutations in KH1 S334L (vBS4-3), KH2
V496I (vBS3-3), or KH3 V487I (vBS5-3). At the nonpermis-

FIG. 1. Coimmunoprecipitation of IE63 and SAP145 in vivo using
antibodies directed against SAP145. HSV-1-infected (WT), 27-lacZ-
infected, or mock-infected (MI) HeLa cell extracts were immunopre-
cipitated with SAP145 antiserum. Aliquots of the precipitated proteins
were separated by SDS-polyacrylamide gel electrophoresis, transferred
to nitrocellulose, and analyzed by Western blotting using SAP145
antiserum or IE63 monoclonal antibody. (A) Immunoprecipitates ob-
tained with SAP145 antiserum (lanes 1 to 3) or preimmune (PI) serum
(lane 4), Western blotted with SAP145 antiserum. (B) Immunopre-
cipitates obtained with SAP145 antiserum (lanes 1 to 3) or preimmune
serum (lane 4), Western blotted with IE63 antiserum.

FIG. 2. In vitro interaction between GST-IE63 and SAP145 and
between GST-SAP145 and IE63. HSV-1-infected (WT) or mock-in-
fected (MI) HeLa cell extracts were mixed with GST-IE63 (GST63),
GST-SAP145 (GST145), or GST alone. Bound proteins were sepa-
rated by SDS-polyacrylamide gel electrophoresis, transferred to nitro-
cellulose, and analyzed by Western blotting using SAP145 antiserum
or IE63 monoclonal antibody. (A) Coomassie blue staining of the GST
fusion proteins used in the pull-down assays. (B) Proteins binding to
GST (lanes 3 and 4) or GST-SAP145 (lanes 5 and 6) following Western
blotting with IE63 antiserum. The cell extracts used (lanes 1 and 2)
were loaded with 25% of the amount used for the pull-downs. (C)
Proteins binding to GST (lanes 1 and 2) or GST-IE63 (lanes 3 and 4),
following Western blotting with SAP145 antiserum.
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sive temperature (39.5°C), revertants are restored in their abil-
ity to synthesize late proteins and hence are non-ts for growth
but still fail to inhibit host cell protein synthesis. At the per-
missive temperature, vBSLG4 behaves like the wt while the
revertants appear to show intermediate levels of host shutoff

(59). The other mutants used were truncations of IE63 (n406R
and n263R), a virus with two mutations in the overlapping
Sm/KH3 domain (M15), a virus with a mutation solely in the
Sm region (vBSD448A), and one with an amino acid substitu-
tion in the KH2 domain (L387N).

FIG. 3. Mapping the interaction of IE63 with SAP145. (A) Truncations used in the yeast two-hybrid assay to map the IE63 region involved in
interaction with SAP145; results of the interactions are shown as plus or minus signs. (B) Schematic representation (not to scale) of IE63 protein
showing the different functional regions as described in reference 67. NES, leucine-rich nuclear export signal; NLS, nuclear localization signal;
RGG box, arginine-rich RNA binding region; KH 1-3, hnRNP K homology domains; Sm, homology domain present in certain Sm proteins. (C)
HSV-1 IE63 mutant viruses used to study the interaction with SAP145. X’s indicate the locations of amino acid substitutions which are described
on the right-hand side of the schematic; truncations also are shown, and the last amino acid is indicated. Mutation R480H in mutants BS3-3, BS4-3,
BS5-3, and BSLG4 leads to a ts phenotype; the second mutations in these viruses are intragenic suppressors of this phenotype (see text). (D)
Extracts from HeLa cells infected with viruses shown in panel C were mixed with GST alone (lane 1) or GST-SAP145 (lanes 2 to 16); bound
proteins were separated by SDS-polyacrylamide gel electrophoresis, transferred to nitrocellulose, and analyzed by Western blotting using IE63
antiserum.
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Binding to SAP145 was assessed using the GST pull-down
assay, and equal amounts of each mutant protein were added
as determined by Western blotting of whole-cell extracts prior
to incubation with GST-SAP145 (data not shown). As previ-
ously, GST-SAP145 pulled down IE63 from wt-infected cell
extract, while GST alone did not (Fig. 3D, compare lanes 1 and
2). In the SAP145 pull-downs, the viral mutants were divided
into three groups, those in which IE63 still interacted normally,
those in which binding of SAP145 to IE63 was reduced, and
those in which IE63 no longer bound SAP145. At the permis-
sive temperature, mutant vBSD448A (Fig. 3D, lane 13) and
mutants vBS3-3, vBS5-3, and vBSLG4 (Fig. 3D, lanes 4, 8, and
10, respectively) showed wt SAP145 binding, while at the non-
permissive temperature, mutants vBS3-3, vBS5-3, and vBSLG4
(Fig. 3D, lanes 5, 9, and 11, respectively) along with mutant
vBSL387N (Fig. 3D, lane 15) exhibited reduced binding. In-
terestingly, in contrast to the other mutants containing the
R480H mutation, vBS4-3 showed reduced binding at the per-
missive temperature (Fig. 3D, lane 6) and binding was not
detected at the nonpermissive temperature (Fig. 3D, lane 7).
Other viruses in which SAP145 binding was completely dis-
rupted were M15, n406R, and n263R (Fig. 3D, lanes 12, 14,
and 16, respectively).

Due to the overlapping of KH3 and Sm domains, the relative
contribution of each was difficult to assess. All the mutants in
the overlap region showed reduced interaction. When more
than one amino acid within this region was substituted (M15)
or a mutation in KH1 was combined with the R480H mutation
(vBS4-3), the interaction was completely disrupted. A muta-
tion in the KH2 region alone (vBSL387N) considerably re-
duced SAP145 binding. The mutation solely in the Sm region,
and not overlapping KH3, did not affect the interaction. As
expected, the large deletion mutants completely disrupted the
interaction.

IE63 is required for the association of SAP145 with hnRNP
K and CK2. To determine if SAP145 was associated with other
IE63 partner proteins, and whether IE63 was interacting with
these partners simultaneously, GST-hnRNP K fusion protein
was used in pull-down assays with wt-, 27-lacZ-, and mock-
infected cell extracts (Fig. 4A, lanes 1 to 3). SAP145 bound to
GST-hnRNP K but only using wt-infected cell extracts (Fig.
4A, lane 1), and SAP145 from wt-infected cell extracts did not
bind GST alone (Fig. 4A, lane 4). Therefore, hnRNP K can
associate with SAP145 but only in the presence of IE63, and
IE63 must be associated with hnRNP K and SAP145 simulta-
neously. Under the conditions used here, CK2 was previously
detected in hnRNP K coimmunoprecipitations but only when
IE63 was present (67). Thus, the SAP145-hnRNP K associa-
tion in the presence of IE63 could occur as an indirect inter-
action via CK2. To examine this, anti-SAP145 serum was used
as before (Fig. 1B) to bring down SAP145 from wt-, 27-lacZ-,
and mock-infected cell extracts, and CK2 activity of immuno-
precipitates was assayed using the peptide assay. CK2 activity
was coimmunoprecipitated with SAP145 only in the presence
of IE63 (Fig. 4B, lane 2), and assays performed in the absence
of peptide or in the presence of peptide with mock-infected or
27-lacZ-infected cell extracts or with preimmune sera did not
result in any activity (Fig. 4B, lanes 1, 3, 4, and 5). Hence,
similar to its association with hnRNP K, CK2 was found with

SAP145 only in the presence of IE63, and IE63 must be able to
form a complex with CK2 and SAP145 simultaneously.

SAP145 and IE63 colocalize in HSV-infected cells. During
HSV-1 infection, the splicing components examined so far
redistribute within the nucleus to give a characteristic clumped
pattern (28); IE63 is responsible for this effect and colocalizes
with the redistributed factors (39, 53). SAP145 is a splicing
factor, and its location in infected cells was of interest. Con-
focal microscopy revealed that, in wt-infected cells (Fig. 5A)
and in IE63-transfected cells (Fig. 5B), IE63 colocalizes with
SAP145 in a speckled distribution similar to that seen for other
snRNP proteins. The nuclear distribution of SAP145 shown in
the non-IE63-expressing cells in Fig. 5A and in uninfected cells
(Fig. 5C) was speckled, whereas two other splicing factors
examined in cells subsequently infected with HSV-1 were more
diffusely spread (39, 53). Splicing factors exhibit different levels
of punctate staining (24) that can vary under different growth
conditions, reflecting the dynamic state of the nucleus, where
factors move at different rates from inactive storage sites to
active sites.

IE63 halts splicing, alters splicing complexes, and is found
in the B/C but not the A complex. As SAP145 is an essential
component of the splicing factor SF3b subunit, we wished to
examine the interaction of IE63 with SAP145 in the context of
pre-mRNA splicing in vitro. IE63 expression was necessary for
the inhibition of pre-mRNA splicing in vitro using nuclear
extracts from HSV-1-infected cells (18). To confirm this, we
performed in vitro splicing reactions using nuclear extracts
from cells infected with wt and 27-lacZ viruses and from mock-
infected cells. As expected, with wt-infected cell extracts splic-
ing was inhibited as shown by the lack of lariat product; in

FIG. 4. SAP145 interacts with hnRNP K and CK2 only in the
presence of IE63. (A) HSV-1-infected (WT), 27-lacZ-infected (27), or
mock-infected (MI) HeLa cell extracts were mixed with GST-hnRNP
K (GST-K, lanes 1 to 3) or GST alone (lane 4). Bound proteins were
separated by SDS-polyacrylamide gel electrophoresis, transferred to
nitrocellulose, and analyzed by Western blotting using SAP145 anti-
serum. (B) Following immunoprecipitation with anti-SAP145 anti-
serum, as shown in Fig. 1, samples were analyzed for CK2 activity using
a peptide assay. CK2 assays were performed with immunoprecipitates
generated by preimmune (pi) serum (lane 3) and SAP145 (145) anti-
serum (lanes 1, 2, 4, and 5) from HSV-1 wt-infected (wt), 27-lacZ-
infected (27lacZ), or mock-infected (mi) HeLa cell extracts and in the
absence (lane 1) or presence (lanes 2 to 5) of peptide substrate.
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addition, the intermediate second exon-lariat structure was not
detected (Fig. 6A, lane 3). In contrast, with mock-infected and
27-lacZ-infected cell extracts the splicing products of the free
lariat and the lariat-second exon RNAs were seen (Fig. 6A,
lanes 1 and 2). The splicing reaction was further studied by
examining the protein complexes formed. In reactions per-
formed with mock-infected and 27-lacZ-infected cell extracts,
presplicing complex A, active splicing complex B/C, and asso-
ciated complex H were all observed (Fig. 6B, lanes 1 and 2).
However, when wt-infected cell extract was used, complex A
was reduced in intensity, complex B/C was reduced to a greater
extent with its mobility shifted upward on the gel (Fig. 6B, lane
3), and complex H formed normally.

The presence of IE63 and SAP145 in splicing complexes was
examined by Western blotting. SAP145 was detected in all
three complexes using all the extracts examined (Fig. 7, lanes 4
to 6); however, the amount was reduced in intensity in the A
and B/C complexes formed with wt-infected cell extract, and
the reduction was again more dramatic in complex B/C than in
complex A (Fig. 7, compare lanes 4 and 6). IE63 was not
detected in complex A, was seen in the complex H region
which comprises RNA-protein complexes that form on RNAs
irrespective of whether they are splicing substrates (25) and
mainly contains hnRNP proteins (5), and also was present as
two larger bands. Interestingly, the upper IE63 band corre-
sponded in mobility to that of the splicing B/C complex, and

within this complex, the upper IE63 band and SAP145 mi-
grated at the same rate, while within the H complex they did
not (Fig. 7, compare lane 3 with lanes 4 to 6). IE63 was capable
of forming complexes with RNA that appear unrelated to
splicing, as suggested by its presence in the H complex and as
a larger band that did not comigrate with SAP145.

DISCUSSION

The interaction of IE63 with SAP145 was identified using
the yeast two-hybrid assay and confirmed using GST pull-
downs and coimmunoprecipitation from infected cells. Fur-
ther, no other HSV-1 proteins were required, as GST-IE63
associated with SAP145 with the use of extracts from unin-
fected cells. The SAP145 and IE63 proteins colocalized in
infected cells under conditions in which IE63 was present in
clumps with other redistributed snRNP components (39). As
previous studies using viruses with mutations in the Sm and
KH domains of IE63 showed redistribution of snRNPs, similar
to wt infection (53), interaction with SAP145 was unlikely to be
the cause of snRNP redistribution.

IE63 associated with its SAP145, hnRNP K, and CK2 part-
ners simultaneously, forming a complex that was not seen in
uninfected cells. These interactions could occur by IE63 di-
rectly binding each partner. Alternatively, IE63 could potenti-
ate the modification of one or more partners, allowing them to

FIG. 5. IE63 colocalizes with SAP145 in HSV-1-infected cells. Immunofluorescence assay was performed on HeLa cells using anti-IE63 serum
and anti-SAP145 serum. (A) HSV-1 wt virus-infected cells. (B) pCMV-63-transfected cells. (C) Mock-infected cells.
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interact with each other or to bind via an unknown interme-
diate. Recruitment of CK2 to the complex could phosphorylate
proteins not normally associated with this kinase, as seen for
hnRNP K and p32 partners (4, 67). However, we have no
evidence that CK2 in the complex can phosphorylate SAP145,
which lacks CK2 consensus phosphorylation sites (data not
shown). The ability of IE63 protein to oligomerize (67, 68)
could facilitate its interaction with several proteins, and this
provides an explanation of its multifunctional activities. Inter-
estingly, while IE63 can interact with hnRNP K, CK2, and p32
simultaneously (4, 67), the IE63-SAP145 and IE63-p32 inter-
actions appear to be mutually exclusive (data not shown), and
the region of IE63 (amino acids 241 to 397) identified as
interacting with p32 (4) includes the KH1 and KH2 domains
that also facilitate the SAP145 interaction. We consider that
different conditions could favor the interaction of IE63 with
one or another partner, and the binding of one partner could
then exclude binding of another. The selective interaction of
IE63 with a particular partner protein could reflect timing
postinfection, different cellular locations, or alternative protein
subfractions.

At the nonpermissive temperature, mutants vBSLG4,
vBS3-3, vBS4-3, and vBS5-3 do not shut off host protein syn-

thesis and fail to process b-actin pre-mRNA (59). Reduced
SAP145 binding by IE63 was seen at the nonpermissive tem-
perature with these mutants. At the permissive temperature,
intermediate levels of host shutoff were observed and host
shutoff with vBS5-3 appeared greatest (59). At the permissive
temperature, the IE63-SAP145 interaction with vBS5-3 was
similar to that for wt, while the vBS4-3 level was considerably
reduced. IE63 inhibits splicing, and host shutoff is correlated
with inhibition of splicing (18). As SAP145 is a constitutive
splicing factor involved in tethering pre-mRNA to the U2
snRNP complex (7), we propose that this association, probably
along with other factors, acts to shut off host synthesis via
inhibition of splicing. Host shutoff by IE63 need not reflect
exclusively the inhibition of splicing, as competition for cellular
factors, such as those involved in mRNA export, also could
cause this effect.

In this study, two types of domains have been examined, Sm
and KH-like. Sm domains allow protein-protein interactions of
Sm proteins associated with U1, U2, U4, and U5 spliceosomal
RNAs (19, 22). Similar domains are present in Sm-like pro-
teins, which in yeast may be involved in mRNA decay (64), and
these potentiate interaction with each other and with U6
snRNA. As SAP145 does not contain an Sm motif, any inter-

FIG. 6. IE63 inhibits splicing in vitro and alters splicing complex formation. In vitro splicing assays were performed using adenovirus major late
precursor mRNA with nuclear extracts from HSV-1 wt-infected (lanes 3), 27-lacZ-infected (lanes 2), or mock-infected (lanes 1) HeLa cells. The
products of the splicing reaction were run on gels as follows. (A) A 10% polyacrylamide–8 M urea denaturing gel, to separate the RNA products
formed. The pre-mRNA was 32P labeled, and products were visualized by exposure to X-ray film overnight. (B) A nondenaturing agarose-
polyacrylamide composite gel to separate the protein-RNA complexes formed. Complexes bound to labeled RNA were visualized by exposure to
X-ray film overnight.
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action involving the IE63 Sm domain would not be via a direct
Sm-Sm interaction. The D448A mutant in the Sm region alone
did not affect the IE63-SAP145 interaction. Unlike the R480H
suppressor mutants, which fail to shut off throughout infection,
the D448A mutation acts to delay shutoff (60), and extracts
from cells infected with this virus were made at a later time
when shutoff is apparent. The overlap of Sm and KH3 domains
in the other mutants of this region makes it difficult to assess
the relative contributions of these two regions. A striking ob-
servation was that mutation in either one or more of the
KH-like domains reduced or destroyed the IE63-SAP145 in-
teraction. KH domains commonly are involved in RNA bind-
ing. Either RNA could potentiate the IE63-SAP145 associa-
tion by influencing IE63 structure to facilitate contact, or the
interaction could be via RNA.

In hnRNP K, KH domains exhibit discrete and independent
nucleic acid binding activities (10, 57). In the context of IE63,
selectivity of RNA processing and transport could occur
through individual KH domains binding distinct viral RNAs
(61). Thus, a subpopulation of transcripts containing introns
could interact with KH2 or KH1, allowing splicing to be inhib-
ited by the IE63-SAP145 interaction. Selective inhibition of
splicing via RNA binding could explain how certain viral tran-
scripts, such as that from the late HSV-1 UL15 gene (2, 9),
which contain one or more exons in all herpesvirus genomes
sequenced to date, are still spliced during infection. This mech-
anism would enable the expression of proteins from alterna-
tively spliced viral RNAs as seen for the IE110 gene (6, 14).

Analysis of the products of a splicing reaction using extracts
from cells infected with wt virus demonstrated, in agreement

with previous data (18), that the lariat-second exon RNA struc-
ture did not form, which implies that splicing is inhibited be-
fore the first catalytic step. Splicing complex A formed nor-
mally, although with reduced intensity; however, the B/C
complex was more drastically reduced and shifted up in mo-
bility. Normally, as the first catalytic step occurs, complex B is
converted into complex C. The reduction in B/C intensity with
wt HSV-1-infected cell extracts is most likely due to complex C
not forming (the band present being complex B) but could
reflect a reduction in both complexes. The B/C mobility shift
suggested the presence of an additional protein(s), and West-
ern blotting revealed the presence of IE63 within this complex
but not in the A complex; in the B/C complex, the upper IE63
band migrated similarly to the SAP145-containing band. These
data are consistent with a model whereby, at the point of
complex B/C formation or conversion, IE63 interacts with
SAP145 within the spliceosome and inhibits splicing before the
first catalytic step. As IE63 is not found in complex A, pre-
mRNA could be bound normally in this complex. The reduc-
tion in complex A with wt-infected cell extracts, however, sug-
gests that IE63 also could affect earlier splicing events, such as
by sequestering splicing components before they enter the
spliceosome, and the interaction with p32 could occur at this
point. Further experiments are under way to elucidate the
mechanism(s) of splicing inhibition exerted by IE63.

IE63 induces splicing-independent transport of RNAs from
the intron-containing a-globin gene irrespective of the pres-
ence of introns and, possibly, and to a lesser extent, of tran-
scripts from the HSV-1 ICP0 gene (12). Normally, intron-
containing messages need to be spliced prior to export (27). In
the presence of IE63, a transcript rescue mechanism (8), anal-
ogous to that proposed for human immunodeficiency virus Rev
(42), which blocks splicing via the SAP145 interaction to pre-
vent nonproductive interactions with the spliceosome, could
enhance RNA 39 processing and export. In this scheme, the
inhibition of splicing would enable certain intron-containing
transcripts, or transcripts with cryptic splice sites such as in-
tronless viral RNAs, to access export pathways, with any effects
on host cell shutoff being a secondary consequence. As IE63 is
proposed to bind viral late gene transcripts in the nucleus and
shuttle with them into the cytoplasm to facilitate their expres-
sion (52, 59), blocking splicing could facilitate direct IE63-
mediated RNA export or RNAs could access alternative path-
ways.
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