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Herpes simplex virus 1 (HSV-1) protein ICP27 is a multifunctional regulatory protein that is phosphory-
lated. Phosphorylation can affect protein localization, protein interactions, and protein function. The major
sites of ICP27 that are phosphorylated are serine residues 16 and 18, within a CK2 site adjacent to a
leucine-rich region required for ICP27 export, and serine 114, within a PKA site in the nuclear localization
signal. Viral mutants bearing serine-to-alanine or glutamic acid substitutions at these sites are defective in
viral replication and gene expression. To determine which interactions of ICP27 are impaired, we analyzed the
subcellular localization of ICP27 and its colocalization with cellular RNA export factors Aly/REF and TAP/
NXF1. In cells infected with phosphorylation site mutants, ICP27 was confined to the nucleus even at very late
times after infection. ICP27 did not colocalize with Aly/REF or TAP/NXF1, and overexpression of TAP/NXF1
did not promote the export of ICP27 to the cytoplasm. However, in vitro binding experiments showed that
mutant ICP27 was able to bind to the same RNA substrates as the wild type. Nuclear magnetic resonance
(NMR) analysis of the N terminus of ICP27 from amino acids 1 to 160, compared to mutants with triple
substitutions to alanine or glutamic acid, showed that the mutations affected the overall conformation of the
N terminus, such that mutant ICP27 was more flexible and unfolded. These results indicate that these changes
in the structure of ICP27 altered in vivo protein interactions that occur in the N terminus but did not prevent
RNA binding.

ICP27 is a multifunctional protein that acts at both the
transcriptional and posttranscriptional levels (47). At the tran-
scriptional level, ICP27 interacts with the C-terminal domain
(CTD) of RNA polymerase II (RNAP II) and recruits RNAP
II to sites of herpes simplex virus 1 (HSV-1) transcription/
replication (13, 59). The interaction of ICP27 with RNAP II
requires the N-terminal leucine-rich region (LRR) of ICP27,
and the viral mutant dLeu, in which this region is deleted,
cannot interact with and recruit RNAP II (13). As a result,
viral early and late transcript levels are reduced to 10 to 20%
of the levels seen in wild-type HSV-1 infection (32). At the
posttranscriptional level, ICP27 interacts with SR proteins,
which are essential splicing factors, and with SRPK1, an SR
protein-specific kinase, to mediate the aberrant phosphoryla-
tion of SR proteins (50). Inappropriately phosphorylated SR
proteins are unable to participate in spliceosome assembly, and
host cell pre-mRNA splicing is inhibited (19, 50), which con-
tributes to the shutoff of host protein synthesis (18). Beginning
about 5 h after infection, ICP27 leaves splicing speckles and
recruits the cellular mRNA export factor Aly/REF to viral

transcription/replication sites (8, 9). ICP27 then binds viral
RNAs (46) and begins shuttling between the nucleus and cy-
toplasm in its role as an RNA export factor (8, 9, 28, 39, 46,
52). ICP27 is exported to the cytoplasm through the TAP/
NXF1 mRNA export pathway, and the interaction with TAP/
NXF1 requires the N-terminal LRR. ICP27 mutants with le-
sions in the LRR are confined to the nucleus, and viral RNA
export to the cytoplasm is severely reduced (23, 24).

ICP27 is modified posttranslationally by phosphorylation
and arginine methylation (38, 53, 58). Both modifications have
been shown to affect protein-protein interactions and protein-
nucleic acid interactions and to modulate import and export of
proteins (2, 22). Interestingly, both modifications occur in the
N terminus of ICP27. The major sites of arginine methylation
determined by mass spectrometry are within an RGG box
motif at arginine residues 138, 148, and 150 (53). The major
sites of ICP27 phosphorylation determined by phosphopeptide
mapping studies (58) are on serine residues 16 and 18 within a
consensus CK2 site, adjacent to the LRR, and on serine resi-
due 114 within a PKA site in the nuclear localization signal
(NLS). We investigated the role that arginine methylation
plays in regulating ICP27 export and protein interactions (53,
54). Viral mutants in which the arginine residues in the RGG
box were substituted with lysine were constructed. During in-
fection with these mutants, ICP27 was exported to the cyto-
plasm earlier and more rapidly than the wild-type ICP27 (53).
In addition, the functional interactions of ICP27 with SRPK1,
which interacts with ICP27 through the RGG box (50), and
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Aly/REF, which interacts with ICP27 through a region that
spans the NLS and RGG box (9), were impaired in infections
with the substitution mutants (54). These findings indicate that
ICP27 export and functional interactions with two cellular pro-
teins are modulated by arginine methylation.

To determine the role that phosphorylation plays in regu-
lating the subcellular localization and protein interactions of
ICP27, we constructed viral mutants bearing single, double,
and triple substitutions of alanine or glutamic acid for serine
residues at positions 16, 18, and 114. Characterization of these
mutants revealed that virus yields were reduced by two logs or
more, and DNA replication and expression of early and late
gene products were greatly decreased (45). In infections with
the phosphorylation site mutants, ICP4-containing replication
compartment formation was severely curtailed. Further, ICP27
did not colocalize with RNAP II. The interaction of the CTD
of RNAP II with ICP27 requires the LRR (13), and serines 16
and 18 are adjacent to the LRR, which suggests that phosphor-
ylation may modulate ICP27’s interaction with RNAP II. The
goal of this study was to further define which activities and
functional interactions of ICP27 are regulated by phosphory-
lation. To this end, we analyzed the subcellular localization of
ICP27 in cells infected with the phosphorylation site mutants
and investigated the functional interaction of mutant ICP27
with Aly/REF and TAP/NXF1, which interact with ICP27
through regions spanning the NLS and LRR, respectively.

MATERIALS AND METHODS

Cells, viruses, and recombinant plasmids. HeLa cells were grown in minimal
essential media (MEM) with 10% newborn calf serum. Vero cells were grown in
MEM with 8% fetal bovine serum and 4% donor calf serum at 37°C. HSV-1 KOS
and 27-LacZ were previously described (51). The ICP27 phosphorylation site
viral mutants S16A; S18A; S114A; S16,18A; S16,18,114A; S16E; S18E; S16,18E;
and S16,18,114E were constructed and characterized as described previously
(45). ICP27 mutant viruses dLeu, d2-3, and d3-4 were described previously (8,
31) and were kindly provided by Steve Rice (University of Minnesota). Plasmid
pEGFP-Aly/REF has been described previously (9). Plasmid pEGFP-TAP was
generously provided by E. Izaurralde (1). The codon-optimized ICP27 gene was
obtained from Verdezyne, Inc. (formerly CODA Genomics) and has been de-
scribed (10). PCR was used to amplify the sequences corresponding to the 160
ICP27 N-terminal amino acids, and this sequence was cloned into the NdeI and
XhoI sites of plasmid pET21b (Novagen) with a C-terminal His tag. The
S16,18,14A and S16,18,114E ICP27 N-terminal mutants were constructed using
a QuickChange site-directed mutagenesis kit (Stratagene). Two rounds of mu-
tagenesis were performed to construct each triple mutant. The wild-type
pET21b-ICP27 N terminus was used as the template for mutagenesis. The first
round of mutagenesis for S16,18,114A used the forward primer 5�-CTGGGTC
TGGACCTGGCTGACGCTGACCTGGACGAAG-3� and reverse primer 5�-C
TTCGTCCAGGTCAGCGTCAGCCAGGTCCAGACCCAG-3�, changing serines 16
and 18 to alanine. The second round of mutagenesis used the forward primer
5�-GTGCTCGCCGTCCGGCTTGCTCTCCAGAACG-3� and the reverse primer
5�-CGTTCTGGAGAGCAAGCCGGACGGCGAGCAC-3�, changing serine
114 to alanine. The first round of mutagenesis for S16,18,114E used the forward
primer 5�-CTGGGTCTGGACCTGGAAGACGAAGACCTGGACGAAG-3�
and reverse primer 5�-CTTCGTCCAGGTGTTCGTGTTCCAGGTCCAGACC
CAG-3�, changing serines 16 and 18 to glutamic acid. The second round of
mutagenesis used the forward primer 5�-GTGCTCGCCGTCCGGAATGCTCT
CCAGAACG-3� and the reverse primer 5�-CGTTCTGGAGAGCATTCCGGA
CGGCGAGCAC-3�, changing serine 114 to glutamic acid.

Immunofluorescence microscopy. HeLa cells were seeded on coverslips in
24-well dishes and were transfected 12 h later with either pEGFP-Aly/REF or
pEGFP-TAP, using Lipofectamine 2000 reagent (Invitrogen) as described in the
manufacturer’s protocol. Twenty-four hours after transfection, cells transfected
with pEGP-Aly/REF were infected with HSV-1 KOS, S16E, S16,18,114E, or d2-3
at a multiplicity of infection (MOI) of 5 (see Fig. 3). Cells transfected with
pEGFP-TAP were infected with KOS, S16E, or S16,18,114E at an MOI of 5 (see

Fig. 5). Cells were fixed with 3.7% formaldehyde at the times indicated in the
legends for Fig. 1, 2, 3, and 5. Immunofluorescent staining was performed with
ICP27-specific monoclonal antibody P1119 (Virusys) as previously described (8,
9). GFP-Aly/REF and GFP-TAP/NXF1 fluorescence was visualized directly.
Double staining for SC35 and ICP27 was performed as previously described,
using P1119, anti-SC35 hybridoma supernatant (50), and Texas Red dye-conju-
gated AffiniPure goat anti-mouse IgG (Jackson ImmunoResearch) as the sec-
ondary antibody (1:300). Cells were viewed with a Zeiss Axiovert S100 micro-
scope at a magnification of �100 or an LSM 510 confocal microscope at a
magnification of �63. Images were analyzed with Adobe Photoshop, the LSM
510 image browser, and AxioVision 4.7.

Immunoprecipitation. HeLa cells were either mock infected or were infected
with wild-type KOS or S16,18,114A at an MOI of 5. Eight hours after infection,
cells were harvested, and immunoprecipitation was performed on cell lysates
using anti-ICP27 antibodies P1119 and P1113 (Virusys) as described previously
(9). Immunoprecipitated complexes were fractionated by SDS-polyacrylamide
gel electrophoresis and transferred to nitrocellulose. Western blot analysis was
performed as described previously (54) with anti-ICP27 antibodies and anti-Aly/
REF antibody (Sigma).

Complementation assay. HeLa cells were infected singly with KOS, S16A,
S16E, S114A, S114E, S16,18,114A, or S16,18,114E at an MOI of 5. In coinfec-
tions, each virus was added at an MOI of 2.5 (see Fig. 6). Samples were harvested
at 24 h after infection. Plaque assays were performed on 2-2 cells to determine
viral titers.

Protein expression and purification. pET21b plasmids expressing the 160
N-terminal amino acids of wild-type, codon-optimized, His-tagged ICP27, the
triple serine-to-alanine mutant, S16,18,114A, or the triple serine-to-glutamic acid
mutant, S16,18,114E were transformed into Escherichia coli strain BL21 Rosetta
(Novagen). Cultures were grown in Luria Bertani (LB) broth with 50 �g/ml
ampicillin for protein to be used in electrophoretic mobility shift assays (EMSA)
or Neidhart’s minimal media supplemented with 15 mM 15NH4Cl and containing
50 �g/ml ampicillin for NMR analysis. Cultures were grown to an optical density
at 600 nm (OD600) of 0.8 to 1.0 and were induced with 100 �M IPTG (isopropyl-
�-D-thiogalactopyranoside) (Sigma) for 3 h at 37°C. His-tagged ICP27 proteins
were purified using nickel nitrilotriacetic acid (Ni-NTA) agarose (Qiagen) ac-
cording to the manufacturer’s recommendation for native protein purification.
ICP27 N-terminal proteins were dialyzed into 50 mM Tris buffer, pH 8, for
EMSA or NMR buffer (50 mM Na2HPO4, 50 mM NaH2PO4, 100 mM NaCl, and
200 mM K2S04, pH 8.0) for NMR analysis, and samples were concentrated with
a Centriprep centrifugal filter device (Millipore). The Coomassie Plus Bradford
assay kit (Pierce) was used to determine protein concentration.

Electrophoretic mobility shift assay. Oligonucleotide sequences from the gly-
coprotein C gene (gC), which were described previously (10), were used in the
EMSAs. Five picomoles of the following were added: gC 1–30 (5�-CGCCGAC
CCTCCGTTGTATTCTGCACCGG-3�), gC 11–40 (5�-CCGTTGTATTCTGTC
ACCGGGCCGCTGCCG-3�), and gC 31–60 (5�-GCCGCTGCCGACCCAGCG
GCTGATTATCGG-3�). The oligonucleotides were radiolabeled with [�-32P]
ATP with Optikinase (USB) and purified using the Qiaquick nucleotide removal
kit (Qiagen). Twenty femptomoles of each oligonucleotide was incubated with
2.5 to 62.5 �M wild-type ICP27 N-terminal peptide, S16,18,114A, or S16,18,114E
in 1� binding buffer (20 mM Tris, pH 8; 150 mM KCl; 1 mM EDTA, pH 8; and
1 mM dithiothreitol [DTT]) with 10% glycerol and 300 �g/ml bovine serum
albumin (BSA) for 30 min at 37°C. Samples were loaded onto prerun 5%
acrylamide/bisacrylamide gels with 2.5% (wt/vol) glycerol and 1� Tris acetate
buffer and subjected to electrophoresis for 2 h at 35 mA. Gels were vacuum dried
onto filter paper and exposed to film.

NMR analysis. NMR protein samples were prepared in 50 mM Na2HPO4, 50
mM NaH2PO4, 100 mM NaCl, 200 mM K2S04 (pH 8), and 10% D20 at a final
concentration of 0.3 mM. NMR spectra were recorded on a Varian 800-MHz
spectrometer at 25°C. The 1H-15N heteronuclear single quantum coherence
(HSQC) pulse sequence (27) was used for characterization of the wild-type and
mutant ICP27 N-terminal peptides. Data were processed with NMRpipe (14).
Wild-type ICP27 N-terminal HSQC spectra were 1,024 points (1H) and 72 points
(15N); S16,18,114A and S16,18,114E mutant HSQC spectra were 1,024 points
(1H) and 60 points (15N). All spectra were processed with shifted sine function
and zero filled to twice the size in each dimension.

RESULTS

ICP27 is sequestered in the nucleus during infection with
phosphorylation site mutants. In wild-type HSV-1-infected
cells, ICP27 is predominantly nuclear at early times, but it
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shuttles between the nucleus and cytoplasm beginning about
5 h after infection (8, 9, 23, 28, 46, 52). Phosphorylation has
been shown to affect protein import into the nucleus and pro-
tein export to the cytoplasm (4, 15, 17, 22, 26, 57). Therefore,
we examined the localization of ICP27 in infections with the
phosphorylation site mutants. The major NLS of ICP27 has
been mapped to amino acids 110 to 137 (37), and the RGG box
from residues 138 to 152 also contributes to the efficiency of
ICP27 import (20). Serine 114 maps within the NLS, and
therefore, phosphorylation at this site may regulate protein
import. Cells infected with wild-type KOS and the phosphory-
lation site mutants S16A, S18A, S114A, S16,18A, S16,18,114A,
and S16,18,114E were analyzed by immunofluorescent staining
of ICP27 at the times indicated in Fig. 1. Cells were also
infected with mutant d3-4 in which the NLS from residues 109
to 138 are deleted (37). In wild-type KOS-infected cells, ICP27
was nuclear at 4 h after infection and was seen in both the
nucleus and cytoplasm at 8, 12, and 16 h after infection, when
it was actively shuttling between the nucleus and cytoplasm
(Fig. 1). In contrast, in mutant d3-4-infected cells, ICP27 in
both the nucleus and cytoplasm was seen, even at 4 h after
infection, indicating inefficient import into the nucleus (Fig. 1).
In the phosphorylation site mutant-infected cells, ICP27 was
exclusively nuclear at all times analyzed. This result indicates
that nuclear import of ICP27 is not impaired in the phosphor-
ylation site mutant-infected cells. This result also indicates that

export was impaired because ICP27 was not exported to the
cytoplasm but remained nuclear throughout infection (Fig. 1).
Similar results were seen with mutants S16E, S18E, S114E, and
S16,18E (data not shown). ICP27 interacts directly with the
cellular mRNA export receptor TAP/NXF1 via the LRR in the
N terminus of ICP27, and the C-terminal zinc-finger-like re-
gion is also required for TAP/NXF1 interaction (8). Interac-
tion with TAP/NXF1 is required for ICP27 export to the cy-
toplasm (8, 23, 24). The deletion of the LRR in mutant dLeu
from residues 6 to 19 confined ICP27 to the nucleus in dLeu-
infected cells (Fig. 1). ICP27 is phosphorylated by CK2 at
serines 16 and 18 adjacent to the LRR, and Koffa et al. showed
that in the presence of DRB, an inhibitor of CK2, ICP27
accumulated in the nucleus (29). We conclude that import of
ICP27 is unaffected for the phosphorylation site mutants, but
export is impeded.

ICP27 remains associated with splicing speckles throughout
infection with phosphorylation site mutants. At early times
after infection, ICP27 interacts with splicing factors (6, 48, 50)
and colocalizes with splicing speckles (43, 49, 50) in its role as
an inhibitor of cellular pre-mRNA splicing. Later in infection,
ICP27 disassociates from splicing speckles and begins to shut-
tle between the nucleus and the cytoplasm (8, 9, 52). Because
ICP27 was confined to the nucleus in infections with phosphor-
ylation site mutants, we investigated the localization of mutant
ICP27 with splicing speckles. Cells infected with wild-type

FIG. 1. ICP27 is confined to the nucleus in infection with phosphorylation site mutants. HeLa cells were infected with HSV-1 KOS, S16A,
S18A, S114A, S16,18A, S16,18,114A, S16,18,114E, dLeu, and d3-4 at an MOI of 5. At 4, 8, 12, and 16 h postinfection, cells were fixed with 3.7%
formaldehyde and immunostained with anti-ICP27 monoclonal antibody. Cells were viewed with a Zeiss Axiovert S100 microscope. Magnification,
�100.
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HSV-1 or mutants S16A, S18A, S114A, and S16,18,114A were
stained with monoclonal antibody to SC35, an SR protein
splicing factor that marks splicing speckles (16, 50). Wild-type
ICP27 was seen to colocalize with SC35 in splicing speckles at
4 h after infection, but by 8 h, ICP27 was diffusely distributed
throughout the nucleus and cytoplasm (Fig. 2). In contrast,
mutants S16A, S18A, S114A, and S16,18,114A remained asso-
ciated with SC35 speckles throughout infection (Fig. 2). Sim-
ilar results were observed with the glutamic acid substitution
mutants (data not shown). Therefore, mutant ICP27 is unable
to transition from its interaction with splicing factors to un-
dergo the interactions that are required for its activities later in
infection, such as export to the cytoplasm (Fig. 1).

ICP27 was not colocalized with Aly/REF during infection
with phosphorylation site mutants. Aly/REF is an mRNA ex-
port adaptor protein that binds poly(A)� RNA and interacts
directly with TAP/NXF1 to promote export of cellular mRNAs
(44, 56). Aly/REF transiently associates with a complex of
proteins that is deposited upstream of exon junctions at a late
stage of splicing, termed the exon junction complex (11, 30).
Aly/REF is recruited to the 5� ends of transcripts, where it
binds to the cap-binding complex protein to form part of the
TREX complex, which is required for export of both intronless
and spliced mRNAs (5, 36, 55). In uninfected cells, Aly/REF
colocalizes with splicing speckles (34, 60). ICP27 colocalizes
with Aly/REF at early times after infection and later recruits
Aly/REF to viral replication compartments (8, 9). To deter-
mine if the phosphorylation site mutant ICP27 can colocalize

with Aly/REF, cells were transfected with GFP-Aly/REF and
then infected with HSV-1 KOS, S16E, S16,18,114E, or d2-3.
Mutant d2-3 has a deletion of amino acids 64 to 108 (31),
which includes part of the region of ICP27 required for inter-
action with Aly/REF (9, 28). At 4 h after infection, wild-type
ICP27 colocalized with Aly/REF in splicing speckles (Fig. 3),
and by 8 h, ICP27 was shuttling between the nucleus and
cytoplasm. There were still nuclear areas of colocalization of
ICP27 and Aly/REF at 8 h, and Aly/REF was no longer seen in
splicing speckles, but its distribution was in more globular
structures that resembled viral replication compartments
(Fig. 3), as we reported previously (8). Mutants S16E and
S16,18,114E did not show the same colocalization as the wild
type with Aly/REF at 4 or 8 h after infection, although both
ICP27 and Aly/REF were in speckled-like structures (Fig. 3).
Similar results were observed with the alanine substitution
mutants (data not shown). This was similar to what we ob-
served with mutant d2-3 (Fig. 3), which cannot interact with
Aly/REF (8, 9). These results indicate that the phosphorylation
site mutants are unable to colocalize with Aly/REF, and Aly/
REF remains in speckled-like structures that are largely dis-
tinct from ICP27 speckled structures.

To further address whether phosphorylation site mutant ICP27
can interact with Aly/REF, coimmunoprecipitation experi-
ments were performed on lysates from cells that were mock
infected or infected with HSV-1 KOS or S16,18,114A (Fig. 4).
Aly/REF was coimmunoprecipitated with wild-type ICP27 and
with S16,18,114A mutant ICP27 (Fig. 4) This result indicates

FIG. 2. ICP27 remains associated with splicing speckles throughout infection with phosphorylation site mutants. HeLa cells were infected with
HSV-1 KOS, S16A, S18A, S114A, and S16,18,114A at an MOI of 5. At 4 and 8 h after infection, cells were fixed and stained with antibodies to
SC35 and ICP27. Images were captured with the LSM 510 confocal microscope. Magnification, �63.
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that S16,18,114A mutant ICP27 can interact with Aly/REF.
However, ICP27 and Aly/REF did not colocalize in infections
with the phosphorylation site mutants (Fig. 3), suggesting that
the interaction between ICP27 and Aly/REF in the immuno-
precipitation experiment may have occurred in vitro during the
immunoprecipitation procedure. It has been shown that pro-
tein complexes and RNA-binding protein complexes may re-
associate after cell lysis (35, 40) Therefore, coimmunoprecipi-
tation does not prove that two proteins interact in vivo. This
appears to be the case for ICP27 and Aly/REF in infections
with the phosphorylation site mutants. ICP27 and Aly/REF

were localized mostly in different speckled structures within
the nuclei of cells infected with phosphorylation site mutants,
but in vitro, Aly/REF and mutant ICP27 were able to interact
(Fig. 4). This result implies that the lack of colocalization
between ICP27 and Aly/REF in phosphorylation site mutant-
infected cells is not because mutant ICP27 is not capable of
interacting with Aly/REF, but rather, mutant ICP27 appears to
be stuck in structures that are largely distinct from Aly/REF
structures.

ICP27 does not colocalize with TAP/NXF1 in phosphoryla-
tion site mutant-infected cells. ICP27 interacts with the cellu-
lar mRNA export receptor TAP/NXF1, and ICP27 requires
TAP/NXF1 for its export to the cytoplasm (8, 9, 23, 24). Both
the N and C termini of ICP27 are required for its interaction
with TAP/NXF1 (8). Overexpression of TAP/NXF1 leads to
the early export of ICP27 (8, 9) and expression of a TAP/
NXF1-dominant negative mutant (8, 9, 24), or reducing TAP/
NXF1 levels by small interfering RNA (siRNA) (23) confines
ICP27 to the nucleus. The serine residues at positions 16 and
18 are adjacent to the LRR and lie within the N-terminal
region of ICP27 required for TAP/NXF1 interaction (8). Fur-
ther, ICP27 remained in the nucleus in infections with phos-
phorylation site mutants (Fig. 1). To determine if ICP27 phos-
phorylation site mutations affect colocalization with TAP/NXF1,
immunofluorescence studies were performed. Cells transfected
with pEGFP-TAP/NXF1 were infected with HSV-1 KOS,
S16E, and S16,18,114E. Wild-type ICP27 was seen to colocal-
ize with TAP/NXF1 at 4 h after infection (Fig. 5), and ICP27
in both the nucleus and the cytoplasm was already detected by
4 h after infection because of overexpression of TAP/NXF1 in
cells expressing GFP-TAP/NXF1. Colocalization of ICP27 and

FIG. 3. ICP27 does not colocalize with Aly/REF in infections with glutamic acid substitution mutants. HeLa cells were transfected with
pEGFP-Aly/REF and 24 h later were infected with HSV-1 KOS, S16E, S16,18,114E, or d2-3. At 4 and 8 h after infection, cells were fixed, and
immunostaining was performed with anti-ICP27 antibody. Green fluorescent protein (GFP) fluorescence was visualized directly. The white arrows
point to Aly/REF sites that do not colocalize with ICP27. Images were viewed with Zeiss Axiovert S100 microscope. Magnification, �100.

FIG. 4. Aly/REF coimmunoprecipates with mutant ICP27. HeLa
cells were mock infected or were infected with HSV-1 KOS or
S16,18,114A at an MOI of 5 for 8 h. Immunoprecipitation was per-
formed with anti-ICP27 antibody (left). Western blot analysis was
performed with anti-ICP27 antibody and anti-Aly/REF antibody (left).
Portions of the whole-cell extracts were fractionated directly on an
SDS-polyacrylamide gel, and Western blot analysis was also performed
(right). The sizes of the molecular mass markers (in kilodaltons) are
indicated on the left.

2216 CORBIN-LICKFETT ET AL. J. VIROL.



TAP/NXF1 was also visualized in KOS-infected cells at 8 h
after infection in both the epifluorescent and confocal merged
images (Fig. 5). In contrast, in S16E and S16,18,114E infec-
tions, ICP27 remained in the nucleus, and colocalization of
ICP27 and TAP/NXF1 was not observed in the cells infected
with S16E or S16,18,114E in either the epifluorescent or con-
focal images (Fig. 5). These results indicate that the mutations
introduced at serine 16 and serine 18 impaired the functional
interaction of ICP27 with TAP/NXF1. As a result, ICP27 re-
mained in the nucleus throughout infection.

ICP27 alanine substitution and glutamic acid substitution
mutants do not complement each other. A surprising finding in
this study and in another study describing the construction and
characterization of the replication of the phosphorylation site
mutants (45) was that all of the mutants behaved similarly. The
single, double, and triple substitution mutants had the same
phenotypes. Further, the alanine substitution mutants, which
were constructed to resemble the unphosphorylated state and
the glutamic acid substitutions, which should mimic the nega-
tive charge of the phosphorylated state, behaved similarly. This
result suggested to us that ICP27 can undergo some interac-
tions, such as interactions with import receptors and splicing
factors, regardless of its phosphorylation state, whereas other
interactions required ICP27 to be unphosphorylated or phos-
phorylated. If that were the case, coinfection with alanine
substitution mutants and glutamic acid substitution mutants

should be more efficient compared to single infections, because
both unphosphorylated and phosphorylated forms of ICP27
would be simulated. Therefore, coinfections of the alanine and
glutamic acid substitution mutants were performed, and virus
yields were compared to those of single infections (Fig. 6). The
coinfection experiments were performed three times, and stan-
dard deviations are shown (Fig. 6). In essence, there were no
significant differences in virus yields in the coinfections com-
pared to single infections, indicating that the alanine and glu-
tamic acid substitution mutants were not able to perform the
functions of unphosphorylated and phosphorylated ICP27.

The alanine and glutamic acid substitution mutants show
conformational differences compared to unphosphorylated
wild-type ICP27. The results of the complementation experi-
ment suggest that the structural changes to a protein that occur
as a result of phosphorylation (7, 21, 25) are not being mim-
icked in the glutamic acid substitution mutants and further that
the alanine substitution mutants may have conformational
changes compared to unphosphorylated ICP27. To address
this, we performed solution structural analysis of the N
terminus of ICP27 from amino acids 1 to 160 by NMR
spectroscopy. The 160 N-terminal amino acids of ICP27 and
triple serine-to-alanine (S16,18,114A) or serine-to-glutamic
acid (S16,18,114E) mutants were expressed in Rosetta E. coli
in minimal medium containing 15NH4Cl to isotopically label
the expressed proteins. Protein expression was induced with

FIG. 5. ICP27 and TAP/NXF1 do not colocalize in infections with phosphorylation site mutants. HeLa cells were transfected with pEGFP-TAP
and were subsequently infected with HSV-1 KOS, S16E, or S16,18,114E. Cells were fixed at 4 and 8 h after infection and immunostained with
anti-ICP27 antibody. GFP fluorescence was visualized directly. (A) Images were captured with a Zeiss Axiovert S100 microscope. Magnification,
�100. (B) Images were viewed with an LSM 510 confocal microscope. Magnification, �63. White arrows point to GFP-TAP sites, and yellow
arrows mark ICP27 sites in the merged images.
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IPTG, and 6�His-tagged proteins were purified using Ni-NTA
agarose under native protein purification conditions. A portion
of the elution fractions from the Ni-NTA columns are shown in
Fig. 7 for each protein sample used in the NMR analysis.

Two-dimensional NMR was used to analyze the purified
proteins. An HSQC experiment was performed on the wild-
type and mutant proteins to evaluate the nitrogen and proton
spectra of the protein backbone. 1H-15N HSQC correlates the
frequency of the amide nitrogen with its directly attached pro-
ton, and the spectrum gives a fingerprint of the protein back-
bone. Each cross peak represents a signal from a single N-H
pair. HSQC signals typically distribute based on amino acid
type and on local structure; the proton peak position is dom-
inated largely by secondary structure. If a protein is folded,
backbone N-H peaks are well dispersed (3).

The wild-type ICP27 HSQC spectra show peaks that were
not well dispersed in the proton dimension, and many reso-
nated between 8 and 8.5 ppm (Fig. 8A). HSQC chemical shifts
in this range are found typically in proteins with random coil
conformations (3), suggesting that the ICP27 N terminus is not
well folded. In addition, because each HSQC signal represents
one N-H group in the protein, there should be at least one
peak per amino acid of the protein. Approximately 70 clearly
defined HSQC peaks were observed with the wild-type HSQC
spectra, which is less than half of the expected number of 160

FIG. 6. Alanine and glutamic acid substitution mutants do not complement. (A) Schematic representation of ICP27 illustrating the CK2 and PKA
phosphorylation sites denoted by arrows. (B) HeLa cells were infected with the viruses indicated in the figure. Single-virus infections were performed at
an MOI of 5. Coinfections were performed at an MOI of 2.5 for each virus. Virus yields were determined by plaque assay on the ICP27 complementing
cell line 2-2. Each virus is depicted by a different color, and coinfections are a mix of the two colors for the viruses used in the coinfections.

FIG. 7. Expression of 15N-labeled ICP27 N terminus and S16,18,114A
and S16,18,114E phosphorylation point mutants. Rosetta E. coli cells were
transformed with either the pET21b wild-type ICP27 N terminus or phos-
phorylation point mutant S16,18,114A or S16,18,114E expression plas-
mids. Cells were grown in Neidhart’s minimal media supplemented with
15NH4Cl. Protein expression was induced with IPTG, and 6� His-tagged
proteins were purified using Ni-NTA agarose under native protein puri-
fication conditions. A portion of the elution fractions from the Ni-NTA
column was separated on a 10 to 20% Tris gradient gel, and the gel was
stained with Coomassie blue.
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HSQC peaks (Fig. 8A). There was a high degree of signal
overlap in the region between 8.0 and 9.0 ppm in the proton
dimension and 120 and 124 ppm in the nitrogen dimension,
which prevented the resolution of all 160 HSQC peaks. The
lack of peak dispersion and the absence of peaks suggests that
the protein does not populate a distinct conformation and is
not rigidly folded. Our working model for the structure of the
ICP27 N terminus is that it consists of a mix of random coil and
molten globule states, suggesting that it is flexible in structure
but not completely unfolded.

A similar HSQC analysis was performed on mutants
S16,18,1114A (Fig. 8B) and S16,18,114E (Fig. 8C). Significant
peak distribution differences were seen with both mutant spec-
tra compared to the wild-type ICP27 N terminus in the region
between 120 and 114 in the nitrogen dimension. Peak position
is dependent on the chemical environment, and the serine
residues that were changed to either alanine or glutamic acid
would be expected to shift position. Peaks were absent in the
mutant spectra in several regions of the spectra compared to
the wild-type spectra (compare Fig. 8A with B and C). Specif-
ically, peaks were absent in the nitrogen axis between 110 and

126 ppm, and several peaks were absent or shifted between 115
and 120 ppm. A closeup of the region between 115 and 120 15N
ppm with the wild-type spectra (Fig. 8D, in blue) and
S16,18,114A (Fig. 8D, overlaid in red) shows several wild-type
peaks (blue) that were not observed in the spectra for the
serine-to alanine-triple mutant (red), and there were peaks
seen with this mutant that lack a corresponding wild-type peak.
The same was true for mutant S16,18,114E spectra shown in
Fig. 8E (orange). We would expect to observe three peaks
shifted due to the three serine-to-glutamic acid substitutions,
but at least 10 peaks seen with wild-type spectra did not have
a corresponding red or orange peak in the mutant spectra,
suggesting that these mutations affected a larger portion of the
protein than just the three serine residues. Because many
peaks were missing in both mutant spectra, this suggests that
these mutations have caused the ICP27 N terminus to be even
more flexible and unfolded. Interestingly, the same peaks were
affected in both mutants, regardless of the change of serine to
alanine or glutamic acid. Therefore, these NMR spectra sug-
gest that these serine substitution mutations have an effect on
the overall conformation of the N terminus of ICP27.

FIG. 8. Alanine and glutamic acid substitution mutations in the ICP27 N terminus show structural changes in two-dimensional (2D) NMR
HSQC spectra. (A) The 1H-15N HSQC spectrum for the wild-type ICP27 N terminus. Panels include all peaks detected except for tryptophan.
(B) 1H-15N HSQC spectrum for the S16,18,114A mutant. (C) 1H-15N HSQC spectrum for the S16,18,114E mutant. (D) A portion of the full 1H-15N
HSQC spectra (boxes in panels A and B) with an overlay of the wild-type ICP27 N terminus (blue) and S16,18,114A mutant (red). Arrows highlight
some peaks specifically appearing in either wild-type 1H-15N spectrum (blue arrow) or mutant spectrum (red arrow). (E) A portion of the full
1H-15N HSQC spectra with an overlay of wild-type ICP27 N terminus (blue) and S16,18,114E mutant (orange). Arrows highlight some peaks
specifically appearing in either wild-type spectrum (blue arrow) or mutant spectrum (orange arrow).

VOL. 84, 2010 ICP27 PHOSPHORYLATION AFFECTS PROTEIN INTERACTIONS 2219



The alanine and glutamic substitution mutants can still
bind RNA. Because both the alanine and glutamic acid substi-
tutions affected the structure of the ICP27 N terminus and
because functional interactions of the mutants with Aly/REF
(Fig. 3) and TAP/NXF1 (Fig. 5) were impaired, we sought to
determine if these mutants were able to undergo another in-
teraction that occurs through the N terminus, namely, RNA
binding. ICP27 binds RNA through an RGG box motif from
amino acids 138 to 152 (10, 38, 46). Therefore, we assessed the
ability of ICP27 mutants S16,18,114A and S16,18,114E to bind
RNA by electrophoretic mobility shift assays (EMSA). We
showed previously by in vitro binding assays that the ICP27 N
terminus from amino acid 1 to 160 binds to glycoprotein C
(gC) nucleic acid sequences that were derived from a 294-
nucleotide sequence that was positive for ICP27 binding in a
yeast three-hybrid analysis (10). Overlapping 30-mers from this
clone were tested in EMSAs, and it was found that ICP27
bound specifically to sequences that are GC rich and flexible
and which do not form stable secondary structures (10). It was
further shown in that study that ICP27 bound DNA oligonu-
cleotides as well as RNA oligonucleotides and that the DNA
oligonucleotides were more stable (10). Therefore, for this
analysis, DNA oligonucleotides were used. The gC sequences
are numbered for their positions in the 294-nucleotide yeast
three-hybrid clone, which corresponds to nucleotides 96,946 to
97,239 of the coding strand of the KOS HSV-1 gC mRNA.
Wild-type ICP27 from amino acids 1 to 160 bound to se-
quences gC 1-30 and gC 11-40 (Fig. 9A). We showed previ-
ously that sequences gC 1-30 and gC 11-40 were shifted well by
the ICP27 N terminus (10). Wild-type ICP27 bound poorly to
gC 31-60, which we also showed previously (10). Both the
alanine and glutamic acid substitution mutants bound gC 1-30
and gC 11-40, and gC 31-60 was not shifted, similar to what was
seen with wild-type ICP27 (Fig. 9). This shows that the substi-
tution mutants are binding gC sequences specifically. There-
fore, while the S16,18,114A and S16,18,114E mutations affect
the structural conformation of the ICP27 N terminus, these
mutations do not affect all of the functional interactions that
the N terminus of ICP27 engages in because these mutants can
still bind gC sequences.

DISCUSSION

ICP27 performs many different functions during HSV-1 in-
fection, and while several of these functions have been well
defined and the mechanisms by which ICP27 mediates its ef-
fects elucidated, it is not clear how ICP27 switches between its
functional interactions. Posttranslational modifications to pro-
teins can affect protein function. Both arginine methylation
and phosphorylation can regulate protein localization, protein-
protein interactions, protein-nucleic acid interactions, and pro-
tein function (2, 3, 7, 12, 15, 17, 22, 26, 41, 42). ICP27 is
modified by both arginine methylation and phosphorylation,
and both modifications occur predominantly in the N terminus
from amino acids 1 to 160 (38, 45, 53, 58). We have shown that
methylation of ICP27 arginine residues 138, 148, and 150
within the RGG box is important for regulating ICP27 export
and its interactions with two cellular proteins, Aly/REF and
SRPK1 (53, 54).

Unlike arginine methylation, phosphorylation is reversible,

and thus, structural changes that are induced by the negatively
charged phosphate group can be reversed by dephosphoryla-
tion, thus conferring flexibility to phosphorylated proteins to
allow switching between different interactions. For example,
the yeast shuttling protein Npl3p, which is involved in mRNA
export, is phosphorylated on a serine residue in the C-terminal
region, and this phosphorylation is important for its import
into the nucleus. Dephosphorylation of Npl3p in the nucleus is
essential for its interaction with the yeast mRNA export re-
ceptor Mex67p and the export of the Mex67p-Npl3/mRNP
complex to the cytoplasm (17, 33). Another example of a re-
versible interaction is that of the fragile-X mental retardation
protein, FMRP. FMRP is an RNA-binding protein that is
phosphorylated on three serines (42). Phosphorylated FMRP
is associated with stalled, untranslating polyribosomes, sug-
gesting that phosphorylated FMRP is involved in translation
suppression of mRNAs. Unphosphorylated FMRP has been
shown to bind Dicer, whereas phosphorylation disrupts this
association, suggesting that phosphorylation of FMRP regu-

FIG. 9. Alanine and glutamic acid substitution mutants bind
HSV-1 gC sequences. (A) Twenty fmol of radiolabeled gC 11–40, gC
1–30, or gC 31–60 30-mer oligonucleotides (see Materials and Meth-
ods) were either incubated with no protein (�) or with 2.5 to 62.5 �M
wild-type ICP27 N terminus or S16,18,114A N terminus. Samples were
fractionated on a prerun acrylamide gel, and dried gels were exposed
to film. Arrows indicate the migration of free probe and the shift due
to protein binding. (B) Twenty fmol of radiolabeled gC 11–40, gC
1–30, and gC 31–60 30-mer oligonucleotides were either incubated
with no protein or 2.5 to 62.5 �M wild-type ICP27 N-terminal protein
or S16,18,114E N terminus and were analyzed as described in the
legend for panel A.
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lates its association with the microRNA (miRNA) pathway by
modulating FMRP’s interaction with Dicer (7).

There are many other instances in which phosphorylation on
multiple sites can cause protein-protein disassociation or pre-
vent protein-protein association. The inactivation domain of
the K� channel Kv.4 is regulated by phosphorylation. NMR
analysis of the unphosphorylated inactivation domain revealed
a compact structure that had a high affinity for its receptor. In
contrast, phosphorylation on three serine residues showed a
loss of overall stability in the NMR structure, such that regions
around the phosphorylated serines were ordered, but residues
that were N or C terminal of these sites were disordered,
probably from steric and electrostatic repulsion (25). NMR
analysis of the ICP27 alanine and glutamic acid substitution
mutants showed a degree of disorder higher than that for
unphosphorylated ICP27 (Fig. 8). These changes increased the
flexibility of ICP27, such that association with Aly/REF (Fig. 3)
and TAP/NXF1 (Fig. 5) was impaired. However, unlike phos-
phorylation, which is reversible, the changes that were induced
in the substitution mutants were permanent. The result was
that ICP27 became “stuck” in a very early functional associa-
tion, namely, its interaction with SR splicing proteins in the
nucleus, and ICP27 was unable to transition to other functional
interactions. Both the alanine and glutamic acid substitutions
induced conformation changes in the N terminus, and these
changes prevented ICP27 association with several interacting
partners. Treatment of cells with the CK2 inhibitor DRB, also
trapped ICP27 in the nucleus and prevented it from perform-
ing its roles in mRNA export (29). Thus, reversible phosphor-
ylation appears to be important for ICP27 to be able to asso-
ciate and then disassociate from binding partners so that it can
perform its many roles as a multifunctional regulator.
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