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Herpes simplex virus type 1 (HSV-1) regulatory protein ICP27 is a multifunction functional protein that
interacts with many cellular proteins. A number of the proteins with which ICP27 interacts require that both
the N and C termini of ICP27 are intact. These include RNA polymerase II, TAP/NXF1, and Hsc70. We tested
the possibility that the N and C termini of ICP27 could undergo a head-to-tail intramolecular interaction that
exists in open and closed configurations for different binding partners. Here, we show by bimolecular fluores-
cence complementation (BiFC) assays and fluorescence resonance energy transfer (FRET) by acceptor pho-
tobleaching that ICP27 undergoes a head-to-tail intramolecular interaction but not head-to-tail or tail-to-tail
intermolecular interactions. Substitution mutations in the N or C termini showed that the leucine-rich region
(LRR) in the N terminus and the zinc finger-like region in the C terminus must be intact for intramolecular
interactions. A recombinant virus, vNC-Venus-ICP27, was constructed, and this virus was severely impaired
for virus replication. The expression of NC-Venus-ICP27 protein was delayed compared to ICP27 expression
in wild-type HSV-1 infection, but NC-Venus-ICP27 was abundantly expressed at late times of infection. Because
the renaturation of the Venus fluorescent protein results in a covalent bonding of the two halves of the Venus
molecule, the head-to-tail interaction of NC-Venus-ICP27 locks ICP27 in a closed configuration. We suggest
that the population of locked ICP27 molecules is not able to undergo further protein-protein interactions.

ICP27 is a multifunctional regulatory protein that is required
for herpes simplex virus type 1 (HSV-1) infection. ICP27 in-
teracts directly with a number of proteins in performing its
many roles. At early times after infection, ICP27 interacts with
a splicing protein-specific kinase, SRPK1, and recruits this
predominantly cytoplasmic kinase to the nucleus, where ICP27
then interacts with members of a conserved family of splicing
factors termed SR proteins (37, 43). Through these interac-
tions, ICP27 mediates the aberrant phosphorylation of SR
proteins, which, as a consequence, are unable to perform their
roles in spliceosome assembly, resulting in an inhibition of host
cell splicing (37). Also at early times after infection, ICP27
interacts with cellular RNA polymerase II (RNAP II) (49)
through the C-terminal domain (CTD) and helps to recruit
RNAP II to viral transcription/replication sites (10). As infec-
tion progresses, ICP27 disassociates from splicing speckles and
interacts with the TREX complex mRNA export adaptor pro-
tein Aly/REF and recruits Aly/REF to viral replication com-
partments (5, 6). While associated with replication compart-
ments, ICP27 binds viral RNA (8, 35) and, beginning about 5 h
after infection, ICP27 begins shuttling between the nucleus
and cytoplasm (21, 35, 41), escorting its bound RNA cargo
through the nuclear pore complex to the cytoplasm by a direct
interaction with the cellular mRNA export receptor TAP/
NXF1 (5, 6, 21). In the cytoplasm, ICP27 enhances the trans-
lation initiation of some viral mRNAs by an interaction with

translation initiation factors (13–15). ICP27 also contributes to
the formation of Hsc70-containing nuclear foci or virus-in-
duced chaperone-enriched (VICE) domains (3), which are
thought to function in the proteasomal degradation of mis-
folded and ubiquitinated proteins, thus executing nuclear pro-
tein quality control (25). ICP27 interacts with and relocalizes
Hsc70 to these VICE domains (24). VICE domains have been
shown to contain cellular chaperone proteins, including Hsc70,
as well as components of the 26S proteasome (3, 24). ICP27
also has been shown to interact with ICP8 when it is associated
with RNAP II (30). Other direct interactions of ICP27 that
have been reported include splicing factor SAP145 (2) and
hnRNP K and CK2 (45).

The functional domains of ICP27 that are required for a
number of its interactions have been mapped. ICP27 binds
RNA through an RGG box RNA binding motif from amino
acids 138 to 152 (8, 26, 35). The RGG box is also the region
required for its interaction with SRPK1 (37), and this interac-
tion is regulated by arginine methylation within the RGG box
at arginines 138, 148, and 150 (42, 43). The interaction of
Aly/REF with ICP27 includes the N-terminal region from
amino acid 104 to 153 (6). The interaction of ICP27 with SR
proteins and with ICP8 requires the C-terminal zinc finger-like
region from amino acid 450 to the C terminus at amino acid
512 (30, 37). The interaction of ICP27 with three cellular
proteins, RNAP II, TAP/NXF1, and Hsc70, requires that both
the N-terminal leucine-rich region (LRR) and the C-terminal
zinc finger-like region be intact (5, 10, 24).

A number of cellular proteins have been shown to undergo
interactions of their N and C termini in a reversible manner that
regulates their activities or protein interactions. These include
zyxin, an adhesion protein that regulates actin assembly (27);
myosin VIIA, an unconventional myosin that has ATPase activity
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(44); the scaffold protein PDZK1 (22); talin, a large, integrin-
associated cytoskeletal protein (33); the membrane-associated
Na�/H� exchanger regulatory factor NHERF1/EBP50 (28);
kinesin, a motor protein (11, 46); and Raf kinase, which is
involved in regulating the mitogen-activated protein kinase
(MAPK) pathway (7). Head-to-tail interaction generally re-
sults in a negative regulation of the protein’s interactions with
other proteins or the regulation of its activity. An HSV-1 pro-
tein, UL9, also has been shown to undergo head-to-tail inter-
actions but as a dimer, not as a monomer (4). This interaction
appears to modulate the DNA binding activity of the C termi-
nus of UL9. Because head-to-tail intramolecular interaction
would alter protein conformation, such interactions may serve
as another mechanism for regulating protein interactions.
ICP27 undergoes many protein-protein interactions in a some-
what temporally regulated manner. We have shown that argi-
nine methylation and phosphorylation regulate ICP27’s inter-
actions with several of its binding partners (9, 43), and we
propose that ICP27 undergoes head-to-tail intramolecular in-
teractions to regulate its interactions with proteins that have
been shown to bind to ICP27 only if both the N and C termini
are intact. In this report, we demonstrate by bimolecular fluo-
rescence complementation (BiFC) assays (16, 19) and fluores-
cence resonance energy transfer (FRET) by acceptor photo-
bleaching (18) that ICP27 undergoes an intramolecular head-
to-tail interaction.

MATERIALS AND METHODS

Cells, recombinant plasmids, and viruses. Rabbit skin fibroblasts (RSF) and
Vero cells were grown on minimal essential medium supplemented with 10%
fetal bovine serum. Vero 2-2 cells, an ICP27 complementing cell line, were grown
in minimal essential medium supplemented with 10% fetal bovine serum con-
taining 750 �g/ml G418 as described previously (40). Plasmids were constructed
that contained the ICP27 gene fused to the N-terminal half (amino acids 1 to
154) of Venus fluorescent protein (29) and yellow fluorescent protein (YFP)
and/or the C-terminal half of Venus (amino acids 155 to 238) or YFP. To
construct plasmid N-Venusa.a.1-154/ICP27 (termed N-Venus/ICP27), pSG130B/S,
which contains the wild-type ICP27 gene, was used (38). An XhoI site was
engineered within the 5�-untranslated region (UTR) of the ICP27 gene, gener-
ating the plasmid N-XhoI/pSG130B/S using a QuikChange II site-directed mu-
tagenesis kit from Stratagene. Sequences corresponding to amino acids 1 to 154
of the fluorescent protein Venus, kindly provided by Atsushi Miyawaki (29), were
amplified by PCR using primers containing XhoI restriction sites with linker
sequences, as described previously (16), for ligation into plasmid N-XhoI/
pSG130B/S. The ICP27/C-Venusa.a.155� plasmid (termed ICP27/C-Venus) was
created using plasmid pSG130B/S/C-EcoRI, which is derived from plasmid
pSG130B/S. An EcoRI site was engineered to disrupt the stop codon of ICP27
at amino acid 512. Sequences for amino acids 155 to 238 of Venus were amplified
by PCR using primers containing EcoRI restriction sites along with linker se-
quences (16, 29, 38) and ligated into pSG130B/S/C-EcoRI to generate ICP27/
C-Venus. Plasmid ICP27/N-Venusa.a.1-154 (termed ICP27/N-Venus) was created
using plasmid pSG130B/S/C-EcoRI. Venus sequences corresponding to amino
acids 1 to 154 were amplified by PCR with primers containing EcoRI restriction
sites. To create the plasmid N-Venusa.a.1-154/ICP27/C-Venusa.a.155� (termed
N-Venus/ICP27/C-Venus), plasmid N-Venus/ICP27 was digested with AgeI and
SgrAI, and the fragment that corresponds to nucleotides �65 to 490 of ICP27,
including Venus amino acids 1 to 154, was ligated into plasmid ICP27/C-Venus
after AgeI/SgrAI digestion. Plasmid N-YFP/ICP27/C-YFP was constructed sim-
ilarly, except that YFP sequences were amplified by PCR from pEYFP-C1
(Clontech). Substitution mutations in plasmid N-Venus/ICP27/C-Venus were
created using the QuikChange II site-directed mutagenesis kit from Stratagene
according to the manufacturer’s protocol. Forward and reverse primers used for
site-directed mutagenesis are depicted below. The nucleotide substitutions are
underlined: ICP27 C483, 488S, C CGC CAG GAG AGT TCG AGT CGT GTC
AGC GAG TTG ACG G and G GCG GTC CTC TCA AGC TCA GCA CAG
TCG CTC AAC TGC C; ICP27 L8, 11, 15A, C ATT GAT ATG GCA ATT GAC

GCC GGC CTG GAC GCC TCC GAC AGC G and G TAA CTA TAC CGT
TAA CTG CGG CCG GAC CTG CGG AGG CTG TCG C; ICP27 S16, 18A,
GGC CTG GAC CTC GCC GAC GCC GAT CTG GAC GAG and CCG GAC
CTG GAG CGG CTG CGG CTA GAC CTG CTC. PCR primers for all other
BiFC constructs are shown in Table S1 in the supplemental material.

For FRET analysis, the N-terminal cyan fluorescent protein (CFP)/ICP27
plasmid was constructed using a plasmid with an EcoRI site engineered within
the 5� UTR of the ICP27 gene, generating the plasmid pSG130B/S/N-EcoRI.
Sequences for full-length enhanced CFP (ECFP) were amplified by PCR from
pECFP-C1 (Clontech) using primers with EcoRI restriction sites for ligation into
N-EcoRI/pSG130B/S. The C-terminal ICP27/YFP fusion construct was created
by the ligation of sequences for full-length enhanced YFP (EYFP) that were
amplified by PCR using plasmid pEYFP-C1 (Clontech) with primers containing
EcoRI restriction sites into plasmid pSG130B/S/C-EcoRI. The N-terminal CFP/
ICP27 and C-terminal ICP27/YFP fusion constructs were used to create the
ICP27 fusion construct that expresses both CFP and YFP. The N-terminal
CFP/ICP27 construct was cut with BamHI and SgrAI to release an N-terminal
fragment that contained CFP. The same restriction enzyme digestion was per-
formed for the C-terminal ICP27/YFP construct, and the N-terminal CFP frag-
ment was ligated to create N-CFP/ICP27/C-YFP. All primers used in creating the
constructs for FRET analysis are shown in Table S1 in the supplemental mate-
rial. For TAP/NXF-1-CFP expression, TAP/NXF-1 was excised from the
pGEXCS-TAP plasmid, kindly provided by Elisa Izaurralde (1), using the re-
striction enzymes NarI and BamHI, and was cloned within the AccI-BamHI sites
of plasmid pECFP-C1 from Clontech.

HSV-1 strain KOS, ICP27 null mutants 27-LacZ (40) and 27-GFP (42), and
vN-YFP/ICP27 (3) were described previously. To construct a recombinant virus
expressing NC-Venus-ICP27, N-Venus/ICP27/C-Venus plasmid DNA and viral
DNA isolated from 27-LacZ were cotransfected into Vero 2-2 cells (40). Ho-
mologous sequences within the 5�- and 3�-untranslated regions of ICP27 present
in the plasmid DNA and viral DNA allowed the recombination and incorpora-
tion of N-Venus/ICP27/C-Venus into the viral genome. Plaques producing yel-
low fluorescence were isolated and plaque purified six times. The recombinant
virus was termed vNC-Venus-ICP27.

BiFC. BiFC analysis was performed in transient transfection assays. The BiFC
fusion constructs, N-Venus/ICP27/C-Venus, N-Venus/ICP27, ICP27/C-Venus,
ICP27/N-Venus, N-Venus/ICP27 (L8A, L11A, L15A)/C-Venus, N-Venus/
ICP27(C483, 488S)/C-Venus, and N-Venus/ICP27 (S16A, S18A)/C-Venus, were
transfected into RSF cells grown in glass-bottom culture dishes (MatTek Cor-
poration) using Lipofectamine 2000 by following the manufacturer’s protocol.
Eighteen hours after transfection, cells were infected at a multiplicity of infection
(MOI) of 10 with 27-LacZ. Cells were viewed directly for fluorescence using a
Zeiss LSM 510 Meta confocal microscope at a magnification of 63�.

FRET by acceptor photobleaching. Plasmid N-CFP/ICP27/C-YFP DNA or
N-CFP/ICP27 and ICP27/C-YFP DNA was transfected into RSF cells. Cells
were infected 24 h after transfection with 27-LacZ at an MOI of 10. Cells were
fixed at 8 h after infection using 3.7% formaldehyde. CFP-YFP FRET by accep-
tor photobleaching was performed using an LSM 510 Meta confocal microscope
to detect emission from CFP, excited at 458 nm, and YFP, excited at 514 nm, as
described by Karpova and McNally (18). In this procedure, the acceptor protein,
YFP, is photobleached at a specific location within the cell using the 514-nm laser
line. The change in donor fluorescence is quantified by comparing prebleach and
postbleach images. The FRET energy transfer efficiency (EF) from at least 30
different bleached regions of interest was calculated using the formula EF �
(Ipostbleach � Iprebleach)/Ipostbleach, where I is the average CFP fluorescence in-
tensity after background subtraction. Quantification for FRET efficiency and
percent FRET is shown in Table S2 in the supplemental material.

Immunofluorescence. RSF cells grown on glass coverslips were transfected
with plasmid DNA from pSG130B/S expressing wild-type ICP27 and the ICP27-
Venus fusion constructs as indicated in Fig. 3. Eighteen hours later, cells were
infected with 27-LacZ at an MOI of 10. Cells were fixed at 4 and 8 h after
infection using 3.7% formaldehyde. Cells were stained as described previously
(10, 24) with either a Clontech Living Colors monoclonal antibody (632375)
against GFP in the case of N-Venus/ICP27 and N-Venus/ICP27 (L8A, L11A,
L15A) or an anti-ICP27 antibody (P1119; Virusys) in the case of ICP27/C-Venus,
ICP27/N-Venus, N-Venus/ICP27 (C483S, C488S)/C-Venus, and wild-type
ICP27. The GFP antibody recognizes an epitope that also is present in Venus.
Cells were imaged using a Zeiss LSM 510 Meta confocal microscope at 63�
magnification.

To visualize replication compartment formation during infection, RSF cells
grown on glass coverslips were infected with HSV-1 KOS, vN-YFP/ICP27 (17),
or vNC-Venus/ICP27 at an MOI of 5. Cells were fixed at 8 h after infection, and
immunofluorescent staining was performed with anti-ICP27 antibody P1119 (Vi-
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rusys), anti-ICP4 antibody P1101 (Virusys), or anti-RNA polymerase II antibody
ARNA3 (Research Diagnostics). YFP and Venus fluorescence was viewed di-
rectly. Cells were imaged using a Zeiss LSM 510 Meta confocal microscope at
63� magnification.

For TAP/NXF1 overexpression, RSF cells grown in glass-bottom culture
dishes were transfected with CFP-TAP/NXF-1. Twenty-four hours after trans-
fection, cells were infected at an MOI of 5 with either HSV-1 KOS, vN-YFP/
ICP27 (17), or vNC-Venus/ICP27, and cells were fixed at 8 and 12 h after
infection. The localization of wild-type ICP27 during KOS infection was viewed
using anti-ICP27 antibody P1119, which was directly labeled using the Zenon
Texas Red-X Mouse IgG1 Labeling kit from Invitrogen. Venus, YFP, CFP, and
Texas Red fluorescence were viewed using a Zeiss LSM 510 Meta confocal
microscope at 63� magnification.

Competition experiment. RSF cells grown in glass-bottom culture dishes
(MatTek Corporation) were transfected with plasmid DNA encoding N-Venus/
ICP27/C-Venus or N-YFP/ICP27/C-YFP or cotransfected with N-Venus/ICP27
and ICP27/C-Venus. Twenty-four hours after transfection, cells were infected
with HSV-1 KOS or 27-LacZ at an MOI of 10. Cells were viewed directly for
fluorescence at 4 and 8 h after infection using an LSM 510 Meta confocal
microscope at a magnification of 63�.

Western blot analysis. RSF were transfected with pSG130B/S, which encodes
wild-type ICP27, or with plasmid NC-Venus/ICP27 and NC-Venus/ICP27(L8,
11, 15A), NC-Venus/ICP27(C483, 488S), or NC-Venus/ICP27(S16, 18A), or they
were cotransfected with N-Venus/ICP27 and ICP27/C-Venus, ICP27/N-Venus
and ICP27/C-Venus, or ICP27(C483, 488S)/C-Venus and ICP27/N-Venus, as
indicated in Fig. 3. Twenty-four hours after transfection, cells either were mock
infected or were infected with 27-LacZ for 8 h. Protein was harvested from cells
by washing infected cell monolayers twice with cold phosphate-buffered saline
(PBS) and then scraping the cells into 2� electrophoresis sample solution. For
virus-infected cells, RSF cells were infected with HSV-1 KOS, vN-YFP-ICP27,
and vNC-Venus-ICP27 at an MOI of 5 for 4, 8, and 12 h as indicated in Fig. 6.
Proteins were fractionated by electrophoresis on SDS–10% polyacrylamide gels
and were transferred to nitrocellulose. Membranes were probed as described
previously (42, 43) with monoclonal antibodies against GFP (Living Colors
632375; Clontech), ICP27 (P1119), ICP4 (P1101), glycoprotein D (gD) (P1103;
Virusys Corporation), glycoprotein C (gC) (P1104; Virusys Corporation), and
�-actin (A5441; Sigma-Aldrich) as indicated.

One-step viral growth curves. Vero cells were infected with HSV-1 KOS,
ICP27 null mutant 27-GFP (42), or vN-Venus/ICP27/C-Venus at an MOI of 1.
Experiments were performed three times, and virus was harvested at 0, 4, 8, 16,
and 24 h after infection. Plaque assays were performed on Vero cells.

RESULTS

ICP27 undergoes a head-to-tale intramolecular interaction.
Recent studies have demonstrated a growing list of proteins
whose activities and interactions are regulated through in-
tramolecular associations, wherein a motif in a protein inter-
acts with another motif in the same molecule (12, 31). ICP27
undergoes interactions with several proteins that require both
the N and C termini of ICP27. To determine if ICP27 can
associate with itself through head-to-tail intramolecular inter-
action, we used an approach called bimolecular fluorescence
complementation, or BiFC (19, 20). In this approach, the yel-
low fluorescent protein (YFP) molecule is cut in half; and half
is fused to one protein or domain of a protein of interest, and
the other half is fused to another protein or domain of the
protein. If the two proteins or two domains within the same
protein come into direct contact, the two halves of the YFP
molecule will come together and renature, and fluorescence
will occur (20). The time of the renaturation of YFP is a
rate-limiting step that takes several hours. Therefore, a variant
of YFP, termed Venus, was developed (29). Venus has a fast
and efficient renaturation time (39), and therefore we used
Venus.

The N-terminal half of Venus was cloned onto the N termi-
nus of ICP27, and the C-terminal half of Venus was fused to

the C terminus of ICP27. Plasmid DNA from the resulting
construct, N-Venus/ICP27/C-Venus, was transfected into RSF
cells, and 24 h later cells were infected with the ICP27 null
mutant virus 27-LacZ to activate the expression of the ICP27
promoter on N-Venus/ICP27/C-Venus by the action of VP16.
At 4 and 8 h after infection, cells were viewed for fluorescence
(Fig. 1). Venus fluorescence was seen clearly at 4 and 8 h after
infection, indicating that intramolecular association had oc-
curred (Fig. 1). In contrast, in cotransfections of two constructs
in which the N-terminal half of Venus was fused to the N
terminus of one molecule of ICP27 (N-Venus/ICP27) and the
C-terminal half was fused to the C terminus of another mole-
cule of ICP27 (ICP27/C-Venus), no fluorescence was detected
(Fig. 1). This indicates that intermolecular head-to-tail inter-
action did not occur (Fig. 1). Further, intermolecular tail-to-
tail interaction also did not occur, as seen in the cotransfection
of constructs in which the N-terminal half of Venus was fused
to the C terminus of one molecule of ICP27 (ICP27/N-Venus)
and the C-terminal half of Venus was fused to the C terminus
of another molecule of ICP27 (ICP27/C-Venus). To determine
if the N-terminal leucine-rich region and the C-terminal zinc
finger-like region of ICP27 must be intact for the intramolec-
ular interaction to occur, substitution mutations were con-
structed. Leucine residues at positions 8, 11, and 15 in the N
terminus were replaced with alanine (N-Venus/ICP27 L8A,
L11A, L15A/C-Venus), and cysteine residues at positions 483
and 488 in the zinc finger domain were replaced with serine
(N-Venus/ICP27 C483S, C488S/C-Venus). Little to no fluores-
cence was detectable in transfections with the leucine and
cysteine substitution mutants (Fig. 1). The substitution of two
serine residues adjacent to the leucine-rich region at positions
16 and 18 in the N terminus (N-Venus/ICP27 S16A, S114A/
C-Venus) did not diminish Venus fluorescence (Fig. 1). We
conclude that ICP27 undergoes a head-to-tail intramolecular
interaction, and the N-terminal leucine-rich region and the
C-terminal zinc finger region must be intact for this to occur.

We next performed immunofluorescent staining experiments
and immunoblot analysis to ascertain that the reason for the lack
of Venus fluorescence with the cotransfection of N-Venus/ICP27
and ICP27/C-Venus or ICP27/N-Venus and ICP27/C-Venus con-
structs was not due to the poor expression of these proteins or
failure to localize to the nucleus. Plasmid DNA encoding wild-
type ICP27, N-Venus/ICP27/C-Venus, N-Venus/ICP27, ICP27/
C-Venus, ICP27/N-Venus, N-Venus/ICP27 C483S, C488S/C-
Venus, and N-Venus/ICP27 L8A, L11A, L15A/C-Venus was
transfected into RSF cells, which subsequently were infected
with 27-LacZ for 4 and 8 h as indicated (Fig. 2). Wild-type
ICP27 was stained with a monoclonal antibody to ICP27, as
was ICP27/C-Venus and ICP27/N-Venus, to detect ICP27 ex-
pression (Fig. 2). Venus fluorescence was visualized directly
for N-Venus/ICP27/C-Venus (Fig. 2). The Venus fusion masks
the epitope in ICP27 recognized by the anti-ICP27 monoclonal
antibody, and therefore N-Venus/ICP27, N-Venus/ICP27 C483S,
C488S/C-Venus, and N-Venus/ICP27 L8A, L11A, L15A/C-
Venus were stained with an anti-GFP antibody that recognizes an
epitope also present in Venus. In all cases, the Venus fusion
constructs were clearly expressed and localized to the nucleus.

To determine the levels of protein expression, cells were
transfected with wild-type ICP27, N-Venus/ICP27/C-Venus,
N-Venus/ICP27 L8A, L11A, L15A/C-Venus, N-Venus/ICP27

4126 HERNANDEZ AND SANDRI-GOLDIN J. VIROL.



C483S, C488S/C-Venus, or N-Venus/ICP27 S16, S18A/C-
Venus or were cotransfected with N-Venus/ICP27 and ICP27/
C-Venus, ICP27/N-Venus and ICP27/C-Venus, or ICP27
C483S, C488S/C-Venus and ICP27/N-Venus. Twenty-four
hours later, cells were infected with 27-LacZ for 8 h, at which
time samples were harvested and Western blot analysis was
performed with antibody to ICP27 and GFP as described
above. N-Venus/ICP27 migrates more slowly than ICP27/C-
Venus because of the protein linker that was used for the
Venus fusion (Fig. 3). As seen in Fig. 3, the Venus fusion
proteins were expressed at similar levels. Therefore, the lack of
Venus fluorescence in the BiFC assay apparently was due to
the lack of intermolecular interaction and not due to poor
protein expression (Fig. 3) or improper localization (Fig. 2).

ICP27 intramolecular interaction was not competed for by
wild-type ICP27. To determine if wild-type ICP27 could inter-
act with N-Venus/ICP27/C-Venus to form a head-to-tail-dimer
that might prevent BiFC and Venus fluorescence, cells were
transfected with Venus and YFP constructs as depicted in Fig.

4. Eighteen hours later, cells were infected with HSV-1 KOS or
27-LacZ as a control. Venus and YFP fluorescence were visu-
alized at 4 and 8 h after infection as indicated. BiFC was seen
to occur for N-Venus/ICP27/C-Venus and for N-YFP/ICP27/
C-YFP in KOS-infected cells, indicating that the presence of
wild-type ICP27 did not interfere with the intramolecular in-
teraction (Fig. 4). The number of cells showing Venus fluores-
cence for N-Venus/ICP27/C-Venus-transfected cells infected
with KOS and 27-LacZ calculated from five fields, each con-
taining around 50 cells, is shown in Table S2 in the supple-
mental material. There was no difference in BiFC seen be-
tween KOS- and 27-LacZ-infected cells. Further, the presence
of wild-type ICP27 did not aid in the formation of an intermo-
lecular interaction, because the cotransfection of N-Venus/
ICP27 and ICP27/C-Venus showed no fluorescence (Fig. 4).

FRET by acceptor photobleaching confirmed that ICP27
undergoes head-to-tail intramolecular interaction but not in-
termolecular interaction. As another approach to analyze the
ability of ICP27 to undergo an intramolecular interaction, we

FIG. 1. BiFC analysis shows that ICP27 undergoes a head-to-tail intramolecular interaction. RSF cells were transfected with plasmid DNA
from ICP27-Venus fusion constructs N-Venus/ICP27/C-Venus, N-Venus/ICP27 (L8A, L11A, L15A)/C-Venus, N-Venus/ICP27 (C483S, C488S)/
C-Venus, and N-Venus/ICP27 (S16A, S18A) or were cotransfected with N-Venus-ICP27 and ICP27-C-Venus or with ICP27-N-Venus and
ICP27-C-Venus as indicated. Eighteen hours after transfection, cells were infected with 27-LacZ at an MOI of 10. Venus fluorescence was
visualized directly at 4 and 8 h after infection.
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used FRET by acceptor photobleaching (18). CFP was fused to
the N terminus of ICP27 and YFP was fused to the C terminus
to create the construct CFP-ICP27-YFP. To determine if in-
termolecular interaction could occur, CFP was fused to the N
terminus of one molecule of ICP27 (CFP-ICP27) and YFP was
fused to the C terminus of another molecule (ICP27-YFP).
Cells were transfected with CFP-ICP27-YFP or cotransfected
with CFP-ICP27 and ICP27-YFP and were infected with 27-
LacZ. At 8 h after infection, cells were imaged using an argon
laser to detect CFP emission at 458 nm excitation and YFP
emission at 514 nm. These images are labeled prebleach (Fig.
5). The bleaching of the acceptor protein YFP was performed
using a 514-nm laser line at a specific location in the cell. The
change in donor CFP fluorescence was quantified by compar-
ing prebleach and postbleach images (Fig. 5). By this protocol,
FRET is detected if donor fluorescence increases significantly
more compared to what is detected in negative controls. Donor
CFP fluorescence increased significantly upon bleaching (post-
bleach) in the CFP-ICP27-YFP samples (Fig. 5A and B), but
FRET was not detected in the samples that were cotransfected
with CFP-ICP27 and ICP27-YFP (Fig. 5C). FRET quantifica-
tion is shown graphically in the right panels in Fig. 5, and the

statistical analysis of FRET efficiency and percent FRET can
be found in Table S3 in the supplemental material. The in-
crease in donor fluorescence indicates a molecular interaction
has occurred. FRET was seen for CFP-ICP27-YFP, indicating
it was able to undergo a head-to-tail intramolecular interac-
tion, but FRET was not detected for CFP-ICP27 and ICP27-
YFP, indicating that intermolecular interaction did not occur.

Recombinant virus vNC-Venus-ICP27 is defective in viral
replication. A recombinant virus, vNC-Venus-ICP27, was con-
structed in which N-Venus/ICP27/C-Venus was introduced
into the viral genome in the ICP27 locus, replacing the ICP27
gene. Viral growth curves demonstrated that vNC-Venus-
ICP27 was severely defective in viral replication, with growth in
Vero cells being on par with an ICP27 null mutant virus 27-
GFP (Fig. 6A). Venus fluorescence was viewed to confirm that
the NC-Venus-ICP27 protein underwent an intramolecular in-
teraction. Venus fluorescence was barely detectable at 4 h after
infection but clearly was evident by 12 h after infection, indi-
cating that the NC-Venus-ICP27 protein underwent a head-
to-tail interaction (Fig. 6B). NC-Venus-ICP27 was predomi-
nantly nuclear even at 12 h after infection, whereas cytoplasmic
fluorescence can be seen at 6 and 8 h for N-YFP-ICP27 ex-

FIG. 2. Immunofluorescence analysis indicates that the ICP27-Venus fusion constructs are expressed and localized to the nucleus. RSF cells
were transfected with plasmid DNA from a wild-type ICP27-containing plasmid and from the ICP27-Venus fusion constructs indicated. Eighteen
hours after transfection, cells were infected with 27-LacZ at an MOI of 10 for 4 and 8 h as indicated. Wild-type ICP27 was stained with anti-ICP27
antibody P1119, as was ICP27-C-Venus and ICP27-N-Venus. N-Venus-ICP27, N-Venus/ICP27 (C483S, C488S)/C-Venus, and N-Venus/ICP27
(L8A, L11A, L15A)/C-Venus were stained with an anti-GFP antibody that recognizes an epitope also present in Venus. The P1119
anti-ICP27 antibody recognizes an epitope at the N terminus of ICP27 (23) that is masked by the N-Venus fusion protein. Venus yellow
fluorescence was visualized directly for N-Venus/ICP27/C-Venus.
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pressed by vN-YFP-ICP27 virus, as we reported previously
(17). The virus vN-YFP-ICP27 replicates like wild-type KOS,
as we showed previously (17). The delay in Venus fluorescence
suggested that the expression of NC-Venus-ICP27 is delayed.
Therefore, we monitored the expression of NC-Venus-ICP27
throughout infection by Western blot analysis (Fig. 6C). Wild-
type ICP27 was detectable at 4 h after KOS infection and
N-YFP-ICP27 was abundantly expressed at this time, but NC-
Venus-ICP27 was not detected (Fig, 6C). However, NC-Ve-
nus-ICP27 was seen at 8 and 12 h after infection, although
levels were lower than that for wild-type ICP27, indicating that
expression is delayed compared to that of wild-type ICP27.
The Western blot also demonstrated that NC-Venus-ICP27
protein migrated at around 95 kDa, which is similar in size to
N-YFP-ICP27 (Fig. 6C), and was the size expected for the
fusion of the N- and C-terminal halves of Venus to ICP27.

To determine viral protein expression during vNC-Venus-
ICP27 infection, Western blot analysis was performed on samples
isolated at 4, 8, and 12 h after infection (Fig. 6D). ICP4 levels
were about 5-fold lower during vNC-Venus-ICP27 infection than
during KOS and vN-YFP-ICP27 infection, whereas gC and gD
levels were barely detectable (Fig. 6D). Therefore, viral gene
expression during infection with vNC-Venus-ICP27 was severely
reduced.

RNAP II is not recruited to viral replication compartments
during infection with v-NC-Venus-ICP27. To determine where
the block to viral replication occurs, we looked at the recruit-
ment of RNAP II to viral transcription-replication sites, which

FIG. 3. ICP27-Venus fusion proteins are expressed to similar
levels in transfected cells. RSF cells were transfected with the
ICP27-Venus fusion constructs as indicated or with pSG130B/S,
which expresses wild-type ICP27. Twenty-four hours later, cells
were infected with 27-LacZ for 8 h, at which time samples were
harvested. Western blot analysis was performed with anti-ICP27,
anti-GFP, and anti-�-actin antibodies. The green arrow in the left
panel points to the NC-Venus-ICP27 fusion proteins, and the red
arrow points to wild-type ICP27. The positions of N-Venus/ICP27
and ICP27/C-Venus are indicated in the right panel. N-Venus/
ICP27 migrates more slowly than ICP27/C-Venus because of the
protein linker that was used in the construction of the N-Venus
fusion protein. The asterisk in the left panel denotes a band that is
likely a degradation product of the Venus-ICP27 fusion proteins
and which migrated slightly faster than actin.

FIG. 4. ICP27 intramolecular interaction is not competed for by wild-type ICP27. RSF cells were transfected with N-Venus/ICP27/C-Venus or
N-YFP/ICP27/C-YFP or were cotransfected with N-Venus-ICP27 and ICP27-C-Venus as indicated. Cells were infected 18 h later with HSV-1 KOS
or 27-LacZ at an MOI of 10 for 4 and 8 h as indicated. Venus fluorescence was visualized directly.
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FIG. 5. FRET by acceptor photobleaching demonstrates that ICP27 undergoes a head-to-tail intramolecular interaction but not an intermo-
lecular interaction. (A and B) RSF cells were transfected with N-CFP/ICP27/C-YFP DNA. Cells were infected 24 h after transfection with 27-LacZ
at an MOI of 10. Cells were fixed at 8 h after infection. (C) RSF cells were transfected with N-CFP/ICP27 and ICP27/C-YFP DNA. Cells were
infected 24 h after transfection with 27-LacZ at an MOI of 10. Cells were fixed at 8 h after infection. CFP-YFP FRET by acceptor photobleaching
was performed using an LSM 510 Meta confocal microscope as described by Karpova et al. (18) and detailed in Materials and Methods. The white
circles indicate the specific area within each cell that was bleached at 514 nm. FRET efficiency, which is plotted to the right of the fluorescent
images, was calculated as follows: FRET (%) � 1 � (donor before bleach � background before bleach)/(donor after bleach � background after
bleach) � 100.
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requires ICP27 and which is an early event during infection
(10, 32). ICP27 interacts with RNAP II through both its N and
C termini, and the recruitment of RNAP II to viral replication
sites is crucial for efficient viral transcription (10, 24). We also
monitored the formation of viral replication compartments by
staining for ICP4. Cells were infected with HSV-1 KOS, vN-
YFP-ICP27, and vNC-Venus-ICP27. At 8 h after infection,
cells were fixed and stained. ICP27 in KOS-infected cells was
stained with anti-ICP27 antibody, and YFP and Venus fluo-
rescence in vN-YFP-ICP27 and vNC-Venus-ICP27 infections

was visualized directly (Fig. 7). RNAP II was seen in globular
replication compartments in KOS- and vN-YFP-ICP27-in-
fected cells, but a more diffuse nuclear fluorescence was seen
for RNAP II in vNC-Venus-ICP27-infected cells (Fig. 7). This
pattern resembled that of the cell that did not show Venus
fluorescence in the nNC-Venus-ICP27 panels and that may
represent an uninfected cell (Fig. 7). Further, while ICP4-
containing viral replication compartments were seen in KOS-
and vN-YFP-ICP27-infected cells, smaller prereplication sites
were seen in vNC-Venus-ICP27-infected cells (Fig. 7). Thus,

FIG. 6. Recombinant virus v-NC-Venus-ICP27 is defective in viral replication. The v-NC-Venus-ICP27 virus was constructed by the marker
transfer of N-Venus/ICP27/C-Venus into 27-LacZ (40), replacing the 27-LacZ locus. (A) One-step growth curves were performed by infecting
Vero cells with KOS, 27-GFP, and vNC-Venus-ICP27 at an MOI of 1. The experiments were performed in triplicate, and viral titers at 4, 8, 16,
and 24 h were determined by plaque assays on Vero cells. (B) Vero cells were infected with v-NC-Venus-ICP27 and v-N-YFP-ICP27 at an MOI
of 10. Venus and YFP fluorescence were visualized directly on living cells at 4, 6, and 8 h after infection. (C) Vero cells were infected with KOS,
v-N-YFP-ICP27, and v-NC-Venus-ICP27 at an MOI of 10. Western blot analysis was performed on protein samples isolated at 4, 8, and 12 h after
infection. The blot was probed with anti-ICP27 and anti-GFP antibodies and with �-actin antibody as a loading control. The red arrows indicate
the position of wild-type ICP27. The green arrows indicate the position of N-YFP-ICP27 and N-Venus/ICP27/C-Venus. The asterisks denote
ICP27 protein degradation products in the N-YFP-ICP27 lanes. The position of molecular size markers is shown to the left of the gel. (D) Vero
cells infected with KOS, vN-YFP-ICP27, and v-NV-Venus-ICP27 at an MOI of 10 were harvested at 4, 8, and 12 h after infection, and Western
blot analysis was performed as described previously (42). The blots were probed with antibodies directed to ICP4, gC, gD, and �-actin as a loading
control.
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the recruitment of RNAP II and the formation of replication
compartments were curtailed in infections with vNC-Venus-
ICP27. Venus fluorescence was evident, indicating that BiFC
occurred. Because the renaturation of Venus occurs through
covalent interactions, molecules of ICP27 that are fluorescent
are locked into the head-to-tail configuration. This may pro-
hibit the interaction of ICP27 with RNAP II.

TAP/NXF1 overexpression causes export of NC-Venus-
ICP27 to the cytoplasm. ICP27 interacts with TAP/NXF1
through both the N and C termini, and ICP27 shuttles to the
cytoplasm through its interaction with TAP/NXF1 (5, 6, 17).
During infection with vNC-Venus-ICP27 virus, ICP27 was nu-
clear predominantly at 8 and 12 h after infection (Fig. 6 and 7),
at which times ICP27 is actively shuttling to the cytoplasm in
KOS- and vN-YFP-ICP27-infected cells (Fig. 7). This suggests
that NC-Venus-ICP27 is hindered in its interaction with TAP/
NXF1. To determine what effect the overexpression of TAP/

NXF1 might have on NC-Venus-ICP27 export, cells were
transfected with CFP-TAP, in which TAP/NXF1 is under the
control of the cytomegalovirus immediate-early promoter, and
subsequently were infected with KOS, vN-YFP-ICP27, or
vNC-Venus-ICP27 for 8 and 12 h. In KOS- and vN-YFP-
ICP27-infected cells, ICP27 and N-YFP-ICP27 were notable in
the cytoplasm at 8 and 12 h after infection both with and
without TAP/NXF1 overexpression (Fig. 8). In the absence of
TAP/NXF1 overexpression, NC-Venus-ICP27 remained nu-
clear at 8 and 12 h after infection; however, cytoplasmic fluo-
rescence was detectable at 8 h and was clearly visible at 12 h
after infection in cells transfected with CFP-TAP (Fig. 8). The
number of cells showing nuclear and cytoplasmic Venus fluo-
rescence in cells transfected with CFP-TAP was approximately
four times greater than that of cells with exclusively nuclear
Venus fluorescence, as determined by counting 15 fields of
cells. This indicates that NC-Venus-ICP27 is able to function-

FIG. 7. Replication compartment formation is hindered during infection with v-NC-Venus-ICP27. RSF cells were infected with KOS, vN-
YFP-ICP27, and v-NC-Venus-ICP27 at an MOI of 10 for 8 h, at which time cells were fixed. Immunofluorescent staining was performed with
anti-ICP27 antibody for KOS-infected cells, anti-RNAP II antibody ARNA3, and anti-ICP4 antibody. YFP and Venus fluorescence was visualized
directly. White rectangles indicate the region of the merged images that is shown in the zoomed images to the right. White arrows point to
replication compartments, and yellow arrows point to small prereplication sites.
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ally interact with TAP/NXF1, although much less efficiently
than wild-type ICP27. It is, in fact, possible that the interaction
with TAP/NXF1 occurred in a subset of NC-Venus-ICP27
molecules before BiFC occurred in this subset, which would
lock ICP27 in a head-to-tail configuration that might preclude
interaction with TAP/NXF1. BiFC could have occurred in this
subset of ICP27 molecules that were exported after they
reached the cytoplasm.

DISCUSSION

ICP27 is a multifunctional protein that undergoes a multi-
tude of interactions throughout the course of infection (36). A
number of these interactions involve both the N and C termini
of ICP27, while others require internal regions of the protein.
An important question is how the numerous interactions of
ICP27 are regulated. ICP27 undergoes two posttranslational
modifications, phosphorylation (47) and arginine methylation
(26). We have reported that arginine methylation affects
ICP27’s export and its interactions with two of its interacting
proteins, SRPK1 and Aly/REF (42, 43), but arginine methyl-
ation within the RGG box RNA binding domain does not
affect RNA binding by ICP27 (K. Corbin-Lickfett, S. K. Souki,
and R. M. Sandri-Goldin, unpublished results). ICP27 phos-
phorylation site mutants also were unable to interact with

several proteins (9, 34). Some cellular proteins have been
shown to fold into a head-to-tail conformation that can inhibit
interactions with ligands or other proteins (7, 11, 22, 27, 28, 28,
44, 46). For example, NHERF1/EBP50 folds in a head-to-tail
conformation that inhibits the interaction of its PDZ domains
with ligands (28). The scaffold protein PDZK1 undergoes a
head-to-tail intramolecular interaction that negatively regu-
lates its interaction with EBP50 (22), and the ATPase activity
of kinesin-1 motor protein is regulated by a direct interaction
of its head and tail (22). We postulated that ICP27 undergoes
a head-to-tail intramolecular interaction, which was demon-
strated to be the case here using BiFC and FRET by acceptor
photobleaching. The N-terminal leucine-rich region and the
C-terminal zinc finger region must be intact for this to occur.

In these studies, the renaturation of the Venus protein oc-
curs via covalent bonding, and therefore, ICP27 becomes
locked in the head-to-tail conformation. This apparently hin-
ders its interaction with RNAP II and TAP/NXF1, both of
which require the N and C termini of ICP27 for interaction. As
a consequence, vN-Venus-ICP27 virus replication is severely
defective. In wild-type KOS infection, ICP27 may exist in open
and closed states such that interaction with other proteins
occurs when the head and tail are in proximity but are in an
open state, whereas the closed state would preclude some
protein interactions. It also is possible that wild-type ICP27

FIG. 8. Overexpression of TAP/NXF1 results in the export of NC-Venus-ICP27 to the cytoplasm. RSF cells either were not transfected or were
transfected with CFP-TAP DNA as indicated. Twenty-four hours later, cells were infected with KOS, vN-YFP-ICP27, and v-NC-Venus-ICP27 at
an MOI of 10. Cells were fixed at 8 and 12 h after infection. KOS-infected cells were stained with anti-ICP27 antibody, and CFP, YFP, and Venus
fluorescence were visualized directly.
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mostly exists in a head-to-tail configuration during infection,
but in NC-Venus-ICP27 the presence of Venus may cause a
steric hindrance that prevents other proteins from accessing
ICP27. One surprising finding from these studies was that
ICP27 apparently cannot undergo intermolecular head-to-tail
interactions that would result in dimer formation. We previ-
ously reported that ICP27 can form dimers or multimers dur-
ing infection (48). However, in this report we found that in-
termolecular head-to-tail interaction did not occur in the BiFC
assays or using FRET by acceptor photobleaching. It still is
possible that the NC-Venus-ICP27 protein forms a dimer by
the head-to-tail interactions of two molecules of NC-Venus-
ICP27, as was shown for HSV-1 UL9 (4). We will be perform-
ing native gels to determine if this occurs. However, in the
competition experiment (Fig. 3), wild-type ICP27 expressed
during KOS infection did not interfere with BiFC of N-Venus/
ICP27/C-Venus, as would have been expected if wild-type
ICP27 could form head-to-tail dimers with N-Venus/ICP27/C-
Venus. It is possible that the Venus protein fragments fused to
ICP27 interfered with dimer formation by some sort of mask-
ing of ICP27 domains, but if that were the case, we would not
have observed BiFC or FRET, which we did. It also is possible
that the head-to-tail intramolecular interaction must be dis-
rupted for the formation of dimers or multimers that may form
as part of ICP27’s numerous functions. Again, locking the
molecule in the head-to-tail configuration by BiFC would pre-
vent that from occurring.

In sum, we demonstrated here that ICP27 can undergo a
head-to-tail intramolecular interaction, and this may regulate
its interactions with several proteins, as has been found for a
number of cellular proteins. We currently are investigating
how intramolecular association affects ICP27’s interactions
with the full range of its binding partners.
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