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The 775-amino-acid IE110 (or ICPO) phosphoprotein of herpes simplex virus (HSV) functions as an
accessory transcription factor during the lytic cycle and plays a critical role in reactivation from latent
infection. By immunofluorescence analysis, IE110 localizes in a novel pattern consisting of several dozen
spherical punctate granules in the nuclei of DNA-transfected cells. We constructed a hybrid version of IE110
that contained an epitope-tagged domain from the N terminus of the HSV IE175 protein and lacked the IE110
N-terminal domain that confers punctate characteristics. This hybrid IE175(N)/IE110(C) protein gave an
irregular nuclear diffuse pattern on its own but was redistributed very efficiently into spherical punctate
granules after cotransfection with the wild-type HSV-1 IE110 protein. Similar colocalization interactions
occurred with internally deleted forms of IE110 that lacked the zinc finger region or large segments from the
center of the protein, including both cytoplasmic and elongated punctate forms, but C-terminal truncated
versions of IE110 did not interact. In all such interactions, the punctate phenotype was dominant. Evidence
that C-terminal segments of IE110 could also form stable mixed-subunit oligomers in vitro was obtained by
coimmunoprecipitation of in vitro-translated IE110 polypeptides with different-size hemagglutinin epitope-
tagged forms of the protein. This occurred only when the two forms were cotranslated, not when they were
simply mixed together. An in vitro-synthesized IE110 C-terminal polypeptide also gave immunoprecipitable
homodimers and heterodimers when two different-size forms were cross-linked with glutaraldehyde and
reacted specifically with a bacterial glutathione S-transferase/IE110 C-terminal protein in far-Western blotting
experiments. The use of various N-terminal and C-terminal truncated forms of IE110 in the in vivo assays
revealed that the outer boundaries of the interaction domain mapped between codons 617 and 711, although
inclusion of adjacent codons on either side increased the efficiency severalfold in some assays. We conclude that
the C-terminal region of IE110 contains a high-affinity self-interaction domain that leads to stable dimer and
higher-order complex formation both in DNA-transfected cells and in in vitro assays. This segment of IE110
is highly conserved between HSV-1 and HSV-2 and appears to have the potential to play an important role in
the interaction with the IE175 protein, as well as in correct intracellular localization, but it is not present in
the equivalent proteins from varicella-zoster virus, pseudorabies virus, or equine abortion virus.

The IEl 10 (ICPO) protein of herpes simplex virus type 1
(HSV-1) is one of several nuclear phosphorylated proteins that
are synthesized during the first few hours after infection and
are thought to play an important role in transcriptional regu-
lation. Unlike IE175 (ICP4), the IE110 gene product is not
essential for lytic cycle productive infection when input virion
components are present (50, 51), but it does appear to be an
absolute requirement when infection is accomplished with
purified viral DNA (3). On the other hand, an intact IE110
gene appears to be both necessary to trigger reactivation from
the latent state in animal models and sufficient to trigger
reactivation in cell culture model systems (26, 32, 49, 56).
Therefore, the suspicion has grown that IE110 may have at
least two roles, first as an accessory regulatory protein for
efficient completion of lytic cycle gene expression (5, 8, 51),
and second as the initiator of an alternative pathway leading to
lytic cycle expression in the absence of VP16 during reactiva-
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tion from the quiescent latent state in sensory neurons (3, 26,
28, 32, 44, 49, 56).
IE110 is translated from a spliced 2.7-kb mRNA containing

three exons (45, 55) under the transcriptional control of a large
complex upstream enhancer region encompassing multiple
octamer/TAATGARAT-type Oct-1 binding sites and VP16
response elements (1, 45). The predicted protein coding region
includes several consensus casein kinase II sites at the N
terminus of exon 2 and a novel Cys-rich double zinc finger
domain in the center of exon 2, together with two 50- to
70-amino-acid Pro-rich domains and a Ser-Ala-rich repeat
region in exon 3 (45). The equivalent proteins in varicella-
zoster virus, pseudorabies virus, and equine abortion virus
share only the Cys-rich zinc finger cluster (30% homology over
75 amino acids), and the varicella-zoster virus version (gene
61) has been described as a transcriptional repressor in certain
cell types (39). However, the HSV-1 and HSV-2 IE110 pro-
teins possess much more extensive homology compared with
other members of the group, particularly in two contiguous
domains of 130 to 140 amino acids each, one in exon 2 (region
II) and the other at the C terminus of exon 3 (region V), which
are between 80 and 85% identical in the two HSV subtypes
(35).
The intact IE110 gene is expressed efficiently as an isolated
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genomic DNA clone in transient DNA transfection assays,
yielding a single known phosphorylated protein product with
apparent molecular mass of 110 kDa (despite a predicted
unmodified size of 85 kDa). This protein normally localizes in
a very unusual punctate pattern consisting of several dozen
phase-dense granules with smooth spherical profiles distrib-
uted throughout the nucleus in DNA-transfected cells (9, 11,
16, 22, 23, 38) and in a much smaller micropunctate pattern at
early times in infected cells (28a, 29). In other studies, we have
mapped this characteristic to within the N-terminal 245 amino
acids of the 775-amino-acid protein and found that even after
deletion of the nuclear localization signal at codons 501 to 506,
the IE110 protein retains this distinctive punctate distribution
within the cytoplasm (25, 38). In contrast, the HSV IE175
protein produces a uniform diffuse distribution pattern in the
nuclei of transfected cells. However, cotransfection of the
IE175 gene together with the IE110 gene into the same cells
leads to colocalization of some of the newly expressed IE175
protein product along with the IE110 protein in these punctate
granules (25, 38). The minimal IE175-IE110 interaction do-
mains that are responsible for this colocalization feature
appear to map to the within C-terminal one-third of each
protein (25, 37).

In transient cotransfection assays with chloramphenicol
acetyltransferase reporter genes, the IE110 protein behaves as
a nonspecific transactivator of heterologous promoters as well
as HSV target promoters (14, 16, 17, 21, 41-44, 47). In some
assays, IE110 and IE175 work synergistically to specifically
boost expression from viral target promoters (9, 14, 17, 22, 47).
The use of both deletion and insertion mutant forms of IE110
in such assays has revealed that the Cys-rich cluster in exon 2
is the most important domain in the protein for transactiva-
tion, although the C-terminal portion of exon 3 also plays a
significant role, especially for synergism with cotransfected
IE175 (8, 9, 16). In general, the results for reactivation
efficiency also parallel the transactivation findings with regard
to the critical role of the Cys-rich domain relative to other
segments of the protein (56).
Although IE110 binds to DNA-cellulose columns (18, 27),

no direct evidence for specific or nonspecific DNA binding
properties in solution has been obtained as yet (18), and
the mechanisms of transactivation and promoter target-
ing are unknown. Several recent reports have suggested
that IE110 may dimerize or oligomerize, based on bio-
chemical properties of the purified intact IE110 protein
and dominant negative competitor effects of certain deletion
mutants in functional assays (7, 18, 54). In this report,
we describe evidence for subunit homodimerization interac-
tions from colocalization in DNA-transfected cells. We have
also used cross-linking, immunoprecipitation, and far-Western
blotting studies with in vitro-translated polypeptides and
Escherichia coli glutathione S-transferase (GST) fusion pro-
teins to map a specific dimerization domain within the C-
terminal segment of the HSV-1 IE110 protein. Wild-type and
mutant forms of the HSV IE110 transactivator protein have
been produced previously in adenovirus (58), baculovirus (18),
and vaccinia virus (57) expression systems, as well as in
transient transfection assays, but to our knowledge, neither E.
coli nor in vitro transcription systems have been exploited
previously to begin to study the biochemical properties of this
protein.
(Some of these studies were included as part of the Ph.D.

thesis of M.-A. Harrigan-Mullen [25].)

MATERIALS AND METHODS

IE110 expression vectors. The parent wild-type IE110 mam-
malian expression vectors used in DNA transfection experi-
ments utilized either the cognate HSV-1(KOS) IE110 up-
stream promoter region (1) from position - 800 to + 123
(pGH92) or the simian cytomegalovirus (SCMV) (Colburn)
IE94 upstream promoter/enhancer region from -990 to +30
(pGH94). In each case, the appropriate promoter region was
placed directly in front of an HSV-1(KOS) DNA fragment
derived from pIGA15 that contained the fully intact and
functionally active genomic IE110 coding sequence, together
with its leader, introns, and 3' control elements from position
+120 to approximately +5000 (21, 41, 48). The internally
deleted cytoplasmic IE110(A365-518) in pMM63 was gener-
ated from pGH94 by insertion of a BclI-BglII-MluI linker
followed by cleavage at the BglII site, filling in with Klenow
DNA polymerase, and religation to create an in-frame junc-
tion. The other IE110 deletion and truncation mutants used,
viz., IE110(A105-244) encoded by pMM68, IE110(A105-177)
encoded by pMM72, IE110(A311-364) encoded by pGH215,
IE110(A365-518) encoded by pMM63, IE110(A398-461) en-
coded by pMM1, IE110(tm365) encoded by pMM65,
IE110(tmS18) encoded by pMM74, IE110(tm7ll) encoded by
pMM73, and IE110(tm767) encoded by pMM82, are all de-
scribed in detail elsewhere (25, 38).
The IE175/IE110 hybrid gene construction. The in-frame

joining of a 383-amino-acid N-terminal segment of IE175 to a
463-amino-acid C-terminal region from IE110 was accom-
plished by first inserting 12-mer BglII linkers both into the StuI
site at IE175 codon 383 in the SCMV/IE175 effector plasmid
pGH114 (48) to create plasmid pMM12 and into the NruI site
at IE110 codon 312 in the SCMV/IE110 effector plasmid
pGH94 to create pMM48. The isolated 5.5-kb EcoRI-BglII
fragment from pMM12 and 2.3-kb EcoRI-BglII fragment from
pMM48 were then ligated together to form pGH216, encoding
the hybrid SCMV IE175(1-383)/IE110(313-775) protein.

In vitro transcription vectors for IE110 proteins. For syn-
thesis of C-terminal segments of the HSV-1 IE110 protein by
in vitro transcription-translation procedures, two principal
versions of the IE110 coding region were ligated in frame
behind the high-expression leader and initiator codon region
from black beetle virus (BBV) described by Lieberman et al.
(33) and Dasmahapatra (12). First, a set of BglII linker
versions of the BBV leader region in all three reading frames
in the pGEM background was constructed (pGH253, pGH254,
and pGH255). Second, BglII linkers were also inserted into the
MluI (pMM56) and SnaBI (pMM43) sites of pGH94. Finally,
isolated 1.9- or 3.0-kb BglII-EcoRI fragments from pMM56 or
pMM43 were inserted into the appropriate in-frame BglII sites
in the BBV vector background to create BBV/IE110(518-775)
in plasmid pGH326, which we refer to as IE110(3C), and
BBV/IE1 10(245-775) in plasmid pGH327, which we refer to as
IEi 10(exon3).
To generate a series of C-terminal truncations of the un-

tagged IE110(exon3) and IE110(3C) proteins, the appropriate
plasmids were linearized with various different enzymes before
being transcribed by T7 polymerase (see legends to Fig. 5 and
6). Cleavage of pGH327 with NotI, MluI, AatII, BstEII, and
Sall generated IE110(exon3) truncations tm392, tm517, tmS52,
tm7l 1, and tm767, respectively. Cleavage of pGH326 with SfiI,
XcmI, BstEII, PmlI, and Sall generated IEl 10(3C) truncations
tm615, tm669, tm7l1, tm714, and tm767, respectively.
Four N-terminally deleted versions of the untagged

IE110(3C) protein were also constructed. First, a BglII linker
was added to the T4 polymerase-blunted AatII site in pGH92
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to create pMM77a, and then an isolated 1.8-kb BglII-to-EcoRI
fragment from pMM77 was inserted in frame into pGH253.
The resulting plasmid pGH449 encodes BBV/IE110(555-775).
Second, a 14-mer BglII linker was added to a 1.4-kb Sfil
fragment from pGH326 after blunting with T4 polymerase, and
the 1.4-kb BglII-BglII fragment was inserted in frame into
pGH253 to produce BBV/IE110(617-775) in pGH450. Third,
a 14-bp BglII linker was added at the T4 polymerase-blunted
XcmI site in pGH326, and an 800-bp BglII-BglII fragment was
inserted in-frame into pGH253 at the BglII site, creating
pGH454 encoding BBV/IE110(671-775). Finally, a 10-bp BglII
linker was inserted into pGH326 at the E. coli Klenow poly-
merase-filled-in BsiWI site, and an isolated 1.2-kb BglII-EcoRI
fragment was then ligated in frame into pGH253 to create
pGH463 encoding BBV/IE110(680-775).
HA epitope-tagged IE110 proteins. To add the influenza

virus hemagglutinin (HA) epitope tag at the N terminus, a
36-mer oligonucleotide pair, LGH519/520, encoding amino
acids YPYDVPDYA (19) bounded by BamHI and BglII sites
was inserted in frame as single or tandem repeat copies into
BBV expression vectors. Insertion at the 5' BamHI sites in
pGH326 and pGH327 generated pGH428 expressing an HA/
IE110(3C) polypeptide, pGH429 for HAIIE11O(exon3),
pGH439 for HA2/IE110(3C), and pGH440 for both HA2!
IE110(exon3) and HA2/IE110(3N).
For addition of the HA epitope at the C terminus, 14-mer

BglII linkers were first inserted at the SalI sites of pGH326 and
pGH327 (after blunt ending by the Klenow fill-in reaction) to
generate pGH400 and pGH403. Single copies of the HA
oligonucleotides were then added in frame at the modified SalI
sites (codon 768) to generate pGH423 expressing IE110(3C)/
HA and pGH424 encoding IE110(exon3)/HA. For an expres-
sion vector version expressing IEl1O(1-767/HA2), we first
replaced a BsiWI-to-EcoRI fragment in pGH92 with the
equivalent BsiWI-to-EcoRI fragment from pGH423 to give
pGH498. Finally, a second 3' HA tag oligonucleotide pair was
inserted in frame at the BglII site adjacent to the first HA copy
in pGH498 to create pGH521.
GST/IE11O fusion proteins produced in E. coli. Three dif-

ferent segments of HSV-1 IE110 were placed in frame behind
the 26-kDa GST coding region in pGEX-3X plasmid vectors
(Pharmacia). Initially, pGEX-3X containing a factor X cleav-
age site was converted to a set of derivatives containing BglII
restriction sites added in all three reading frames at the SmaI
site (pGH416, pGH417, and pGH418). IE110 codons 23 to 245
were amplified by PCR from pGH92 template DNA, using 5'
and 3' primers containing added BamHI-BglII-AatII and
BamHI-BglII-SnaBI linker sites, and then inserted as a 700-bp
BglII-BglII fragment into the BglII site in pGH417 to generate
plasmid pGH426 encoding GST/IE1 10(exon 2). After addition
of a 12-mer EcoRI linker at the filled-in AatII site in pGH327,
an N-terminal exon 3 segment containing IE110 codons 245 to
553 was moved as a 925-bp BglII-AatII fragment into pGH418
to create plasmid pGH452 encoding GST/IE110(3N). The
C-terminal segment of HSV-1 IE110 containing codons 518 to
775 was moved directly as a 1.9-kb BglII-EcoRI fragment from
pGH326 into pGH417 to give plasmid pGH438 encoding
GST/IE110(3C). These three fusion proteins were synthesized
after isopropylthiogalactopyranoside (IPTG) induction of E.
coli DH1 host cells and were expected to have molecular
masses of 52, 63, and 56 kDa, respectively. However, the major
soluble polypeptides recovered from the lysed cells after
GST-Sepharose affinity purification ran in sodium dodecyl
sulfate (SDS)-polyacrylamide gels as 64 kDa for GST/
IE11O(exon 2) and 57 kDa for GST/IE110(3C), whereas

GST/IE110(3N) yielded a series of degraded fragments rang-
ing in size from 25 to 35 kDa.

Similar pGEX-based plasmids harboring N-terminal
(codons 1 to 163) and C-terminal (codons 168 to 339) segments
of human TATAA-binding protein (TBP) as GST/TBP(N) and
GST/TBP(C) were obtained from John Sinclair (University of
Cambridge Clinical Center, Addenbrooke's Hospital, Cam-
bridge, England) and were described previously by Hagemeier
et al. (24).

Antisera. Ascites fluid containing anti-HA mouse monoclo-
nal antibody (MAb) 12CA5 was obtained from Berkeley
Antibody Co. and used undiluted for immunoprecipitation and
at 1/150 dilution for indirect immunofluorescence assay (IFA).
Rabbit polyclonal antipeptide antiserum (PAb) directed
against the HSV-1 IE110 C-terminal amino acids 762-SGEQ
GASTRDEGKQ-775 was generated by procedures described
by Pizzorno et al. (46) after addition of Tyr at the N end and
Ser-Cys at the C end of the peptide and conjugation to keyhole
limpet hemocyanin. Confirmation of the specificity of this
antibody for the C terminus of IE110 was obtained by transient
transfection and IFA with a panel of deleted expression
plasmids encoding variants of IE110 (see Fig. 2). Two similar
rabbit antipeptide PAbs directed against the N termini of
HSV-1 IE110 and HSV-1 IE175 and mapping of the location
of the epitope for the 58S mouse MAb against IE175 are
described elsewhere (25, 38). All PAbs were used undiluted for
immunoprecipitation and diluted 1:350-fold for IFA.

Transient DNA transfection and IFA. Short-term DNA
transfection of CsCl-purified plasmid DNA by the calcium
phosphate-plus-glycerol shock procedure in N-2-hydroxyeth-
ylpiperazine-N'-2-ethanesulfonic acid (HEPES) buffer was
carried out in Vero (African green monkey kidney fibroblasts)
or 293 (human embryonic kidney fibroblasts transformed with
adenovirus ElA and E1B) monolayers in two-well or four-well
slide chambers as described by Middleton et al. (36) and
LaFemina et al. (31). The cells were fixed with absolute
methanol at - 20°C at 40 h after DNA transfection and
incubated with monoclonal or polyclonal antisera at 1:350-fold
dilution followed by fluorescein isothiocyanate (FITC)-labeled
goat anti-mouse or anti-rabbit immunoglobulin G (IgG) anti-
body at 1:100-fold dilution. For the double-label experiments
shown in Fig. 1A, the slides were incubated in succession with
rabbit anti-IE110(N) PAb and FITC-labeled goat anti-rabbit
IgG and then either with mouse anti-HA MAb and goat
anti-mouse IgG or with rabbit anti-IE175(N) PAb and rho-
damine-labeled goat anti-rabbit IgG, with thorough washing
steps between each antibody sample. Slides were screened and
photographed with a 40 x oil immersion objective on a Leitz
epifluorescence microscope using Kodak T-MAX ASA 3200
film. In general, positive IFA results with the wild-type IEl 10
effector plasmid (pGH92 or pGH94) were obtained in between
3 to 10% of the transfected Vero cells in each culture and in 20
to 30% of transfected 293 cells.

In vitro transcription and translation. RNA samples were
synthesized and capped in vitro from linearized plasmid DNA
with T7 polymerase, using the Stratagene mCAP kit and
protocols. For DNA linearized with 3'-overhanging cleavage
sites, the ends were first repaired with T4 DNA polymerase.
Approximately 1-jig samples of each RNA were then used for
in vitro translation in rabbit reticulocyte lysates, using the
Promega kit, reagents, and protocols, including 1 mCi of
[35S]methionine (1,000 Ci/mol) per ml.

Immunoprecipitation and cross-linking. Immunoprecipita-
tion of HA-tagged proteins was done as recommended by
Kolodziej and Young (30). Ten-microliter samples of in vitro-
translated lysate proteins were diluted 40-fold into 20 mM
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FIG. 1. Alteration of the intracellular localization pattern of a nonpunctate IE175(N)/IE110(C) hybrid protein in cells coexpressing various
forms of the punctate IE110 protein. Plasmids encoding the IE175(1-383)/IE110(312-775) hybrid gene (in pGH216) either alone or in
combination with plasmids encoding the wild-type IE110 gene or deletions were transfected into monolayer Vero or 293 cell cultures in a transient
expression system. In most panels, the IE175/IE110 hybrid protein was detected by IFA with rabbit antipeptide PAb against the N terminus of
IE175 and an FITC-labeled second antibody. (A) Vero cells. a and b, examples of the nuclear diffuse-plus-irregular clumps pattern obtained with
the IE175-tagged IE110(C) hybrid protein alone in Vero cells. c and d, representative nuclear punctate patterns obtained with the hybrid protein
(pGH216) after cotransfection with wild-type IEl 10 (pGH92). e and f, double-label IFA showing colocalization of the IE175/IE1 10 hybrid protein
with a wild-type nuclear punctate form of IE110 containing a C-terminal HA tag. In panel e, the IE175/IE11O hybrid protein coexpressed in one
of the cells was detected with rabbit anti-IE175 PAb and rhodamine-labeled goat anti-rabbit IgG. In panel f, the IE110(1-767/HA2) protein
encoded by pGH521 was detected within two cells in the same field by using mouse anti-HA MAb and FITC-labeled goat anti-mouse IgG. g and
h, double-label IFA showing colocalization of the IE175/IE110 hybrid protein when cotransfected with the cytoplasmic punctate IEI 10(A365-518)
protein encoded by pMM63. In panel g, the IE175/IE11O hybrid protein was detected within two coexpressing cells by using rabbit anti-IE175(N)
PAb and rhodamine-labeled goat anti-rabbit IgG. In panel h, the IE110(A363-518) deletion protein was detected within three cells in the same
field by using rabbit anti-IE110(N) PAb and FITC-labeled goat anti-rabbit IgG. Note that oneof the cells shown within each double-labeled pair
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in panels e to h expressed IEI 10 only, which confirmed the absence of any cross-reactivitybetween the IE175(N) antibodies and the IE1 10 protein.
(B) 293 cells. All panels except g to i show single-label detection of the IE175-tagged IE110(C) hybrid protein with rabbit IE175(N) PAb and
FITC-labeled second antibody. a and b, typical examples of the uniform mixed nuclear-plus-cytoplasmic diffuse pattern obtained with the hybrid
protein encoded by pGH216 when transfected alone. c and d, nuclear punctate patterns obtained with the hybrid protein after cotransfection with
wild-type IEl 10 (pGH92). e and f, cytoplasmic punctate localization patterns of the hybrid protein after cotransfection with IE110(A365-518)
encoded by plasmid pMM63. g to 1, nuclear elongated punctate patterns of the hybrid protein obtained after cotransfection with a zinc
finger-deleted form of IE110. g to i, control patterns of IE110(A105-244) from pMM68 alone detected with FITC-labeled anti-IE110(N) PAb. j
to 1, IE175(N)/IE1 10(C) hybrid protein from pGH216 cotransfected with IE110(A105-244) from pMM68 and detected with FITC anti-IE175(N) PAb.

HEPES buffer (pH 7.9) containing 10 mM EDTA, 10 mM
dithiothreitol, 400 mM (NH4)2SO4, 1% Triton, 0.1% SDS, and
10% glycerol, with phenylmethylsulfonyl fluoride or other
protease inhibitors. The samples were then incubated with 1 ,ul

of undiluted antibody for 1 h at 4°C and centrifuged at 14,000
x g for 15 min at 4°C. The supernatant was added to protein
A-Sepharose beads (50 p.l at 50 mg/ml; Pharmacia) and rocked
gently at 4°C for another 30 min. The beads were washed and
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pelleted three times in the same buffer, except for a final
reduction to 50 mM (NH4)2SO4, followed by boiling in gel
loading buffer for storage or analysis by electrophoresis on
SDS-9% polyacrylamide gels. For cross-linking, 10 ,l of the in
vitro-translated lysate was first diluted with 80 [lI of 10 mM
potassium phosphate buffer (pH 8.0), then mixed with 10 ,ul of
0.1% freshly diluted glutaraldehyde, and incubated for 1 h at
23°C (6, 40). In all immunoprecipitation experiments, the
control untreated samples shown represent 10% of the amount
originally incubated with antiserum. Quantitation of immuno-
precipitated bands involved analysis of the autoradiographs
with a Howtek-3 scanner and Millipore Biolmage software.

Far-Western blotting. The procedure used was adapted
from Lieberman and Berk (34). Unlabeled SDS-polyacryl-
amide gel-fractionated proteins (approximately 5 ,ug of each
GST fusion protein per lane) were transferred to a nitrocellu-
lose membrane sheet (6 by 6 in. [15 by 15 cm]) by electroblot-
ting in Tris-glycine buffer with 20% methanol at 30 V overnight
in a Bio-Rad Trans-Blot apparatus (53). Proteins on the
membrane were denatured by shaking at 23°C in 100 ml of
renaturation buffer (20 mM HEPES [pH 7.9], 10% glycerol, 60
mM KCl, 6 mM MgCl2, 0.6 mM EDTA, 10 mM dithiothreitol)
containing 6 M guanidine HCl for 30 min. To renature the
proteins, the membrane was incubated first in renaturation
buffer containing 100 mM guanidine HCl and 0.02% polyvi-
nylpyrrolidone-0.02% Ficoll (PVP-F) for 2 h and then in
buffer containing 100 mM guanidine HCl, 0.3% Tween 20, and
0.02% PVP-F for 2 h. Blocking was carried out in renaturation
buffer containing 0.3% Tween 20 and 50 mg of bovine serum
albumin (BSA) per ml for 1 h. Finally, the membrane was
incubated in renaturation buffer containing 0.3% Tween 20,
0.02% PVP-F, 0.02% BSA, plus 50 ,lI (10,000 cpm) of
[35S]Met-labeled in vitro-translated protein probe at room
temperature for 16 h. Washing was accomplished by two
10-min shaking steps in 20 mM HEPES (pH 7.9)-100 mM
KCl-6 mM MgCl2-0.2 mM EDTA-10 mM dithiothreitol.

RESULTS

Influence of IE110 on the intracellular distribution of a
cotransfected IE1101IE175 hybrid protein. We have described
elsewhere the use of panels of hybrid IE110/IE175 and IE175/
IE110 proteins and specific MAbs and antipeptide PAbs for
analysis and mapping of the nuclear localization and punctate
characteristics in transient expression assays (38). One type of
hybrid gene, in which the IE110 N-terminal domain encoding
the punctate characteristics was replaced with the N terminus
of IE175 as the equivalent of an epitope tag, proved useful
here for examining IE110 self-interactions by IFA. Plasmid
pGH216 encoding the hybrid protein IE175(1-353)/IE110
(313-775) (Fig. 2A) gave an IFA pattern on its own in Vero
cells consisting predominantly of uniform diffuse products plus
large irregular patches in the nucleus (Fig. 1A, panels a and b).
In addition, 20 to 25% of the positive cells harbored large
cytoplasmic aggregates as well (not shown). The pattern was
exactly the same whether the protein product of pGH216 was
detected with the IE175(N) PAb directed against the N
terminus of IE175 or with the IE110(C) PAb directed against
the extreme C terminus of IE110, indicating that the expected
full-length hybrid protein was synthesized from this construc-
tion (Fig. 2A).

Surprisingly, when the pGH216 IE175(N)/IE110(C) expres-
sion plasmid was cotransfected into Vero cells together with an
intact wild-type IEl 10 expression plasmid (either pGH92 or
pGH94), the hybrid polypeptide product detected with the
IE175(N) PAb was now redistributed predominantly as crisply

defined nuclear punctate granules (Fig. IA, panels c and d) of
the type typically formed by the wild-type IE1 0 protein alone
(11, 38). Most of the immunofluorescence associated with the
hybrid protein colocalized precisely with the phase-dense
IE110-associated nuclear granules observed in the same cells
by phase-contrast microscopy (not shown). The efficiency of
expression of the hybrid protein from plasmid pGH216 on its
own was considerably lower than that from either of the parent
wild-type IE175 or IE110 effector plasmid (pGH114 and
pGH92), but the number of IFA-positive cells was boosted 5-
to 10-fold in the presence of the cotransfected wild-type IE110
transactivator protein.
We also carried out similar cotransfection experiments in

human 293 cells. In this case, the hybrid protein on its own
gave a more typical mixed nuclear plus cytoplasmic diffuse
pattern without the patchy aggregates (Fig. 1B, panels a and
b). Nevertheless, again virtually every cotransfected 293 cell
that was positive for the IE175 epitope in the IE175(N)/
IEl10(C) hybrid protein expressed it in a nuclear punctate
pattern when cotransfected with the wild-type IEl 10 gene (Fig.
1B, panels c and d). Note that the IE175(N)-terminal PAb
used here does not cross-react at all with wild-type IE110 or
cellular proteins in IFA experiments (38) (Table 1). Further-
more, cotransfection with IE110 has no effect on the diffuse
nuclear distribution of a control human cytomegalovirus IEl
protein expressed similarly from a plasmid DNA vector in
Vero cells (38). Therefore, the phenomenon does not involve
nonspecific trapping.
To carry out the cotransfection as a double-label experi-

ment, we first needed to construct an expression vector encod-
ing a form of TEl 10 that could be unambiguously distinguished
from the hybrid protein. Therefore, we added two copies of a
synthetic oligonucleotide pair encoding an influenza virus HA
epitope at the SalT site near the C terminus of wild-type IE110
in the pGH92 background. This IE11O(1-767/HA2) protein
was found to localize in typical nuclear punctate granules when
detected with a mouse anti-HA MAb (19) followed by FITC-
labeled anti-mouse IgG (Fig. 1A, panel f). Furthermore after
cotransfection, the redistributed pattern for the hybrid protein
detected with anti-IE175(N) PAb and rhodamine-labeled anti-
rabbit IgG exactly coincided within the pattern of punctate
granules containing the wild-type HA-tagged IE110 in those
cells that expressed both proteins (Fig. IA, panel e).
We wish to emphasize that addition of the N-terminal

segment of IE175 to the C-terminal two-thirds of IE110 in the
hybrid protein simply provided both an IE175(N) epitope tag
and a way to express a form of IE110 that lacked the punctate
feature, which is encoded by IE110 N-terminal amino acids
between positions 1 and 245 (38). Nonfusion versions of IE175
containing this segment of IE175, such as IE175(1-353) or
IE175(1-823), gave uniform diffuse cytoplasmic or nuclear
IFA patterns on their own (38) and showed no interaction at
all when cotransfected with IE110 in these types of experi-
ments (25, 37). Although we have shown elsewhere that the
intact IE175 protein also colocalizes with IE110 in punctate
granules in cotransfection experiments (38), the IE175-IE1 10
interaction function is far less efficient and has been mapped
toward the C terminus of IE175 (25, 37), which was not present
in the hybrid gene construction used here. Furthermore, that
interaction can be detected only in Vero cells and not in 293
cells (37), in distinct contrast to the IE110 self-interaction
demonstrated here.

Colocalization of the hybrid protein with a cytoplasmic
punctate form of IE110. In a second set of experiments of this
type, the hybrid IE175(1-353)/IE110(313-775) gene in
pGH216 was cotransfected with a deleted form of the IE110
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FIG. 2. Summary of the structures, epitope mapping, and intracellular localization of the IE175(N)/IE110(C) hybrid protein and of deletion
and truncation variants of IE110. (A) Diagram illustrating the derivation of the hybrid IE175/IE110 test protein encoded in plasmid pGH216
relative to characteristic features of the parent wild-type HSV-1 IE175(ICP4) and spliced IE110(ICPO) mRNAs and proteins encoded by effector
plasmids pGH114 and pGH92 (or pGH94), respectively. (B) Diagram comparing the structures of the series of truncated and deleted variants of
IEI 10 used here. All are encoded in either the pGH92 (wild type) or pGH94 (SCMV/enhancer) expression vector background. In both diagrams,
IE175 coding sequences are shown as a solid bar and arrowhead and IE110 coding sequences are shown as an open bar and arrowhead. Hatched
bars denote the DNA-binding domain in IE175, the novel Cys-rich zinc finger cluster in IE110, and the highly conserved C-terminal domain V of
HSV IE110. The known nuclear localization signals are shown as solid vertical bars. The mapped locations of the three N- and C-terminal rabbit
PAb epitopes and the 58S anti-IE175 mouse MAb epitope that react with the antibodies used here (25, 38) are indicated by the open circles and
a solid circle, respectively. Domain boundaries are defined by the HSV-1 codon numbers. The predominant intracellular distribution pattern of
each polypeptide as detected by IFA with the IE110(N), IE110(C), or IE175(N) rabbit PAb is listed as an appropriate combination of nuclear (N),
cytoplasmic (C), diffuse (D), punctate (P), micropunctate (MP), irregular punctate (IP), elongated punctate (EP), or irregular diffuse clumps (ID).

protein referred to as IE110(A364-518), which lacks the
nuclear localization signal motif at codons 501 to 506 (25, 38)
(Fig. 2B) and localizes predominantly in the cytoplasm (Fig.
IA, panel g). This time, the IE175 marker antibody again
revealed a redistribution of the hybrid protein into a predom-
inantly punctate pattern, except that it was now localized
almost exclusively in the cytoplasm in both Vero cells (Fig. 1A,
panel g) and 293 cells (Fig. 1B, panels e and f). In some control
experiments, especially in 293 cells, the large overexpressed
IE110(A364-518) cytoplasmic punctate granules could be de-
tected as a dull cross-reacting autofluorescence under FITC
conditions, even when the cells were stained with IE175 rabbit
PAb or other nonrelevant antibodies, but this effect could be
readily distinguished from the bright specific immunofluores-
cence obtained in those cells that also expressed the hybrid
protein. This type of complication did not occur with any of the

nuclear forms of IE110. However, when rhodamine-conju-
gated IE175 antibody was used in a double-label IFA experi-
ment in Vero cells, the signals could be clearly distinguished
(Fig. 1A, panels g and h). Importantly, this result showed not
only that the IE175(N)/IE110(C) hybrid protein redistributed
predominantly into cytoplasmic IE110-like punctate granules
after cotransfection but also that these punctate granules were
the same ones that contained the FITC-labeled IE110 protein
(Fig. 1A, panel h).
Mapping of a domain within IEllO that is required for

colocalization. The cotransfection analysis was also extended
in both Vero and 293 cells to a series of eight additional
deletion and truncation variants of IE110 (Fig. 2B), which
produce several different and characteristic types of nuclear
punctate or micropunctate products (38). As summarized in
Table 1, the hybrid protein detected with the IE175(N) PAb
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TABLE 1. Changes in the intracellular localization of the hybrid IE175/IEI 1O protein when cotransfected with
deleted variants of the IE110 protein

Immunofluorescence pattern' Interactionb

Gene(s) involved Plasmid(s) used Anti-IE110(N) Anti-IE175(N)
Vero 293

Vero 293 Vero 293

IE175/IE11O pGH216 NIDC NCD
IEl10 wild type pGH92 NP NP

pGH92 + pGH216 NP NP NP NP +++ +++
IE110(A105-177) pMM72 NP NIP

pMM72 + pGH216 NP NIP NP NIP +++ +++
IEl 1O(A105-244) pMM68 NP NEP

pMM68 + pGH216 NP NEP NP NEP +++ +++
IE110(A311-364) pGH215 NP

pGH215 + pGH216 NP NP +++
IE110(A398-461) pMMl NP

pMM1 + pGH216 NP NP +++
IEI 10(A364-518) pMM63 CP CP

pMM63 + pGH216 CP CP CP CP +++ +++
IE11O(tm767) pMM82 NP

pMM82 + pGH216 NP NP +++
IEllO(tm711) pMM73 NMP NMP

pMM73 + pGH216 NMP (ND)d NMP NIDC (ND)d NCD (NMP)d +/
IE11O(tm518) pMM74 NDP ND

pMM74 + pGH216 NDP ND NIDC NCD -e
IE11O(tm365) pMM65 NCDP

pMM65 + pGH216 NCDP NIDC

NP, nuclear punctate; CP, cytoplasmic punctate; ND, nuclear diffuse; NID, nuclear diffuse with irregular large aggregates; NCD, nuclear and cytoplasmic diffuse;
NIP, nuclear irregular punctate; NEP, nuclear elongated punctate; NMP, nuclear micropunctate; NDP, nuclear uniform diffuse with some micropunctate; NCDP,
nuclear and cytoplasmic diffuse with punctate; -, not detectable.

b + + +, 70 to 100% positive cells; + +, 40 to 70%; +, 10 to 35%; +/-, approximately 2 to 10%;-, less than 2%. In each case, at least 50 positive cells were scored.
c Includes cytoplasmic forms in 20 to 30% of the cells also.
d Only 5 to 10% of the positive cells showed the distribution pattern given in parentheses.
Forms could not be distinguished sufficiently.

produced efficient colocalization interactions with IE110
(/A105-177), IE110(/A105-244), IE110(A311-364), IE110
(A398-461), and IE11O(tm767). Again the redistribution was
very dramatic (especially in 293 cells), with virtually all of the
hybrid protein being detected in a punctate pattern of the same
characteristic subtype as that shown by the particular cotrans-
fected IE110 variant used.

Representative IFA patterns obtained after cotransfection
with IE110(A105-244), which frequently gives an elongated
punctate pattern in 293 cells on its own, are shown to illustrate
this effect (Fig. 1B, panels g to 1). In contrast, no obvious
colocalization was observed with either the IE11O(tm365) or
IE110(tm518) species, both of which lack large sections from
the C terminus of IE110 (Fig. 2B). Cotransfection with
IE11O(tm711), which displays a nuclear micropunctate pattern
on its own, was considered inconclusive because only 5 to 10%
of the cells produced a redistributed pattern with the hybrid
protein (Table 1). When the IE11O(N) PAb was used for IFA,
there was little indication of a redistribution of any of the
IE110 protein variants to colocalize with the hybrid protein,
except perhaps with IE11O(tm711).
These results confirmed not only that the IE110 protein was

responsible for the change in location of the hybrid IE175(N)/
IE11O(C) protein but also that it was also able to drag the
hybrid protein into whatever cellular compartment or subtype
of punctate structure that the nonfusion version of IE110
occupied. Therefore, the IE110 protein appears to display a
very strong self-association feature in DNA-transfected cells,
and this property requires a segment of the protein encom-
passing an amino acid domain mapping between codons 518
and 767. Furthermore, both nuclear and cytoplasmic versions

of wild-type IE110 displaying the punctate characteristics were
always dominant over the nonpunctate hybrid IE175(N)/
IE11O(C) protein in the presumed hetero-oligomeric com-
plexes.

Detection of heterodimer formation by immunoprecipita-
tion of in vitro-translated proteins. The IFA results described
above for cotransfected cells implied that two different forms
of the IE110 protein could colocalize within the intracellular
environment, presumably because of an ability to interact with
one another by either direct or indirect means. To examine
whether the existence of a direct high-affinity oligomerization
motif within IE110 could be confirmed in vitro, we prepared
three different-size forms of 35S-labeled IE110 exon 3 in an
appropriate plasmid vector for synthesis of [35S]Met-labeled
proteins by in vitro transcription and translation procedures
(Fig. 3B). The largest forms, containing codons 245 to 775,
gave 68-kDa polypeptides referred to as IE11O(exon3) and the
smallest forms, containing codons 518 to 775, gave 36-kDa
polypeptides referred to as IE110(3C). A third 40-kDa form
referred to as IE110(3N) was prepared by linearization of an
intact exon 3 template at the MluI site (codon 518). To be able
to immunoprecipitate these proteins, the influenza virus HA
epitope was inserted in frame into some of these vectors, and
we also prepared a new rabbit antipeptide PAb against codons
762 to 775 at the C terminus of IE110. The in vitro-translated
35S-labeled versions of these IE110 polypeptides with either
one or two copies of the HA epitope at the N terminus or at
position 767 near the C terminus gave slightly different and
reduced mobilities relative to the parent untagged forms in
SDS-polyacrylamide gel electrophoresis. The identity of each
species was confirmed by its ability to be immunoprecipitated
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FIG. 3. Coimmunoprecipitation of tagged and untagged forms of
IE10. (A) [35S]Met-labeled IEIIO proteins were synthesized in re-

ticulocyte extracts from in vitro-transcribed RNA and analyzed by
SDS-polyacrylamide gel electrophoresis with or without immunopre-
cipitation (IMM PREC). All template plasmid DNA samples were

linearized with EcoRI or MluI before incubation with T7 RNA
polymerase. Lanes: M, 4C-labeled marker proteins; 1, 6, and 11,
68-kDa untagged IEI10(exon3) from pGH327 (4); 2, 7, and 12,
36-kDa HA2/IE1IO(3C) from pGH439 (<); 3, 8, and 13, 40-kDa
HA2/IEI 10(3N) from pGH440 linearized with MluI (<); 4, 9, and 14,
cotranslation of untagged IE11O(exon3) plus HA2/IE11O(3C); 5, 10,
and 15, cotranslation of untagged IEI 10(exon3) plus HA2/IEI 10(3N);
1 to 5, input untreated proteins; 6 to 10, proteins recovered from
immunoprecipitation with anti-HA mouse MAb; 11 to 15, proteins
recovered from immunoprecipitation with anti-IE11O(C) rabbit PAb.
(B) Diagram illustrating the structures of the polypeptides involved.
Hatched bars indicate epitope-tagged forms. Solid circles denote the
positions of the HA epitope tags, and open circles indicate the
IE110(C) PAb epitope. CO-IP, coimmunoprecipitation.

in the presence of the appropriate antibody but not by
staphylococcal protein A-Sepharose beads alone.

In the first experiment shown, we examined whether an

untagged form of intact 68-kDa IEl 10(exon3) protein could be
coprecipitated when cotranslated with the smaller HA-tagged
form of IE110(3C) or IE110(3N). Initial controls confirmed
that the singly translated HA-tagged form of IE110(3C) was

efficiently immunoprecipitated by both the HA MAb and the
IE11O(C) PAb (Fig. 3A, lanes 7 and 12), whereas parallel
samples of the untagged IEI 10(exon 3) protein and HA-tagged
IE110(N) protein were each specifically immunoprecipitated
with only one, but not the other, of the HA MAb and the
IEl 10(C) PAb reagents (Fig. 3A, lanes 6 and 11 compared with
lanes 8 and 13). However, when the 68-kDa untagged
IEl10(exon3) protein was cotranslated with the 36-kDa HA!
IE110(3C) protein, it was also efficiently immunoprecipitated
with the HA antibody (solid arrowhead, Fig. 3A, lane 9). In

SnaB
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(B) (HA 2) / i a / /
245

518 775
I I

FIG. 4. Stable oligomeric subunit interactions require cotransla-
tion. Immunoprecipitation (IMM. PREC.) experiments were carried
out with either admixed or cotranslated (CoTransl.) [35S]Met-labeled
in vitro-translated proteins. In panels A and B, lanes 1 to 4 represent
input untreated samples and lanes 5 to 8 represent proteins recovered
from immunoprecipitation with HA MAb. (A) Lanes: M, '4C-labeled
size marker proteins; 1 and 5, untagged IEIIO(exon3) from
pGH327(EcoRI); 2 and 6, HA2/IE110(3C) from pGH439(EcoRI); 3
and 7, mixture of singly translated IE110(exon3) and HAJ!IE1 10(3C);
4 and 8, cotranslation of IE110(exon3) plus HA2/IE110(3C). (B)
Lanes: 1 and 5, HA,/IE1 10(exon3) from plasmid pGH440(EcoRI); 2
and 6, untagged IE110(3C) from plasmid pGH326(EcoRI); 3 and 7,
mixture of singly translated HAJ/IE110(exon3) and IEI 10(3C); 4 and
8, cotranslation of HA2/IEIIO(exon3) and IE110(3C). Arrowheads
denote the positions of coprecipitated untagged 68-kDa IE110(exon3)
in panel A and 36-kDa IE110(3C) in panel B. (C) Diagram illustrating
the structure of the polypeptides used in panels A and B. Hatched bars
and solid circles denote epitope-tagged forms.

contrast, cotranslation of the untagged IEI10(exon3) protein
with the 40-kDa HA/IEl10(3N) protein failed to yield either
an HA-coprecipitated IE110(exon3) band or an IEl 10(C)-
coprecipitated HA/IEl10(3N) band under similar conditions
(Fig. 3A, lanes 10 and 15). These results provided strong
evidence in support of a direct and specific protein-protein
interaction that could be detected in vitro and allowed us to
conclude that a functional oligomerization domain maps
within the C-terminal half of exon 3 but not within the
N-terminal half of exon 3 (Fig. 3B).

Subunit interactions in heterodimer cross-linking and mix-
ing experiments. Additional evidence that the ability to coim-
munoprecipitate represents folding of individual subunits into
stable dimers or oligomers came from comparing the effect of
simply mixing the two proteins rather than preparing them by
cotranslation. Significantly, no interaction could be detected
with mixtures of either the IEI 10(245-775) and HA2/
IE11O(518-775) or the HA2!IE110(245-775) and IE110(518-
775) in vitro-translated protein samples (Fig. 4A and B, lanes
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IEl 10(3N). 1 to 4, HA2/IE11O(245-518) from pGH440
Mlul; S to 8, HA2/IEIIO(518-775) from EcoRl-

pGH439; 1 and 5, input 35S-labeled protein; 2 and 6, HA

immunoprecipitation (Imm Prec) without cross-linking; 3 and 7,
glutaraldehyde cross-linked samples without immunoprecipitation; 4

8, glutaraldehyde cross-linked samples after HA MAb immuno-

precipitation; M, '4C-labeled protein size markers. 4, position of the

major dimeric form of HA2/IE110(518-775); <, possible
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EcoRI-linearized pGH449; 9 to 12, cotranslation of HA2/IE110(518-
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linking; 3, 7, and 11, glutaraldehyde cross-linked samples without
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7). In contrast, in both cases, the untagged forms of IEIIO,
which failed to precipitate on their own (Fig. 4A, lane 5; Fig.
4B, lane 6), were immunoprecipitated (arrowheads) with the
HA MAb in parallel experiments when cotranslated with the
tagged forms (Fig. 4A and B, lanes 8).
Two sets of glutaraldehyde cross-linking experiments were

also carried out. In the first experiment, a significant portion of
the labeled 36-kDa IE110(3C) polypeptide containing codons
518 to 775 migrated on SDS-gels as a 75-kDa species after
cross-linking (solid arrowhead, Fig. 5A, lanes 5 to 8). This
result occurred both before and after immunoprecipitation and
is consistent with a dimeric structure. Additional specific bands
in the 160- to 240-kDa size range may also indicate formation
of some tetrameric or larger multimeric forms (open arrow-
head). Importantly, a 40-kDa truncated form of the HA-tagged
IE110(3N) protein containing codons 245 to 518 failed to give
immunoprecipitable dimers at similar protein concentrations
in a parallel negative control cross-linking assay (Fig. 5A, lanes
1 to 4). Another HA-tagged IE110(3N) segment encoding a
43-kDa protein containing IEI 10 amino acids 245 to 552 was
also negative in this type of assay (Fig. SC and data not shown).
These results revealed that the effect was specific for the C
terminus of IE 110 and that it was not an artifact created by the
HA tag; however, they did not preclude the possibility of
cross-linking to a cellular protein.

Therefore, in a second set of experiments, we examined
whether two cotranslated polypeptides of different sizes could
be cross-linked together to yield an intermediate-size het-
erodimer type of product. The results shown in Fig. SB
revealed that indeed such a heterodimer (HL) can be demon-
strated. As before, HA2/IE110(518-775) on its own gave an
immunoprecipitable homodimer (HH) and larger forms after
cross-linking (Fig. 5B, lanes 1 to 4). Similarly, a 29-kDa
untagged form of IE110(3C) containing amino acids 555 to 775
produced a smaller cross-linked homodimer (LL) that could
not be immunoprecipitated with the HA MAb (Fig. SB, lanes
5 to 8). Finally, when the two were cotranslated, an additional
cross-linked species of intermediate mobility (HL) appeared as
well as the two parent homodimer forms (Fig. 5B, lanes 9 to
12). The new HL species (solid arrowhead) was immunopre-
cipitated with the HA MAb (lane 12), and we conclude that it
represents a cross-linked heterodimer containing one subunit
each of the HA2/IEI10(518-775) and the IE110(555-775)
polypeptides. Interestingly, some of the cross-linked LL ho-
modimers also appeared to immunoprecipitate in the presence
of the HH and HL forms, which implies that they may have
been part of a larger multimeric structure. Furthermore, in this
experiment in particular, the proportion of the untagged
29-kDa subunit that was immunoprecipitated in the presence
of the tagged 36-kDa subunit appeared to be even greater than
the theoretical maximum of 50% for a simple dimer stoichio-
metry of 1:1:1:1 for HH, HL, LH, and LL subunits (Fig. 5B;
compare lanes 9 and 10 or lanes 11 and 12).

Overall, these results provide unambiguous evidence that
most of the IEI 10(3C) polypeptides synthesized in vitro are
present in solution as stable dimers or higher-order structures
and that there are direct cross-linkable contacts between the
paired subunits.

Outer boundaries of the dimerization domain in IEIIO. To

the large homodimer, heterodimer, and small homodimer forms,
respectively. (C) Diagram illustrating the structures of the polypep-
tides used. Hatched bars denote epitope-tagged forms. Results for
HA/IE110(245-555) are included but not shown in panels A and B.
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map the C-terminal edge of the dimerization domain detected
in vitro, we made a set of T7 polymerase-generated truncated
RNAs from the untagged 68-kDa IE110(exon3) gene (Fig. 6C)
and then translated them in reticulocyte lysates either alone or
together with the 36-kDa HA-tagged IE110(3C) RNA. None
of the six IE110(exon3) proteins tested, which terminated at
codons 775 (EcoRI), 767 (Sall), 711 (BstEII), 552 (AatII), 518
(MluI), and 392 (Notl), were precipitated on their own with the
HA antibody in the absence of the cotranslated tagged protein
(Fig. 6A, lanes 9 to 14). However, the two untagged proteins
that terminated at codons 775 and 767 were both coprecipi-
tated efficiently in the presence of the HA/IE110(3C) protein
(solid arrowhead, Fig. 6B, lanes 9 and 10), whereas the
truncations at 552, 518, and 392 failed to coprecipitate under
these conditions (open arrowheads, Fig. 6B, lanes 12 to 14).
The protein that terminated at codon 711 gave a positive
result, but did so with only 25 to 30% of the efficiency of the
larger forms (Fig. 6B, lane 11).
A second experiment carried out with truncations of the

36-kDa IE110(3C) protein starting at position 518 and ending
at position 775 (EcoRI), 767 (Sall), 714 (PmlI), 711 (BstI), or
615 (Sfi1) gave similar results (Fig. 7C), although this time both
the IE110(518-711) and IE110(518-714) proteins were coim-
munoprecipitated with approximately 10% of the efficiency
shown by the IE110(518-767) and IE110(518-775) forms (Fig.
7B, lanes 8 to 11). Again, none of these forms were precipi-
tated in the absence of the tagged target protein (Fig. 7A, lanes
8 to 11). Therefore, the C-terminal boundary of the oligomer-
ization domain lies inside codon 712, although the absence of
codons 715 to 767 clearly has a large deleterious effect on the
efficiency of the interaction.
The N-terminal boundary of the IE110 dimerization domain

was also examined in this type of assay by using 35S-labeled in
vitro-translated proteins generated from new plasmid con-
structions that initiated at codon 555 (AatII), 617 (Sfi1), 671
(XcmI), or 680 (BsiWI) and ended at codon 775 (Fig. 8C). In
comparison with HA2/IE110(518-775), none of these species
reacted with the HA MAb on their own (Fig. 8A, lanes 7 to 10).
However, both IE110(555-775) and IE110(617-775), but not
IE110(671-775) or IE110(680-775), were coprecipitated after
being cotranslated with HA2/IE110(518-775) (solid arrow-
heads, Fig. 8B, lanes 7 to 10). Again, the smaller of these two
positive dimerizing forms was immunoprecipitated with sever-
alfold-lower efficiency than the larger one (compare Fig. 8,
lanes 7 and 8).

Overall, these results revealed that a minimal dimerization
domain that is functional in vitro maps between IE110 amino
acids 617 and 711, with additional significant contributions to
the efficiency of the interaction being provided by inclusion of
amino acids 555 to 616 on the N-terminal side and 712 to 767
on the C-terminal side.

Detection of IE110 self-interactions by far-Western blotting.
As an alternative approach to examining self-interactions
between subunits of the C terminus of HSV-1 IE110, we also
prepared a bacterial GST/IE110(3C) fusion protein (expected
size, 62 kDa) containing the region encompassing codons 518
to 775. This construction yielded a soluble 57-kDa protein that
could be partially purified by an affinity procedure using a

glutathione-Sepharose column yielding three predominant
polypeptide bands after Coomassie blue staining (Fig. 9A, lane
4). Parallel samples of this protein and a number of negative
control proteins including other similar GST fusions (Fig. 9A,
lanes 1, 2, 3, 5, 6, and 7) were fractionated on an SDS-
polyacrylamide gel, transferred to a nitrocellulose membrane
by electroblotting, and subjected to a denaturation and rena-

turation protocol (34). The far-Western blot was then incu-
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FIG. 6. Immunoprecipitation of cotranslated IE110(exon3) C-ter-
minal truncated proteins. Plasmid pGH327 DNA encoding the un-

tagged intact IE110(exon3) polypeptide was cleaved with various
restriction enzymes before generation of truncated RNA with T7
polymerase followed by in vitro translation in rabbit reticulocyte lysate
in the presence or absence of admixed RNA encoding the HA-tagged
IE110(3C) polypeptide. (A) Single translation (Transl.) products. (B)
Cotranslation (CoTransl.) with HA/IE110(518-775) from EcoRI-lin-
earized pGH428. Lanes: 1 to 7, input [35S]Met-labeled polypeptides
analyzed before immunoprecipitation (IMM. PREC.); 8 to 14, parallel
samples after immunoprecipitation with HA MAb; M, '4C-labeled
protein size markers; 1 and 8, tagged control 36-kDa HA/IE110(518-
775) from pGH428(EcoRI); 2 and 9, untagged 68-kDa IE110(245-775)
from pGH327(EcoRI); 3 and 10, IE110(245-767) from pGH327(SaiI);
4 and 11, IE110(245-711) from pGH327(BstEII); 5 and 12, IE110(245-
552) from pGH327(AatII); 6 and 13, IE110(245-517) from
pGH327(MluI); 7 and 14, IE110(245-392) from pGH327(NotI). Solid
and open arrowheads denote the general positions of untagged forms
of IE110(exon3) proteins in panel B that do and do not coprecipitate,
respectively. (C) Diagram illustrating the structures of the polypeptides
used in panels A and B. + +, +, and - indicate relative coimmuno-
precipitation efficiency. Solid and hatched bars denote the interpreta-
tion of minimal and accessory regions for dimerization.
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tagged IE110(518-775) was cleaved with various restriction enzymes
before generation of RNA and in vitro translation in the presence or

absence of admixed RNA encoding HA-tagged IE110(3C). (A) Single
translation (Transl.) products. (B) Cotranslation (CoTransl.) with
HA2/IE110(518-775) from pGH439 (EcoRI linearized). Lanes: I to 6,
input [35S]Met-labeled polypeptides analyzed before immunoprecipi-
tation (IMM. PREC.); 7 to 12, parallel samples after immunoprecipi-
tation with HA MAb; M, '4C-labeled size marker proteins; 1 and 7,
tagged control 36-kDa HA/IEl 10(518-775) from pGH439(EcoRI); 2
and 8, untagged IE110(518-775) from pGH326(EcoRI); 3 and 9,

IE110(518-767) from pGH326(SalI); 4 and 1i), IE110(518-714) from
pGH326(PmlI); S and 11, IE110(518-711) from pGH326(BstEII); 6
and 12, IE110(518-615) from pGH326(SfiI) (which gave a 21-kDa
product that was too small to be detectable on this gel). Arrowheads
denote the positions of untagged forms of IEIIO(3C) proteins that
coprecipitate. (C) Diagram illustrating the structures and relative
coimmunoprecipitation efficiencies of polypeptides used in panels A
and B. Solid and hatched bars denote the interpretation of minimal
and accessory regions for dimerization.
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FIG. 8. Immunoprecipitation mapping of cotranslated IEIIO
(exon3) N-terminal truncated proteins. Four different untagged IEl 10
(3C)-derived in vitro-expression plasmids were cleaved with EcoRI for
generation of RNA and synthesis of 335S-labeled proteins in the
presence or absence of admixed RNA encoding the 36-kD HA-tagged
IE11O(3C) protein. (A) Single translations (Transl.). (B) Cotransla-
tion (CoTransl.) with HA2/IEI10(518-775) from EcoRI-linearized
pGH439. Proteins were fractionated on an SDS-13.5% polyacrylamide
gel. Lanes: I to 5, single or cotranslated input protein products before
immunoprecipitation (IMM. PREC.); 6 to 10, single or cotranslated
products after immunoprecipitation with HA MAb; M, '4C-labeled
size marker proteins; I and 6, tagged control 36-kDa HA2/IE110(518-
775) from pGH439(EcoRI); 2 and 7, untagged IEl 10(555-775) from
pGH449(EcoRI); 3 and 8, IE110(617-775) from pGH450(EcoRI); 4
and 9, IE110(671-775) from pGH454(EcoRI); 5 and 10, IE110(680-
775) from pGH463(EcoRI). Solid and open arrowheads indicate the
positions of untagged forms of IE110(3C) that do and do not copre-
cipitate, respectively. (C) Diagram illustrating the structures and
relative coimmunoprecipitation efficiencies of the polypeptides used in
panels A and B above. Solid and hatched bars denote the interpreta-
tion of minimal and accessory domains for dimerization.

bated with a sample of the untagged 35S-labeled in vitro-
translated IE11O(3C) polypeptide under conditions that we
had determined eliminated any nonspecific interactions.
The results revealed a strong positive signal with the GST/

IE11O(3C) band only (Fig. 9B, lane 4) and no detectable
reaction with any of the control protein bands, including GST
itself, BSA, and several other GST fusion proteins such as
GST/IE1I O(exon 2), GST/IEI 10(3N), GST/TBP(N), and GST/
TBP(C) (Fig. 9B, lanes 1, 2, 3, 5, 6, and 7). The IE110(3C)
probe detected both the major 57-kDa band and an additional
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FIG. 9. Self-interaction of the IEI 10 C-terminal domain detected
by a far-Western blotting procedure. A series of E. coli-produced GST
fusion proteins and controls were fractionated by SDS-10% polyacryl-
amide gel electrophoresis, transferred to a nitrocellulose membrane by
electroblotting, and subjected to a renaturation protocol. The mem-

brane was then incubated with a sample of in vitro-translated 35S-
labeled IE110(exon3) polypeptide containing codons 518 to 775 that
was synthesized in a rabbit reticulocyte extract from RNA generated
from plasmid pGH326(EcoRI cleaved). (A) Coomassie blue-stained
version of the gel. (B) Parallel autoradiograph of incubated and
washed membrane version. Lanes: M, unlabeled and '4C-labeled
rainbow reference proteins; 1, GST; 2, GST/IE1IO(exon 2); 3, GST/
IE11O(3N); 4, GST/IE1IO(3C); 5, GST/TBP-N; 6, GST/TBP-C; 7,
BSA. Protein sizes are marked on the left. The position of intact
57-kDa GST/IE1 10(3C) is indicated by the arrowhead.

minor 30-kDa band (Fig. 9B, lane 4). However, the latter was
much less abundant in other preparations of GST/IE1 10(3C)
and appears to represent a degradation product derived from
the 57-kDa form. As a negative control, an unprogrammed
reticulocyte lysate sample probe containing an equal amount
of [35S]Met-labeled protein failed to give any significant auto-
radiographic signal with a parallel membrane blot containing
the same panel of GST and control proteins (not shown). The
ability of TEl 10(3C) to interact with itself in this type of
experiment may be feasible either because of some measurable
level of dissociation and re-formation of the probe subunits at
these high protein concentrations or because of some form of
specific higher-order multimerization interactions between na-

tive (i.e., dimeric) forms of the IEI 10 C-terminal polypeptides.

DISCUSSION

Our evidence that IEl 10 forms stable homodimers in solu-
tion rests on the results of four independent types of experi-
ments: intracellular colocalization, coimmunoprecipitation,
cross-linking, and far-Western blotting. Initially, we used both
single- and double-label IFA approaches to show that an

1E175/IE11O hybrid protein (containing IEIIO codons 313 to
775 tagged with an IE175 N-terminal epitope) was redistrib-
uted when cotransfected with the native intact 775-amino-acid
IEl 10 protein. Furthermore, the hybrid protein exactly colo-
calized with an HA-tagged form of the nuclear punctate IE110
protein. The effect was dramatic and efficient, occurring in
virtually every Vero and 293 cell that expressed both proteins.
Furthermore, the wild-type IEIIO punctate phenotype was

clearly dominant in the hetero-oligomeric complexes over the
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FIG. 10. Summary diagram illustrating known structural and func-
tional features of the HSV-1 IEIIO protein relative to conserved
blocks (domains I to V) in the equivalent proteins of other alphaher-
pesviruses. Solid and shaded vertical bars denote potentially interest-
ing structural motifs or regions. NLS, nuclear localization signal; S/T,
serine- and threonine-rich block; CKII, potential consensus casein
kinase motif. Map positions of the epitopes for the N- and C-terminal
rabbit PAb and the H1083 MAb are indicated (solid and open circles,
respectively). Boundary amino acid positions for mapped exons,

structural domains, and functional properties are numbered. Primary
nucleotide sequence data are derived from the following sources:

HSV-1 IEIIO (45); HSV-2 IE118 (35); varicella-zoster virus (VZV)
gene 61 (13); pseudorabies virus (PRV) EPO gene (10); and equine
abortion virus (EHV-1) gene 63 (52).

irregular diffuse localization pattern observed with the non-

punctate hybrid protein subunits on their own. Note that in
control experiments presented elsewhere (25, 38), we have
found this type of effect to be specific in that the presence of
IE110 punctate granules has no influence on the localization of
several other cotransfected nonpunctate nuclear proteins that
have been tested such as human cytomegalovirus IEI or HSV
ICP8. Most significantly, the IFA pattern of the IE175(N)-
tagged IE110 hybrid protein varied according to which type of
punctate pattern was displayed by the particular IEl 10 version
that was used for cotransfection (i.e., nuclear, cytoplasmic,
round, or elongated). Mapping studies revealed that a neces-

sary domain within the wild-type IE 110 protein for colocaliza-
tion with the hybrid protein in DNA-transfected cells involved
amino acids lying between codons 518 and 767.
The cotransfection results showed that self-interaction of the

IE110 C-terminal segment occurs under intracellular condi-
tions and not just in vitro or with the purified protein, but they
did not address the question of whether the interaction is
direct rather than possibly being mediated by a cellular pro-
tein. On the other hand, the coimmunoprecipitation of in
vitro-translated products demonstrated the effect more directly
and mapped the N- and C-terminal boundaries of the interac-
tion domain to between IEI 10 codons 555 and 617 and codons
712 and 767 (Fig. 10). Furthermore, the 35S-labeled untagged
protein coprecipitated very efficiently with the HA epitope-
tagged protein only after the two were cotranslated, not when
they were simply mixed together. Therefore, a high-affinity
subunit interaction mechanism with a low dissociation rate
must be involved. Presumably, the two types of subunits are

stably folded together during or directly after translation.
Interestingly, both the colocalization and immunoprecipitation
experiments gave only weak positive results with forms of
IEl 10 that were truncated at position 711 (i.e., the interactions
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occurred at only 10 to 20% of the efficiency displayed by
wild-type forms), which tends to support the idea that the two
types of assay are measuring essentially the same phenomenon.
The results of the cross-linking experiments with different-

size in vitro-translated forms of the IE110 protein provided
direct evidence for the presence of IE110 homodimers and
heterodimers. Evidently, the individual subunits within paired
dimers must be in direct physical contact even at low protein
concentrations, and again only the C-terminal, not the N-
terminal, domain displayed this property. Both the relatively
low proportion of dimers and the formation of larger struc-
tures by cross-linking, together with the extraordinary domi-
nance of the punctate over nonpunctate versions in the co-

transfection assays, imply that higher oligomer formation is
also very likely.

Finally, the far-Western blots revealed surprisingly efficient
and specific protein-protein interactions between the labeled
in vitro-translated IE110 C-terminal domain and an E. coli-
expressed GST fusion protein containing the same region of
IE110 after it had been denatured in SDS and renatured on a

membrane matrix. We do not know at present whether the
success of the far-Western blotting approach provides evidence
for higher-order interactions between native forms of the
protein or whether the higher protein concentrations achieved
in this type of experiment permit subunit exchange. Alterna-
tively, because of the denaturation and renaturation steps, it
may be possible to drive the refolding of individual subunits of
the IE110 domain into new heterodimers with the probe
protein subunits during this type of experiment. Whatever the
explanation, the use of E. coli-expressed IE110 protein in an

SDS-gel almost certainly eliminates any possibility that addi-
tional cellular proteins are necessary to mediate the interac-
tions.
Two previous studies have implied that the intact IE110

protein may be capable of forming multimerization interac-
tions. Everett et al. (18) made this deduction from glycerol
gradient centrifugation with partially purified protein from
baculovirus-infected cells, and they also showed direct evi-
dence from glutaraldehyde cross-linking for dimerization of a

subset of their partially purified baculovirus protein. Chen et
al. (7) have also argued for multimerization of wild-type IE110
from virus-infected cells on the basis of Sephacryl chromatog-
raphy elution profiles and also because of the ability of several
mutant forms of the protein to act as dominant negative
competitors with the wild-type protein in functional assays
involving transactivation and complementation. However, they
predicted that the multimerization domain mapped at the N
terminus of the protein and found that several C-terminal
deletions still showed dominant competitive properties. Weber
and Wigdahl (54) have also reported evidence for dominant
negative IEl 10 mutants. Although such properties often do
correlate with the ability to multimerize, this is not necessarily
the case and more complicated explanations may be plausible.
Furthermore, our results do not completely exclude the possi-
bility of another dimerization or oligomerization domain
within the N terminus or exon 2 of IE110 in addition to the
C-terminal one that we have identified here.

Several previous studies have addressed aspects of the
intracellular localization and transactivation functions of
IE110 in detail, using various types of mutants in transient
assays (3, 9, 15). The two studies using insertion and deletion
mutants (9, 15) agree that the Cys-rich domain and a region to
the right of it in exon 2 are of critical importance for
transactivation of viral immediate-early, delayed-early, and
late class promoters in both Vero and HeLa cells (Fig. 10).
This region of the IEl 10 protein corresponds closely to domain

II, which is highly conserved between HSV-1 and HSV-2 (35,
45) and includes the prototype example of the novel RING
class of zinc finger motifs that are also found in a number of
cellular regulatory proteins and proto-oncogenes such as
RAG-1, PML, BMI, and RING-1 (20). In both studies, a
region near the C terminus of IE110, which corresponds to
another highly conserved domain (codons 636 to 769) that we
refer to as domain V (Fig. 10), also plays some role, especially
for synergistic transactivation of the HSV thymidine kinase
(TK) promoter in the presence of IE175 in HeLa cells. A
somewhat different picture emerged from the studies of Cai
and Schaffer (3) with nonsense codon insertions in transient
assays in Vero cells. In this case, IE110 truncation mutants at
codons 525 and 680, but not those at 720 and 770, had
dramatically reduced activity especially on immediate-early
and early promoters, although less so on late promoters. In
virus infection studies, Chen and Silverstein (8) also found that
the C-terminal region was important for transactivation of the
transfected target TK promoter in the absence of IE175 in
both Vero and HeLa cells and for activation of TK-chloram-
phenicol acetyltransferase in the presence of IE175 in HeLa
cells but not in Vero cells. In the latter studies, the functionally
important C-terminal region in the HSV-1 IE110 protein lay
between amino acids 628 and 697, which corresponds closely to
our identified dimerization domain between codons 617 and
718.
Although only the N terminus of IE110 can transfer a

punctate phenotype to hybrid IE110/IE175 proteins (38), the C
terminus of IE110 is also necessary for efficient expression of
the typical punctate localization phenotype in the intact IE110
protein (9, 16). From that observation, together with the
genetic evidence for an ancillary role of the C-terminal region
in transactivation properties and the highly conserved nature
of the amino acids within domain V between HSV-1 and
HSV-2 (35), we infer that dimerization plays an important role
in the correct functioning of the HSV IEi 10 protein. As yet, we
can discern no obvious known structural features, such as
leucine zipper, helix-loop-helix, or zinc finger motifs, within the
minimal 95-amino-acid dimerization block that would suggest
a contribution to these properties. Further mapping is in
progress so that the contribution from dimerization per se can
be dissociated from other types of interactions and activities
during future mapping studies of functional domains within the
IE110 transactivator protein.
The region of IE110 that appears to interact with wild-type

IE175 in colocalization studies (25, 38) overlaps with the
dimerization domain described here. Both interactions are
specific to the extent that they do not occur with several other
cotransfected nuclear proteins tested, but the IE110 self-
interaction also differs from the IE175-IE110 interaction by
occurring in both Vero and 293 cells, whereas we could detect
the latter only in Vero cells, not in 293 cells (37). It is also
important to note that the domain of IE175 involved in IE110
interactions (25, 37) was not present in the IE175(1-383)/
IE110(312-775) hybrid protein used here to demonstrate
IE110 self-interactions by IFA. It seems probable that IE110
dimerization is needed for IE11O-IE175 complexes to form,
since the latter are not simple heterodimers, as judged by our
inability to detect them by in vitro cotranslation procedures
(37). However, we have no direct evidence to support this idea
as yet and are currently attempting to generate mutations that
will discriminate between these two types of IE10 protein-
protein interactions.

It seems curious that although the C terminus of IE110 is
relatively well conserved in HSV-1 and HSV-2, there is no
residual homology outside the zinc finger domain between
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either HSV protein and the equivalent proteins from other
alpha herpesviruses such as varicella-zoster virus (13), pseudo-
rabies virus (10), and equine abortion virus (or equine herpes-
virus 1) (52). Perhaps this protein in HSV has developed
additional functions involving dimerization and IE110-IE175
interactions that are not shared in the other viruses. One
potential role of IEI10 may be to bypass specific cell cycle
requirements for progression into the lytic cycle (4) and
another might be to assist the IE175 transactivator in accessing
nucleosome-covered viral delayed-early promoters during re-
activation from the latent state in the absence of VP16 (2, 3).
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