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Both of the major immediate-early (IE) proteins IE1 and IE2 of human cytomegalovirus (HCMYV) as well as

input viral DNA and sites of viral IE transcription colocalize with or adjacent to punctate PML domains (PML
oncogenic domains [PODs] or nuclear domain 10) in the nucleus within the first few hours after infection of
permissive human fibroblasts. However, colocalization of IE1 and PML in PODs is only transient, with both
proteins subsequently redistributing into a nuclear diffuse form. These processes are believed to promote effi-
cient viral IE transcription and initiation of DNA synthesis especially at low multiplicities of infection. To ex-
amine the mechanism of PML displacement by IE1, we carried out indirect immunofluorescence assay experi-
ments with plasmids expressing intact or deleted forms of PML and IE1 in DNA-transfected cells. The results
demonstrated that deletion of the C-terminal acidic region of IE1 uncouples the requirements for displacement
of both endogenous and coexpressed PML from those needed to target to the PODs. Mutant PML proteins
containing either a Cys point mutation within the N-terminal RING finger domain or a small deletion (of po-
sitions 281 to 304) within the coiled-coil region did not localize to the PODs but instead gave a nuclear diffuse
distribution, similar to that produced by intact PML in the presence of IE1. Endogenous PML also colocalized
with IE1 in metaphase chromosomes in HCMYV or recombinant adenovirus type 5-IEl-infected HF cells
undergoing mitosis, implying that there may be a direct physical interaction between IE1 and PML. Indeed, a
specific interaction between IE1 and PML was observed in a yeast two-hybrid assay, and the strength of this
interaction was comparable to that of IE2 with the retinoblastoma protein. The RING finger mutant form of
PML showed a threefold-lower interaction with IE1 in the yeast system, and deletion of the N-terminal RING
finger domain of PML abolished the interaction. Consistent with the IFA results, a mutant IE1 protein that
lacks the C-terminal acidic region was sufficient for interaction with PML in the yeast system. The two-hybrid
interaction assay also showed that both the N-terminal RING finger domain and the intact coiled-coil region
of PML are required cooperatively for efficient self-interactions involving dimerization or oligomerization.
Furthermore, truncated or deleted GAL4/PML fusion proteins that retained the RING finger domain but
lacked the intact coiled-coil region displayed an unmasked cryptic transactivator function in both yeast and
mammalian cells, and the RING finger mutation abolished this transactivation property of PML. Therefore,
we suggest that a direct interaction between IE1 and the N-terminal RING finger domain of PML may inhibit
oligomerization and protein-protein complex formation by PML, leading to displacement of PML and IE1 from
the PODs, and that this interaction may also modulate a putative conditional transactivator function of PML.

Several herpesvirus nuclear regulatory proteins expressed at
immediate-early (IE) times after infection target to specific
punctate subdomains in the nucleus of host cells, where they
appear to exert as yet unknown roles in facilitating initial
events in viral mRNA transcription and DNA replication. In-
teractions within the first few hours of infection between these
viral regulatory proteins and appropriate cellular proteins pres-
ent at these punctate loci, such as the PML tumor suppressor,
may play a key enhancing (although not necessarily essential)
role for increasing the efficiency of the productive lytic cycle
processes. In this study, we evaluated the possibility of a direct
interaction between the cytomegalovirus (CMV) IE1 protein
and the cellular PML protein that might be responsible for
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both the targeting to and disruption of the PML oncogenic
domains (PODs).

Human CMV (HCMV) typically causes asymptomatic infec-
tion in immunocompetent individuals. However, infection of
newborns and of immunocompromised individuals, as well as
reactivation from latent infection, can lead to severe disease
complications and pathogenesis (7, 55). During permissive lytic
HCMV infection, viral gene expression occurs in a three-step
sequential fashion (IE, early, and late), in which both the IE
proteins and virion factors are required for the subsequent
efficient induction of the early and late genes (48, 63). Two IE
nuclear phosphoproteins, IE1 (UL123, IE72 [72-kDa IE pro-
tein]) and IE2 (UL122, IE86), which are expressed from dif-
ferentially spliced mRNA species generated from the major IE
(MIE) locus (65, 66), are the first and most abundantly ex-
pressed HCMV IE gene products and are also the only viral
proteins synthesized in some nonpermissive cell types (43).

The role of the IE2 (IE86) protein as an essential transcrip-
tional transactivator and DNA binding repressor has been par-
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tially defined (11, 12, 30, 45, 49, 58-60). However, the role of
IE1, which is important for efficient lytic cycle infection at low
multiplicity of infection (MOI) but is not essential in cell cul-
ture at high MOI (26, 54), is poorly understood. One study has
suggested that IE1 can transactivate the MIE promoter
through upstream NFkB sites (10), but this has not been con-
firmed. The 491-amino-acid (aa) IE1 protein shares 87 aa at
the N terminus with IE2 but is otherwise largely hydrophobic,
except for a highly acidic Glu-rich C-terminal region. Unlike
IE2 or the IE175 (ICP4), IE110 (ICP0), IE63 (ICP27), and
IE68 (ICP22) nuclear regulatory proteins of herpes simplex
virus (HSV), stable constitutive expression of IE1 in cell lines
is fully compatible with long-term cell survival. Because the
IE1 coding region displays selective CpG suppression and the
IE1 protein preferentially associates with metaphase chromo-
somes, it has been suggested that like EBNA-1 of Epstein-Barr
virus (EBV), it may potentially play a role in maintenance of
the latent state of HCMV DNA (31, 44).

Recently, considerable attention has been focused on the
fact that several key regulatory proteins encoded by DNA
viruses target to a set of punctate subdomains within the nu-
cleus at very early times after infection (reviewed in reference
16). These PML-containing subdomains (PODs or nuclear do-
main 10) are spherical structures with a size of 0.3 to 0.5 pm in
which the PML RING finger protein surrounds an electron-
dense core associated with the nuclear matrix (19, 39, 70). They
appear to be dynamic structures that form between 10 and 20
distinct bodies distributed throughout the nucleus in most cell
types (3, 53). Several cellular proteins including PML (19, 39,
70), SP100 (68), NDP55 (27), PIC 1 (5), and PLZF (38) have
all been reported to be present in the PODs. Among them, the
PML proto-oncogene was first identified as part of a fusion
protein with the alpha retinoic acid receptor (RARa) that
resulted from the t(15;17) translocation in acute promyelocytic
leukemia (APL) (14, 25, 35, 36, 57). In the NB4 cell line
derived from an APL tumor, the localization of PML and
PML/RARa is changed from the normal punctate nuclear
bodies to a nuclear and cytoplasmic micropunctate pattern.
However, when NB4 cells are treated with retinoic acid (RA),
the normal punctate PML distribution pattern is restored and
the cells regain both normal cell growth controls and the ability
to differentiate (19, 27, 39).

The crucial role of the dominant negative PML/RAR« fu-
sion protein in the pathogenesis of APL has been confirmed by
the observation that PML/RARa transgenic mice develop a
form of acute leukemia with a differentiation block at the
promyelocyte stage (29). The PML punctate pattern is also
regulated by cell cycle progression (19). Although little is
known about the function of proteins present in the PODs,
they appear to be involved in cell proliferation processes be-
cause PML acts as a growth and tumor suppressor when over-
expressed (46, 50, 56), and its gene expression is up-regulated
by alpha and gamma interferons (64). Also, PML has been
suggested to have a transcriptional modulator function be-
cause the PML/RAR« fusion protein shows altered transacti-
vator or repressor properties (depending on the target gene
tested) compared to RARa (14, 35).

In human HSV type 1 (HSV-1) infection, the viral regula-
tory protein IE110 (or ICPO), which is also a member of the
RING finger protein family, transiently colocalizes with PML
in the PODs and then apparently displaces PML, leading to
complete loss of detectable PML indirect immunofluorescence
assay (IFA) signals in the cell (20, 52, 53). Adenovirus type 5
(AdS) infection causes a morphological change in the PODs
from the spherical punctate structures to fibrous “track” struc-
tures, and some POD proteins relocalize into viral replication
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compartments (8, 15, 61). Furthermore, during Ad5 infection,
at least three early proteins (E1A, Elb 55-kDa protein, and
E4-ORF3 11-kDa protein) associate with the PML bodies,
although the viral E4-ORF3 11-kDa protein alone is sufficient
to induce reorganization of the PODs (8, 15). The nuclear
antigen EBNA-5 of EBV stably colocalizes with the PODs in
both EBV-infected B cells and cell lines (67), and large tumor
antigen of simian virus 40 (SV40) is distributed adjacent to the
POD:s in some transfected cell types (8).

Several groups have shown that HCMV infection in permis-
sive human fibroblasts in culture also causes displacement of
PML from the PODs into a nuclear diffuse form (1, 37, 41). We
also showed previously that the PODs are targeted by both the
isolated IE1 and IE2 proteins of HCMYV (1). However, HCMV
IE1 only transiently colocalizes with PML in the PODs, and
subsequently both IE1 and PML become distributed as nuclear
diffuse forms. This contrasts with IE110 itself becoming punc-
tate but with an accompanying complete loss of the PML signal
as in HSV-1 infection, or the reorganization of the spherical
PODs structures into fibrous track structures as seen in Ad5
infection, and suggests that each virus has developed different
ways to interact with and disrupt or reorganize the PODs. The
fact that the HCMYV IE1 protein alone is sufficient for displace-
ment and redistribution of PML in transiently transfected cells,
as well as in cell lines stably expressing IE1 and in cells infected
with a recombinant defective Ad5 vector expressing IE1 (Ad5S-
IE1) (1), led us to investigate the mechanism for targeting to
and disruption of the PODs by IEL.

In this study, we used double-label IFA, cotransfection ex-
periments, and yeast two-hybrid interaction assays to show that
targeting to and disruption of the PODs by HCMV may be
mediated through direct interaction of the IE1 protein with the
N-terminal RING finger domain of PML. We also demon-
strate that removal of the intact a-helical coiled-coil (dimer-
ization) region of PML uncovers a cryptic activation domain
and that this unmasked transactivator property of PML re-
quires the N-terminal RING finger domain.

MATERIALS AND METHODS

Mammalian cell cultures and virus infection. Permissive human fibroblast
(HF) cells and Vero cells were grown in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal calf serum. The HCMV(Towne) virus stock used
was prepared as described by LaFemina et al. (44). Preparation of Ad5-IE1,
referred to previously as RAd31 (71), was described previously (1). For infection,
HF cells were seeded into four-well chamber slides (0.6 X 10°/well), and the
subconfluent cells were infected with the HCMV or Ad5-IE1 at an MOI of <1.0
PFU per cell. Input supernatant virus (25 pl) was adsorbed for 1.5 h at 37°C, and
then the inoculum was replaced with 500 wl of fresh warmed medium at time
zero (1). For the experiment using IE1 (exon 4)-deleted HCMV (26), samples of
the defective mutant virus CR208 and its parent wild-type Towne virus were
provided by Edward S. Mocarski (Stanford University, Stanford, Calif.). HF cells
were seeded into four-well chamber slides and were infected with either CR208
or its parent Towne virus at an MOI of either 0.1 or 10 PFU per cell.

Mammalian expression plasmids. Genomic versions of the HCMV(Towne)
IE1 and IE2 coding regions were all derived from Escherichia coli plasmid
pRL103, which contains the 20.8-kb HindIII C fragment encompassing the entire
leftward-oriented MIE gene transcription unit (42). The parent effector plasmid
pRLAS contains a 6.6-kb EcoRI-Sall subfragment expressing both IE1 and IE2
under the control of their natural transcriptional and splicing signals, whereas
pMP17 and pMP18 express either IE1 or IE2 only in the same background.
Further derivatives in plasmids pMP10, pMP11, and pRLS55, expressing both
mutant IE1 and wild-type IE2, and in plasmids pRL60, pRL61, and pRL74,
expressing mutant IE1 only, were described previously (44, 60).

Plasmid pCMX-PML (35), expressing the intact human PML protein (560 aa)
was provided by Ronald M. Evans (The Salk Institute, San Diego, Calif.);
plasmid pGH623-5, encoding a version of PML containing point mutations
within the RING finger domain (CggPgo—>SggRgo), was described previously (13).
To generate plasmids expressing PML(1-447) (PML containing aa 1 to 447) in
pJHA286, PML(1-267) in pJHA287, PML(1-267, CggPgo—SgsRgo) in pJTHA28S,
PML(224-560) in pJHA289, PML(1-560, A281-304) in pJHA290, and PML(1-
560, CggPgo—>SggRg9 A281-304) in pJHA291, the Ncol-BamHI fragment contain-
ing the wild-type PML of pCMX-PML was replaced by the Ncol-BamHI frag-
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ments containing mutant PML from the yeast versions expressing GAL4-DB
(GAL4 DNA-binding domain; aa 1 to 147)/PML fusion proteins in pJHA252,
pJHA253, pJHA273, pJHA280, pEBI1, and pEB2 (see below), respectively.

To construct a set of mammalian expression plasmids for GAL4-DB/PML fu-
sion proteins, Xhol-BamHI fragments containing truncated GAL4-DB/PML fu-
sions from the yeast versions in pJHA238, pJHA247, pJHA252, pJHA253,
pJHA273, pJHA277, and pJHA250 (see below) were moved between the Xhol-
BgIII sites of a parent modified pSV,-GALA4-DB vector (pGH250) to generate
pSV,-GAL4-DB/PML(1-560) in pJHA258, pSV,-GAL4-DB/PML(1-560, CggPgo—
SgsRygo) in pJHA259, pSV,-GAL4-DB/PML(1-447) in pJHA260, pSV,-GALA4-
DB/PML(1-267) in pJHA261, pSV,-GAL4-DB/PML(1-267, CggPgo—>SgsRgo) in
pJHA275, pSV,-GAL4-DB/PML(97-267) in pJHA278, and pSV,-GAL4-DB/
PML(447-560) in pJHA263, respectively.

Transient DNA transfection and CAT assays. In transfection experiments for
IFA, Vero cells were seeded into two-well chamber slides (0.4 X 10°/well) and
DNA was introduced into the subconfluent cells for 48 h using the HEPES-
buffered saline version of the calcium phosphate procedure described previously
(58). In transfection experiments for chloramphenicol acetyltransferase (CAT)
assays, the target control adenovirus E1b promoter (E1b-CAT) and the test
reporter gene GAL4s/E1b-CAT with five tandomly repeated 17-bp GAL4 bind-
ing sites added upstream were used (47). Vero cells were seeded into six-well
plates (2 X 10°/well), and DNA transfection, harvesting at 48 h, and the CAT
assay were carried out as described previously (58). Percent conversion of
[**C]chloramphenicol to acetylated forms was measured with an Instant Imager
(Packard Instrument Company, Downer Grove, IlL.).

Antibodies and IFA. Mouse monoclonal antibodies (MAbs) 6E1 and 12E2
against the IE1 (exon 4) and IE2 (exon 5), respectively, were obtained from
Vancouver Biotech (Vancouver, B.C., Canada), and MAb CHS810, which detects
epitopes present in both IE1 and IE2 (exons 2 and 3), was purchased from
Chemicon (Temecula, Calif.). Rabbit antipeptide polyclonal antibodies (PAbs)
directed against amino acids at positions 484 to 498 (PML-C) or at positions 1 to
17 (PML-N) of the human PML oncoprotein were described elsewhere (1, 13).

For IFA, both virus-infected and DNA-transfected cells were fixed by either
the methanol or the paraformaldehyde procedure. For the methanol procedure
(used for metaphase chromosome analysis), the cells were washed in Tris-buff-
ered saline (TBS), then permeabilized with absolute methanol at 20° for 10 min,
and rehydrated in ice-cold TBS for 5 min. For the more usual standard parafor-
maldehyde procedure, the cells were washed in phosphate-buffered saline (PBS),
fixed with 1% paraformaldehyde solution in PBS at 20°C for 5 min, and then
permeabilized in ice-cold 0.2% Triton X-100 solution in PBS for 20 min. The
cells were incubated with mouse MAbs at dilutions of 1:200-fold for 6E1, 12E2,
and CHS810, 1:1,000-fold for the PML-C antibody, and 1:500-fold for the PML-N
antibody. The antibody incubations were carried out in TBS at 30°C for 1 h,
followed by incubation with fluorescein isothiocyanate (FITC)-labeled goat anti-
mouse immunoglobulin G (IgG) or by rhodamine-coupled goat anti-rabbit IgG
antibody at 1:100-fold dilution at 37°C for 45 min. For double labeling, mono-
clonal and polyclonal antibodies were incubated together. Slides were screened
and photographed with a 40X oil immersion objective on a Leitz Dialux 20EB
epifluorescence microscope using Kodak T-Max P3200 film. For confocal mi-
croscopy, Noran OZ CLSM confocal microscope system with intervision soft-
ware (Noran Inc., Madison, Wis.) was used.

In vitro transcription and translation. Plasmid pCMX-PML was linearized
downstream of the coding region by BarnHI and in vitro transcribed by using the
T7 polymerase plus mRNA capping kit from Stratagene. In vitro translation was
carried out with rabbit reticulocyte lysates as specified by the manufacturer
(Promega) and as described elsewhere (12).

Western blot assay. Vero cells were transfected for 48 h with 3 pg of pCMX-
PML plasmid DNA per well in a six-well plate. HF cells were infected with
HCMV(Towne) at an MOI of 1.0 for 6 h in a 100-mm-diameter dish. Untrans-
fected or transfected Vero cells and mock-infected or HCMV-infected HF cells
were washed twice with cold PBS and lysed in ice-cold lysis buffer (50 mM
Tris-HCI [pH 8.0], 150 mM NaCl, 1.0% Nonidet P-40, 0.5% sodium deoxy-
cholate, 0.1% sodium dodecyl sulfate [SDS]). Cell extracts were subjected to
SDS-polyacrylamide gel electrophoresis through a 10% acrylamide gel followed
by electroblotting onto nitrocellulose. The blots were blocked by incubation for
1 h at 20°C in 1X PBS containing 0.1% Tween 20 and 5% nonfat dry milk. The
blots were then washed three more times for 10 min and incubated for 1.5 h at
20°C with either 1:1,000-diluted mouse MAb 5E10 against PML (provided by
K. van der Krann; 66a), rabbit PAb PML-C diluted 1:2,000, or mouse MAb 6E1
directed against IE1 diluted 1:3,000. After three 10-min washes with PBS-Tween
20, the blots were incubated with horseradish peroxidase-conjugated goat anti-
mouse or anti-rabbit IgG (Bio-Rad) for 1 h at 20°C. The blots were washed three
times, and reacting protein bands were detected with an enhanced chemilumi-
nescence system (Amersham RP2106) using Kodak XAR film.

Construction of plasmids for yeast analyses. (i) GAL4-DB fusions. All GAL4-
DB fusions for expression in yeast were generated in pAS1-CYH2 (2, 18).
Plasmid pCJC442 expressing the GAL4-DB/IE1(1-491) fusion protein was gen-
erated by placing the BamHI fragment containing the entire IE1 cDNA from
pCJC180 into pAS1-CYH2. Plasmid pJHA238 expressing the GAL4-DB/PML
(1-560) fusion protein was constructed by subcloning of the Ncol-BamHI frag-
ment containing the entire PML ¢cDNA from pCMX-PML into pAS1-CYH2.
Plasmids pYW18 containing the GAL4-DB/EBNA-1(1-641, A102-325) fusion
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protein (69) and pCJC420 containing GAL4-DB/IE2(290-579) (2) were de-
scribed elsewhere. Control plasmids pRb2 expressing GAL4-DB/Rb(301-928),
pSE1112 expressing GAL4-DB/SNF1, and pSE1111 containing GAL4-A/SNF4
(18) were provided by Stephen J. Elledge.

To generate plasmids expressing the GAL4-DB/mutant PML fusions, an Ncol-
Smal fragment (codons 1 to 447 in pJHA252), an NcoI-Pvull fragment (codons
1 to 267 in pJHA253), an Ncol-AvrII fragment (codons 1 to 96 in pJHA254), and
an AvrII-Pvull fragment (codons 97 to 267 in pJHA277) from the parent plasmid
pJHA238 were placed in frame behind the GAL4-DB of pAS1-CYH2. Plasmid
pJHA250 expressing GAL4-DB/PML(448-560) was generated by an in-frame
deletion between the Ncol and Smal sites from pJHA238. To generate plasmid
pJHA280 expressing GAL4-DB/PML(224-560), the Ncol-BamHI fragment con-
taining PML codons 224 to 560 was PCR amplified (5’ primer [LGH3013],
TAGGATCCATGGAGCTCAAGTGC GACATC; 3’ primer [LGH1737], CAC
GATGCACAGTTGAAG) from pJHA238 and placed into the Ncol and BarmHI
sites of pAS1-CYH2. In addition, plasmid pJHA247 expressing GAL4-DB/PML
(1-560, CggPgo—>SgsRgo) Was constructed by placing the Ncol-BamHI fragment
from pGH623-5 (13) into pAS1-CYH2. Subsequently, plasmids pJHA273 ex-
pressing GAL4-DB/PML(1-267, CggPgo—SggRgo) and pJHA274 expressing GALA4-
DB/PML(1-96, CggPgo—>SgsRgy) Were generated from plasmid pJHA247 by re-
placing a restriction fragment containing the point mutations into pAS1-CYH2.
To generate plasmids pEB1 expressing GAL4-DB/PML(1-560, A281-304) and
pEB2 expressing GAL4A-DB/PML(1-560, CggPgo—SgsRgo A281-304), the Ncol-
Kpnl fragment containing PML(1-304) from pJHA238 was replaced by the Ncol-
Kpnl fragments containing PML(1-280) PCR amplified from pJHA238 or con-
taining PML(1-280, CggPgo—>SgsRgo) PCR amplified from pJHA247 (5" primer
[LGH 3026], GAAGATCTTCC ATGGAGCCTGCAC; 3’ primer [LGH 3027],
GGGGTACCCGCGGATCAGCTCCT). Plasmid pJHA294 expressing GAL4-
DB/PML(96-560, A281-304) was generated by deleting an NcoI-AvrII fragment
from pEBI. Plasmids pLZ59 expressing GAL4-DB/110(104-240) and pLZ60 ex-
pressing GAL4-DB/110(104-240, C,5,P,53—S,5,R53) were described elsewhere
(72).

(ii) GAL4-A fusions. All GAL4-A (GALA4 activation domain; aa 768 to 881)
fusions were generated in pACTII (2, 18). Plasmids pJHA140 expressing GAL4-
A/TE2(1-579) and pJHA239 expressing GAL4-A/IE1(1-491) were generated by
placing the Bg/II fragment containing the entire IE2 cDNA from pJHA122 (2)
and the BamHI fragment containing the entire IE1 ¢cDNA from pCJC442, re-
spectively, into pACTII.

To generate plasmids expressing the GAL4-A/mutant IE1 fusion proteins, an
Ncol fragment (codons 1 to 231 in pJHA255), an Ncol-BamHI fragment (codons
232 to 491 in pJHA249), an Ncol-BamHI fragment containing a deletion be-
tween two EcoRV sites (codons 1 to 491 A132 to 274 in pJHA251), and an
EcoRV fragment (codons 132 to 274 in pJHA257) from the parent plasmid
pJHA239 were placed in frame behind the GAL4-A of pACTII. Plasmid
pJHA300 encoding GAL4-A/IE1(1-346) was constructed by deleting a Bg/II frag-
ment (codons 347 to 491) from the parent plasmid pJHA239.

For plasmids expressing GAL4-A/PML fusions, the NcolI-Sall fragments con-
taining PML fragments from yeast version expressing GAL4-DB/PML fusions
were moved into the NcoI-Xhol sites of pACTII to generate plasmids expressing
GAL4-A/PML(1-560) in pJHA266, GAL4-A/PML(1-560, CggPgo—>SggRgo) in
pJHA267, GALA-A/PML(1-447) in pJHA268, GALA-A/PML(1-267) in pJHA269,
GALA4-A/PML(1-96) in pJHA270, GAL4-A/PML(224-560) in pJHA281, GAL4-
A/PML(447-560) in pJHA271, GAL4-A/PML(1-560, A281-304) in pEBS, and
GALA4-A/PML(1-560, CggPgo—>SggRgy A281-304) in pEBG.

Yeast two-hybrid interaction assays. Saccharomyces cerevisiae Y190 (MATa
gal4A gal80A his3-A200 trp1-901 ade2-101 ura3-52 leu2-3,-112 URA3::GAL1-lacZ
LYS2::GAL-HIS3 cyh®), a derivative of Y153 (18), was used in a two-hybrid
system. Complete and synthetic media for yeast growth and the yeast transfor-
mation method were described elsewhere (62). Both a plasmid encoding the
GALA-DB fusion (Trp+) and a plasmid encoding the GAL4-A fusion (Leu+)
were introduced into Y190 cells. The double transformants were selected in the
plates lacking both Trp and Leu, and the production of B-galactosidase was
assayed by both a 5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside (X-Gal) fil-
ter assay and a quantitative assay using o-nitrophenyl-B-p-galactopyranoside
(ONPG) as described previously (2). For rapid in situ assays of lacZ expression
from yeast colonies, an X-Gal filter assay was used and between 6 and 10
independent colonies of each type were screened simultaneously. The nitrocel-
lulose filters were laid onto the plate and allowed to wet completely, then lifted
off of the plate carefully to avoid smearing the colonies, and placed into liquid
nitrogen to permeabilize the cells. After 10 s, the filters were removed from the
liquid nitrogen and placed cell side up in a petri dish containing 3MM paper
soaked with Z buffer (60 mM Na,HPO,, 40 mM Na,H,PO, - 2H,0, 10 mM KCl,
1 mM MgSO, - TH,0, 50 mM B-mercaptoethanol) plus 1 mg of X-Gal per ml.
The filters were then incubated at 30°C for appropriate times for development of
a positive blue color. For quantitation of the B-galactosidase activity in yeast,
2-ml cultures were grown in the appropriate synthetic medium to an optical
density at 600 nm of 2.0, then 0.4 ml of the culture was harvested, and the
B-galactosidase activity within the cells was assayed by the standard method using
ONPG after permeabilizing the cells with chloroform and SDS (27a). The unit of
B-galactosidase was defined as 1,000(A4450 — 1.754550)/(Ag00 X t X V) (t, reaction
time [minutes]; v, reaction volume [milliliters]).
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FIG. 1. Cells infected with an HCMV mutant that does not express IE1 fail
to disperse the PML protein from punctate domains (PODs) into a nuclear
diffuse pattern. The photographs show a comparison of PML staining patterns in
HF cells infected with either HCMV(Towne) (upper two panels) or the CR208
(AIE1) virus (lower two panels) at a low MOI of 0.1 and a high MOI of 10. At
6 h after infection, the cells were fixed with paraformaldehyde followed by
double-label IFA. IE2 was detected with mouse MAb 12E2 and FITC-labeled
anti-mouse IgG (left). PML was detected in the same fields with rabbit anti-PML
PML-C PAb and rhodamine-coupled anti-rabbit IgG (right). Note the typical
punctate POD patterns of PML in adjacent uninfected cells at low MOI.

RESULTS

An IE1-defective mutant virus does not disrupt PODs. In
permissive HF cells infected with wild-type HCMV(Towne),
IE1 transiently targets to PODs and subsequently displaces the
cellular PML protein from the PODs, with both proteins re-
distributing into a nuclear diffuse form (1). The IE1 protein
alone is sufficient for this process in Vero cells transiently
transfected with a plasmid expressing IE1, as well as in per-
missive U373 cell lines constitutively expressing IE1 and in HF
cells infected with AdS-IE1 (1). The specific requirement for
IE1 in this process in HCMV-infected cells was further inves-
tigated by using a recently described IE1-defective mutant
(26). The CR208 virus contains a deletion of the exon 4 seg-
ment of IE1 within the HCMV(Towne) background and fails
to give efficient lytic cycle infection at low MOI, although it is
able to grow relatively normally in cell culture at high MOI
(26). HF cells were infected with either the parent wild-type
Towne or CR208 virus for 6 h at both low and high MOI (i.e.,
0.1 or 10 PFU/cell). The staining patterns of both IE2 and
PML in infected cells were analyzed by double-label IFA with
both mouse MAb 12E2 against IE2 and rabbit PAb PML-C.
Cells infected with the Towne virus parent showed the typical
mixture of diffuse plus punctate IE2 staining (1), together with
the uniform dispersed nuclear pattern for PML at both low-
and high-MOI infection (Fig. 1, upper two panels). However,
in cells infected with the CR208 virus, an unaltered nuclear
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punctate staining pattern of PML was observed in all infected
cells under both low- and high-MOI conditions and the IE2
punctate patterns were unaffected (Fig. 1, lower two panels).
This result clearly demonstrates that displacement of PML
from the PODs in HCM V-infected cells depends on expression
of IE1 and that even at high MOI, the IE1-defective mutant
virus does not affect the distribution pattern of PML.

PML protein levels in HF cells are not affected by HCMV
infection. Because several variant PML proteins are expressed
by C-terminal alternative splicing (25), we investigated wheth-
er either the total PML protein levels or the ratio of the dif-
ferent forms of PML were changed in HCMV-infected HF
cells after being displaced from the PODs. To confirm the
validity of our assay for PML, the protein produced by human
c¢DNA plasmid pCMX-PML in total-cell extracts from DNA-
transfected Vero cells was subjected to Western blot analysis
using MAb SE10 as a probe (66a). This antibody is expected to
detect only the predominant nuclear isoforms of endogenous
PML as well as the protein produced from pCMX-PML. The
result revealed that indeed a novel PML protein with a mo-
lecular mass of 68 kDa was enriched in pCMX-PML-trans-
fected cells (Fig. 2B, lane 2) compared to those in untrans-
fected cells (Fig. 2B, lane 1). As a control, the **S-labeled PML
protein that was produced from pCMX-PML by in vitro tran-
scription and translation also proved to migrate at 68 kDa (Fig.
2A). When total extracts prepared from mock-infected HF
cells or cells infected with HCMV for 6 h were used, very
similar levels of a predominant 68-kDa form of the protein
were also detected from both extracts with MAb 5E10 (Fig. 2B,
lanes 3 and 4). Furthermore, Western blot analysis with PAb
PML-C directed against the C terminus of PML showed that
the entire complex patterns of multiple isoforms of the PML
protein detectable with this antibody were very similar in
mock-infected (Fig. 2C, lane 1) and HCM V-infected (lane 2)
HF cells, whereas with MAb 6E1 against IE1, the IE1 (72-
kDa) protein was detected only in extracts from the HCMV-
infected HF cells (lane 4). Overall, these results suggest that
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FIG. 2. Comparison of the PML protein levels between mock-infected, trans-
fected, and HCMV-infected cells. (A) Detection of the in vitro-translated pCMX-
PML cDNA protein product (560 aa). [>*S]Met-labeled PML proteins were
synthesized in reticulocyte extracts from template RNA transcribed in vitro with
T7 polymerase from BamHI-linearized plasmid pCMX-PML and analyzed on
SDS-10% polyacrylamide gels. (B) Detection of nuclear forms of the PML
protein by mouse MAb 5E10, using extracts prepared from pCMX-PML-trans-
fected Vero cells and HCMV-infected HF cells. Total extracts (35 g of protein)
prepared from untransfected (lane 1) or pCMX-PML-transfected Vero cells
(lane 2) and from mock-infected (lane 3) or HCMV-infected HF cells (lane 4)
were electrophoretically fractionated on SDS-10% polyacrylamide gels, and
Western blot analysis was performed by incubating the membrane with MAb
SE10 directed against PML. (C) Comparison of the levels of all forms of the
PML protein detectable in mock-infected and HCMV-infected HF cells. Gel
fractionated extracts from mock-infected (30 pg for lane 2 and 8 pg for lane 3)
and HCMV-infected HF cells (30 pg for lane 2 and 8 ng for lane 4) were
subjected to Western blot analysis using either rabbit PAb PML-C directed
against the C terminus of PML (lanes 1 and 2) or mouse MAb 6E1 against IE1
(lanes 3 and 4).
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FIG. 3. Summary of the localization patterns of IE1, IE2, and PML in Vero cells transiently transfected with genomic plasmids expressing deleted versions of IE1.
At the top is an illustration of the overlapping five exon structure (solid bar) of the MIE gene transcription unit in the inverted (i.e., viral) genomic orientation. The
positions of key restriction sites used to generate the deleted or truncated versions of IE1 are indicated above the diagram. Bg, Bg/II; EV, EcoRV; Sp, Spel. The
enhancer/promoter region of the MIE locus (ENH; hatched bar) and the translation start (ATG) and termination (TAA) sites as well as polyadenylation sites (pA)
are also indicated. Below is a comparison of the structures of the proteins encoded by the variant MIE expression gene plasmids used. Open bars represent coding
regions, with gaps denoting in-frame deletions; diamonds indicate inserted triple-terminator oligonucleotides. The estimated map locations for the epitopes recognized
by MAbs 6E1, 12E2, and CH810 are shown at the bottom (hatched bars). To detect IE1, IE2, and PML, FITC-labeled MAb 6E1 (for IE1), 12E2 (for IE2), and CH810
(for both IE1 and IE2) were used in double-label IFA experiments together with rhodamine-coupled rabbit PAb against PML. IFA patterns; ND, nuclear diffuse; P,
punctate; ND/P, mixture of nuclear diffuse and punctate; G, nuclear granular structures.

the total levels of PML protein in HCM V-infected cells remain
unaffected after displacement from the PODs compared to
those in uninfected cells, and that there are also no obvious
modifications in the sizes or ratios of the different isoforms of
PML present.

Evaluation of the IE1 protein domains required for PML
displacement and the nuclear diffuse distribution pattern. To
determine whether specific regions of the IE1 protein are re-
quired for PML displacement, the PML staining patterns of
Vero cells transfected with plasmids encoding mutant IE1 pro-
teins were investigated by double-label IFA. A schematic repres-
entation describing the proteins encoded by each plasmid and
a summary of the localization patterns of IE1 and IE2 in
transfected Vero cells are presented in Fig. 3. In the initial
experiments, we first mapped the epitope for mouse MAb 6E1
to a region from codons 131 to 274 in IE1 exon 4 and that for
MAD 12E2 to a region from codons 99 to 136 in IE2 exon 5
(data not shown) (Fig. 3, bottom). The epitope for MAb
CHS10 has been previously mapped to within the exon 2 and 3
region common to both IE1 and IE2 (44).

We have previously shown (1, 44) that a mutant IE1 protein
truncated in the C-terminal region at codon 347 (encoded by
plasmid pRL74) gave mostly large spherical globular or ring
structures within the nucleus, rather than the normal nuclear
diffuse distribution pattern seen with the transfected parent
wild-type IE1 protein (pMP17). This aberrant distribution pat-
tern of the C-terminally truncated mutant IE1 protein was
observed even in the presence of IE2 (both are encoded by

plasmid pRLS55 [Fig. 4c]) and with another similar IE1 deletion
protein truncated at codon 274 (pMP11 [not shown]). In con-
trast, two mutant IE1 proteins containing internal in-frame
deletions between codons 132 and 274 (pRL60 [Fig. 4g]) or
between codons 291 and 320 (pRL61 [Fig. 4i]) displayed a
typical nuclear diffuse pattern. Since the 48-h transient expres-
sion assay does not detect the intermediate stage of transient
targeting to PODs seen at the earliest times in infection, the
latter result does not address whether these two deleted forms
of IE1 have lost or retain the ability to target to the PODs.
The patterns of displacement of PML from the PODs by
mutant IE1 proteins was also examined by double-label IFA
approaches using rhodamine-coupled rabbit anti-PML (PML-
C) and FITC-labeled mouse anti-IE1 (6E1) antibodies. The
results for nuclear diffuse or punctate PML signals are sum-
marized in Fig. 3. As a positive control, the transfected wild-
type IE1 protein completely displaced endogenous PML from
the PODs into a nuclear diffuse form in all cells expressing IE1
in the presence or absence of IE2 (Fig. 4a and b). However,
truncated IE1 proteins that lack the C-terminal regions be-
tween 346 to 491 (pRLSS and pRL74) (Fig. 4c to f) as well as
between 131 to 491 (pMP10) and 274 to 491 (pMP11) (not
shown) all failed to displace PML from the punctate bodies.
Similarly, the internally deleted IE1 proteins that lacked only
the regions from codons 132 to 274 (pRL60) or codons 290 to
320 (pRL61) also failed to displace PML from the punctate
bodies, although in this case the two mutant IE1 proteins
themselves showed a typical nuclear diffuse pattern (Fig. 4g to
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FIG. 4. Effects of wild-type or mutant IE1 expression on distribution of the
endogenous PML proteins in transient expression assays. Vero cells were trans-
fected with plasmids encoding various mutant IE1 proteins and fixed with para-
formaldehyde followed by double-label IFA at 48 h after transfection. (a and b)
Paired photographs of cells receiving plasmid pMP17 encoding wild-type TE1(1-
491); (c and d) pRL55 encoding both IE1(1-346) and wild-type IE2; (e and f)
pRL74 encoding IE1(1-346); (g and h) pRL60 encoding IE1(A132-274); (i and j)
pRL61 encoding IE1(A291-320). (a, ¢, e, g, and i) Detection of IE1 with mouse
MAD 6EI (a, ¢, e, and i) or MAb CH810 (g) and FITC-labeled anti-mouse IgG.
(b, d, £, h, and j) Detection of PML in the same fields with rabbit anti-PML-C
PAb and rhodamine-coupled anti-rabbit IgG.

j). Importantly, the large aberrant IE1 globules seen with
IE1(1-346) still touched or encompassed all of the much
smaller endogenous PML punctate domains.

We conclude that parts of at least three segments of IE1
exon 4 including codons 132 to 274, 291 to 320, and beyond 346
are all required for normal PML displacement, whereas the
region between codons 1 to 346 encompasses all domains nec-
essary for targeting to the PODs. Since the internally deleted
IE1(A132-274) and IE1(A291-320) versions neither form sta-
ble punctate structures nor displace PML, they appear likely to
have lost the ability to target to the PODs. Unlike the RING
finger mutants of HSV IE110, none of the HCMV IE1 mutants
tested resulted in direct stable colocalization with PML in the
PODs, although those lacking the C-terminal acidic domain
did produce a stable interaction in larger aberrant structures
that either surround or lie adjacent to endogenous PODs.
Therefore, the latter mutant appears to uncouple the require-

MoL. CELL. BIOL.

ments for targeting to POD-related structures from actual dis-
placement of PML.

Evaluation of the PML protein domains required for POD
localization. To study the mechanism of PML displacement to
a nuclear diffuse form by HCMV IEl, we also needed to
examine the domain requirements within PML for POD local-
ization. PML contains an N-terminal RING finger domain, two
adjacent Cys/His-rich B-box regions, a coiled-coil probable
dimerization region, and a C-terminal Ser-rich domain with a
possible nuclear localization signal (NLS) (see Fig. 6). There-
fore, we obtained a mammalian cDNA expression plasmid
encoding the intact human PML protein (in pCMX-PML)
under the control of the HCMV MIE enhancer/promoter re-
gion (35) and generated several variants expressing mutant
deleted or truncated PML proteins. Initially, we investigated
the localization patterns of overexpressed PML proteins by
IFA in transiently transfected Vero cells by using two antipep-
tide PAbs directed against the N (PML-N) and C (PML-C)
termini of PML, although preliminary tests showed that unlike
the PML-C antibody, the PML-N antibody did not detect the
endogenous PML signals in Vero cells (data not shown). The
exogenous wild-type PML protein alone formed five to six
large globular bodies, which appeared to have coalesced with
or incorporated all of the normal smaller endogenous PML
containing PODs (Fig. 5a).

Unlike the transfected wild-type PML protein, four of the
five mutant PML proteins tested all gave nuclear diffuse dis-

1-560(wt) C1:l:-’5>68()R
1-267
ég’iegﬂ 224-560
A281-304 Aggl -8334

FIG. 5. Localization patterns of wild-type and mutant PML in transfected
Vero cells. Vero cells were transfected with plasmids expressing the wild-type
(wt) PML(1-560) protein (pCMX-PML) (a), PML(1-560, CggPgo—>SgsRgo)
(pGH623-5) (b), PML(1-447) (pJHA286) (c), PML(1-267) (pJHA287) (d), PML
(1-267, CggPgo—SgsRgo) (pJHA288) (e), PML(224-560) (pJHA289) (f), PML
(1-560, A282-304) (pJHA290) (g), and PML(1-560, CggPgo—>SgsRgo A282-304)
(pJHA291) (h). The cells were fixed with paraformaldehyde at 48 h after trans-
fection followed by IFA with anti-PML-C PAD (a, b, g, and h) or anti-PML-N
PAb (c, d, e, and f) and rhodamine-coupled anti-rabbit IgG. Phase-contrast
images confirming the nuclear plus cytoplasmic locations of PML(1-447) are
available upon request.
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FIG. 6. Effects of mutant PML proteins on self-interaction measured with a yeast two-hybrid assay. (Left) Diagram illustrating the structure of the GAL4-A/PML
fusion proteins used. The two major translocation fusion points occurring within the PML protein (at positions 552 and 955) in PML/RARa« fusions in APL are indicated
by arrows. The proposed NLS (at positions 467 to 490) is indicated (36). The location of the paired RING finger point mutations (CggPgo—>SgsRgo) is indicated by a
star. The amino acid positions of the restriction enzyme cleavage sites used to generate the GAL4-A/mutant PML fusion are indicated. Dotted bars, N-terminal Pro-rich
domain and C-terminal Ser-rich domain; black bars, RING finger domain (left) and two adjacent Cys/His-rich domains (right); hatched bars, putative o-helical region.
Av, AvrII; Py, Pvull; Sm, Smal. (Right) Qualitative and quantitative results of the yeast self-interaction assay. No detectable B-galactosidase activity was measured in
Y190 cells transformed with the plasmid encoding the GAL4-DB/PML(1-560) fusion protein alone. Plasmids encoding a variety of GAL4-A/PML fusion proteins were
then introduced together with GAL4-DB/PML(1-560) into Y190 cells. Transformants were selected on plates lacking Trp and Leu, and B-galactosidase activity of the
transformants was measured as described in Materials and Methods. Lines: 1, GAL4-A/PML(1-560) in pTHA266; 2, GAL4-A/PML(1-560, CggPgo—>SgsRg0) (PJHA267);
3, GAL4-A/PML(1-447) (pJHA268); 4, GAL4-A/PML(1-267) (pJHA269); 5, GAL4-A/PML(1-96) (pJHA270); 6, GAL4-A/PML(224-560) (pJHA281); 7, GAL4-A/
PML(447-560) (pJHA271); 8, GAL4-A/PML(1-560, A281-304) (pEBS); 9, GAL4-A/PML(1-560, CggPgo—>SgsRgo A281-304) (pEB6). “Mean values for 3-galactosidase
units for interaction between GAL4-DB/PML(1-560) and GAL4-A/PML(1-560) in duplicated assays are indicated as 100%. The relative activity of control SNF1/SNF4
interaction in the same assay was 148%. "Self-interaction with the GAL4-DB/PML(96-560, A281-304) fusion protein encoded by plasmid pJHA294.

tribution patterns of PML detectable by the PML-C antibody.
These four mutants contained either point mutations (CggPgo—
SgsRgo) within the RING finger domain (Fig. 5b), a deletion of
25 aa (A281-304) within the coiled-coil region (Fig. 5g), both of
the above-mentioned mutations (CggPgo—>SggRgo A281-304)
(Fig. 5h), or an N-terminal truncation (A1-223) (Fig. 5f). Fur-
thermore, none of these four mutant PML proteins interfered
with endogenous PML, since normal-sized PODs were still
detected within the nuclear diffuse background in those cells
expressing mutant PML proteins. However, a C-terminal trun-
cated PML(1-447) protein that lacked the proposed NLS
formed large aggregated bodies that were detectable with the
PML-N antibody and were predominantly cytoplasmic (Fig.
5c). Two smaller PML proteins, which were truncated at codon
267 with or without the RING finger mutation and lacked both
the coiled-coil region and the NLS (Fig. 5d and e), were both
distributed as diffuse forms throughout the cell as detect-
ed with the PML-N antibody. Therefore, these IFA results
showed that the N-terminal RING finger domain and the in-
tact coiled-coil region of PML are both required for punctate
body formation (presumably through dimerization or oli-
gomerization and other protein-protein interactions) and that
the putative NLS or some other C-terminal feature is also
needed for efficient nuclear POD localization.

Evaluation of the PML protein domains required for self-
interaction. Because both the RING finger motif and the
coiled-coil motif of PML are believed to be involved in protein-
protein interactions including self-interaction, we investigated
the ability of the mutant PML proteins that were used for IFA
experiments to self-interact in a yeast two-hybrid genetic assay.
Various plasmids encoding GAL4-A/PML fusion proteins
were introduced into yeast Y190 cells together with a plasmid
encoding GAL4-DB/PML(1-560), and the ability to self-inter-
act was tested in both an initial X-Gal filter color assay and
a quantitative ONPG assay. In control experiments, yeast

cells that received only a single plasmid encoding each of
the GAL4-DB/PML fusion proteins alone or each of the
GALA4-A/PML fusion proteins alone did not activate the target
UASG./GALI-lacZ reporter gene (data not shown), whereas
cells that received both wild-type plasmids expressing GAL4-
DB/PML(1-560) and GALA-A/PML(1-560) produced very strong
B-galactosidase activity (Fig. 6, line 1). Three deleted PML
fusion proteins, GAL4-A/PML(1-267), GAL4-A/PML(1-96),
and GALA-A/PML(447-560), that each lacked the entire coiled-
coil region did not gave any significant interaction (less than
1% of the wild-type level) with the intact GAL4-DB/PML(1-
560) fusion protein (lines 4, 5, and 7), suggesting that the coiled-
coil region is probably essential for self-interactions. However,
three mutant PML fusion proteins, one containing only a
CgsPgo—SssRgo change within the RING finger domain (line
2), another representing the C terminus and coiled-coil region
only (codons 224 to 560) (line 6), and a third containing a
25-amino-acid deletion within the coiled-coil region (A281-
304) (line 8), retained only 7.4, 5, and 14.6%, respectively, of
wild-type interaction activity with the GAL4-DB/PML(1-560)
fusion protein. Furthermore, a double-mutant PML fusion
protein containing both the CggPgo—>SgsRgo change and the
coiled-coil domain deletion (A281-304) completely abolished
the ability to interact with the wild-type protein (line 9). These
results demonstrate that both the N-terminal RING finger
domain and the coiled-coil region of PML are required to be
intact for efficient self-interaction.

Interestingly, when we characterized the coiled-coil deletion
PML(A281-304) protein in a homodimerization assay with it-
self, the GAL4-A/PML(1-560, A281-304) fusion protein was
still able to interact (at 12% efficiency) with the GAL4-DB/
PML(96-560, A281-304) fusion protein (line 8), suggesting that
the small coiled-coil region deletion between codons 281 and
304 does not abolish all self-interaction functions of the pro-
tein. Nevertheless, this mutant PML(A281-304) protein does
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not appear to retain the ability to assemble normal protein-
protein complexes because of its failure to be incorporated into
PODs (Fig. 5g). Taken together with the IFA results, the lack
of efficient self-interaction (or oligomerization) by several dis-
tinct mutant PML proteins appears to correlate with the failure
of POD localization (seen in Fig. 5). Furthermore, the C-
terminal truncated PML fusion protein GAL4-A/PML(1-447),
although it retained both an intact N-terminal RING finger
domain and the coiled-coil region, also showed only 2.7%
self-interaction activity (Fig. 6, line 3). Perhaps the property of
strong self-interaction (and aggregation) in the cytoplasm ob-
served with the nonfusion version (Fig. 5c¢) also prevents this
version of the GAL4-fusion PML protein from undergoing
efficient nuclear transport in yeast.

Coexpression of IE1 and PML also leads to an altered
diffuse distribution of exogenous PML. We have shown above
that expression of wild-type IE1 alone causes displacement of
endogenous PML from the PODs and leads to the subse-
quence redistribution of PML together with IE1 in a nuclear
diffuse form. This process occurs in DNA-transfected HF or
Vero cells, in U373 astrocytoma or Vero cell lines constitu-
tively expressing IE1, and in HF cells infected with recombi-
nant adenovirus (Ad5-IE1) (1). Furthermore, the two events
correlate to such a high degree that in our previous studies of
HCMV-infected HF cells at different times between 2 and 12 h
after infection, all 110 cells scored that displayed punctate IE1
also had fully colocalized punctate PML, whereas all 390 cells
scored that displayed diffuse IE1 also had fully diffuse PML
patterns. This was the case irrespective of whether rabbit PAb
PML-C or mouse MAb 5E10 was used to detect PML and
whether rabbit anti-IE1 PAb or mouse MAb CHS810 or 6E1
was used to detect IE1. To examine this phenomenon further,
we cotransfected Vero cells with the two plasmids encoding
intact PML and wild-type IE1 together. Nevertheless, despite
the large globular pattern of overexpressed PML, the results
again showed that the presence of IE1 changed the PML
distribution to a uniform nuclear diffuse pattern in all coex-
pressing cells (Fig. 7a and b).

The targeting of the mutant protein IE1(1-346) to POD-
related structures without displacement of PML seen in Fig. 4
was also further investigated in cotransfection assays. The IFA
result in cells expressing both mutant TE1(1-346) and intact
PML showed that IE1(1-346) colocalized with overexpressed
PML in large nuclear POD-like structures, although PML sig-
nals were also detected as cytoplasmic bodies (Fig. 7c and d).
This result reinforces our observation that the mutant IE1
protein lacking the C-terminal acidic region still targets to
PODs but fails to displace PML from the PODs.

We showed above that the N-terminal segment of PML
(1-267) was distributed as a diffuse form throughout both the
nucleus and cytoplasm (Fig. 5d). However, when we investi-
gated the effect of IE1(1-346) on the distribution pattern of
PML(1-267), a strong association of PML(1-267) with IE1(1-
346) was found in the nucleus in cotransfected cells (Fig. 7e
and f). In contrast, when cells were cotransfected with both
IE1(1-346) and PML(1-267, CggPgo—>SgsRgo), Only a very weak
association of both proteins was detected (Fig. 7g and h).
These results again suggest that IE1 might interact directly
with PML, that the intact RING finger domain of PML is
required for this interaction, and that the Glu-rich acidic ter-
minus of IE1 is necessary or responsible for displacement from
the PODs.

PML associates together with IE1 in metaphase chromo-
somes in some infected HF cells. The PML staining pattern
alters with cell cycle progression in uninfected cells, displaying
the typical nuclear body staining in G, phase but changing to
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FIG. 7. Effects of wild-type or mutant IE1 expression on distribution of the
PML proteins in cotransfection assays. Vero cells were cotransfected with the
following plasmid pairs: (a and b) pMP18 encoding wild-type IE1(1-491) and
pCMX-PML encoding intact PML(1-560); (¢ and d) pJHA300 encoding IE1(1-
346) and pCMX-PML; (e and f) pJHA300 and pJHA261 encoding mutant PML
(1-267); (g and h) pJHA300 and pJHA275 encoding mutant PML(1-267,
CggPgo—>SggRgo). At 48 h after transfection, cells were fixed with paraformalde-
hyde followed by double-label IFA. (a, c, e, and g) Detection of IE1 with mouse
MAD 6E1 and FITC-labeled anti-mouse IgG. (b, d, f, and h) Detection of PML
in the same fields with rabbit anti-PML PML-C (b and d) or PML-N (f and h)
PAb and rhodamine-coupled anti-rabbit IgG. Phase-contrast images confirming
the nuclear plus cytoplasmic locations of PML(1-560) in the presence of IE1(1-
346) are available upon request.

multiple smaller dots in late S phase and almost disappearing
briefly in M phase (16, 40). We have previously shown that IE1
associates with metaphase chromosomes after a methanol per-
meabilization procedure in those 1 to 2% of transiently DNA-
transfected cells, or of constitutively IE1-expressing cells in
stable cell lines, that are undergoing mitosis (44). This is also
the case in the occasional mitotic cells found during HCMV
infection in both permissive and nonpermissive cell types. Be-
cause of the precise correlation between displacement of PML
from the PODs into a nuclear diffuse form and the apparently
simultaneous change in IE1 distribution from PODs to a nu-
clear diffuse pattern in individual HCM V-infected cells (1), we
also investigated whether the distribution pattern of the two
proteins again correlated in those cells showing an association
of IE1 with metaphase chromosomes. When HF cells were
infected with HCMV(Towne) at an MOI of 0.5 and stained at
72 h after infection, nearly 4% of the infected cells showed a
metaphase chromosome-associated IFA pattern of IE1 after
methanol treatment, whereas the nonmitotic cells gave the
typical uniform nuclear diffuse pattern (Fig. 8A, green fluores-
cence). Double-label IFA of these cells showed that PML also
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FIG. 8. Confocal microscopy images demonstrating colocalization between PML and IE1 in metaphase chromosomes in HCMV- or Ad5-IEl-infected cells
undergoing mitosis. HF cells were infected with either HCMV(Towne) (A) or Ad5-IE1 (B) at an MOI of 0.5. At 72 h after infection, the cells were permeabilized in
absolute methanol at —20°C followed by double-label IFA. Left-hand panels (green fluorescence), detection of IE1 with mouse MAb 6E1 and FITC-labeled anti-mouse
IgG; center panels (red fluorescence), detection of PML in the same fields with rabbit anti-PML-C PAb and rhodamine-coupled anti-rabbit IgG; Right-hand panels
(yellow merge fluorescence), confocal images from each fluorochrome were recorded and superimposed to demonstrate colocalization. Two representative cells are

shown in the upper and lower sections of panel B.

associated with (or precipitated onto) metaphase chromosomes
together with IE1 in all of these same cells, whereas infected
cells with a nuclear diffuse IE1 staining pattern always gave a
nuclear diffuse PML staining pattern (Fig. 8A). Similar results
were obtained for HF cells infected with Ad5-IE1 that were
undergoing mitosis (Fig. 8B). Importantly, PML was never seen
to be associated with metaphase chromosomes after methanol
treatment in mitotic cells from uninfected cultures or in those
infected with AdS expressing B-galactosidase. These results
strongly imply that PML may be physically associated with IE1
after displacement from the PODs during HCMV infection.
Specific interactions between IE1 with PML in two-hybrid
assays in yeast. The observation that the distribution of PML
in infected cells precisely correlated with that of IE1, when the
latter was either transiently associated with PODs or present as
nuclear diffuse forms in most cells after displacement from the

PODs, as well as in a form associated with metaphase chro-
mosomes in the small percentage of mitotic cells, led us to
investigate the possibility of direct protein-protein interactions
between IE1 and PML. To do so, we used a standard yeast
two-hybrid interaction assay (23). The results of representative
experiments are shown in Fig. 9. As negative controls, when
yeast cells were transformed only with the single plasmids
encoding each of the GALA4-A/IE1 fusions alone, or with the
GALA4-DB fusions with intact PML(1-560) or deleted PML
(97-267) or PML(224-560) alone, none of these proteins acti-
vated the target UASg,/GALI-lacZ reporter gene (data not
shown). However, when plasmids containing the intact GAL4-
DB fusion and the intact GAL4-A fusion proteins were present
together in the same yeast cells, they gave blue color develop-
ment in an X-Gal filter assay (data not shown) and produced
moderate levels of B-galactosidase activity that were 20-fold
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A. GAL4-fusions B. Two Hybrid Interaction Assay

[ DB-Fusions] [ A-Fusions | B-Galactosidase Units (10 3)
1?0 2?0
1 EBNA-1 1E1(1-491) 1
2 EBNA-1 IE2(1-579) 2
3 PML(1-560) IE1(1-491) 3
4 PML(CgsPsg->SgsRaeg) IE1(1-491) 4
5 PML(97-267) IE1(1-491) 5
6 PML(224-560) IE1(1-491) 6
7 PML{1-560) IE1(1-346) 7
8 PML(CggPsg->SssRsg) IE1(1-346) 8
9 PML(1-560) IE1(1-231) 9
10 PML(1-560) IE1(232-491) 10
11 PML(1-560) IE1(A132-274) 11
12 PML(1-560) IE1(132-274) 12
13 PML(1-560) IE2(1-579) 13
14 Rb(301-928) 1IE2(1-579) 14
15 SNF1 SNF4 15

FIG. 9. Yeast two-hybrid assays demonstrating specific interactions between IE1 and PML. The GAL4-DB fusion proteins used were GAL4-DB/EBNA-1(1-641,
A102-325) (encoded by plasmid pYW18), GAL4-DB/PML(1-560) (pJHA238), GAL4A-DB/PML(1-560, CggPgo—>SgsRgo) (pJHA247), GAL4-DB/PML(97-267)
(pJHA277), GAL4-DB/PML(224-560) (pJHA280), GAL4-DB/SNF1 (pSE1112), and GAL4-DB/Rb(301-928) (pRb2). The GAL4-A fusion proteins used were GAL4-
A/IE1(1-491) (in pJHA239), GALA4-A/IE2(1-579) (pJHA140), GAL4-A/IE1(1-346) (pJHA300), GAL4-A/IE1(1-231) (pJHA255), GALA4-A/IE1(232-491) (pJHA249),
GALA4-A/IE1(A132-274) (pJHA251), GAL4-A/IE1(132-274) (pJHA257), and GAL4-A/SNF4 (pSE1111). Paired plasmids encoding the GAL4-DB and GAL4-A fusion
proteins were introduced together into Y190 cells. Transformants were selected on plates lacking Trp and Leu, and B-galactosidase activity of the transformants were

measured. Mean values for B-galactosidase units in duplicated assays are denoted by the black bars with error range indicated.

higher than in negative interaction controls (e.g., the combi-
nation of EBV EBNA-1 with IE1 or IE2) (Fig. 9; compare
line 3 with lines 1 and 2). Interestingly, the version of PML
containing point mutations within the RING finger domain
(CggPgo—S¢sRgo) exhibited an interaction affinity 3 fold lower
than that of the wild-type protein (line 4). When we investi-
gated the ability of PML fusion proteins that either retained
just the Cys/His-rich domain (codons 97 to 267) or lacked the
entire N-terminal domain (A1-223) to interact with IE1, nei-
ther was able to do so (lines 5 and 6), indicating that probably
either the RING finger domain alone or both the RING finger
and adjacent Cys/His-rich domains may be essential for the
interaction with IE1. Note that truncated GAL4-DB domain
fusions containing the intact N terminus of PML could not be
evaluated in this assay because of their constitutive activator
properties (see below). However, experiments set up in the
reverse two-hybrid format eliminated this complication and
showed that the GAL4-DB/IE1(1-491) fusion protein was able
to interact equally efficiently with both GAL4-A/PML(1-560)
and GAL-4-A/PML(1-267) in X-Gal filter assays (not shown),
although the level of interactions with this version of the assay
were weaker than with the original version of the assay. As a
negative control, the GAL4-DB/IE1(1-491) fusion protein
alone did not activate the target reporter gene. Therefore, the
N-terminal region of PML containing the RING finger domain
may be sufficient for interaction with IE1.

To determine whether any specific isolated subfragments of
IE1 might be capable of interaction with PML, we generated a
series of yeast expression plasmids encoding truncated GAL4-
A/IE1 fusions and investigated the abilities of these mutant
IE1 proteins to bind to the intact GAL4-DB/PML(1-560) fu-
sion protein. The results showed that the GAL4-A/IE1(1-346)
fusion protein lacking the acidic C-terminal region of IE1 was
able to interact strongly with the intact GAL4-DB/PML(1-560)
protein (Fig. 9, line 7) but did so with threefold-reduced effi-
ciency with the GAL4-DB/PML(CggPgy—>SgsRgo) mutant (line

8). However, the other fusion proteins used in this experiment,
GAL4-A/IE1(1-231), GAL4-A/IE1(232-491), GAL4-A/IE1
(A132-274), and GAL4-A/IE1(132-274), all failed to interact
with GAL4-DB/PML(1-560) (Fig. 9, lines 9 to 12). This set of
fusion proteins contained a hemagglutinin epitope tag (insert-
ed behind the GAL4-A on plasmid pACTII), which allowed us
to confirm by using Western blot analysis with anti-hemagglu-
tinin antibody (data not shown) that these GAL4-A/mutant
IE1 fusion proteins were of the expected sizes and all gave
comparable levels of expression relative to the wild-type fusion
protein in the yeast cells. Therefore, the isolated segment of
IE1(1-346) but not smaller fragments is sufficient for interac-
tion with PML in yeast, which is fully consistent with the results
obtained above with similar mutant IE1 proteins by IFA stud-
ies in transfected Vero cells (Fig. 4 and 7).

Importantly, PML did not demonstrate any significant inter-
action with IE2 in the same assay (Fig. 9, line 13), and IE1 does
not interact with itself in such assays (data not shown). Com-
pared to other protein-protein interactions that were used as
positive controls, the strength of the interaction of the intact
IE1 and PML fusion proteins (90 X 1072 U) was 20% to 40%
as efficient as either the self-dimerization interaction of the
intact PML protein in the same yeast cell background (516 X
1072 U [data not shown]) or the SNF1 interaction with SNF4
(line 15), but was comparable to the affinity of the IE2 inter-
action with Rb (100 X 1072 U) (line 14) (27b). Therefore,
consistent with our IFA data, these genetic assays using a yeast
two-hybrid system identified a specific protein-protein interac-
tion between IE1 and PML that appears to be mediated
through the RING finger domain of PML and does not require
the C-terminal acidic domain of IE1.

Unmasking of a cryptic transactivator domain in PML in
yeast GAL4 fusion assay. In APL cells, the t(15;17) chromo-
some translocation produces C-terminally truncated aberrant
PML proteins as well as the PML/RAR« fusion proteins (57).
The N-terminal portion of PML has been suggested to have
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A. GAL4-DB(1-147)/PML Fusions
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B. Transactivation Assay
B-Galactosidase Units (10 3)
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FIG. 10. Unmasking of a cryptic transactivator property within the N-terminal domain of PML proteins in yeast cells. (A) Diagram illustrating the structure of the
GAL4-DB/PML (lines 1 to 12) and other control GAL4-DB/IE2 (line 13) or GAL4-DB/IE110 (lines 14 and 15) fusion proteins used. See Fig. 6 for details of PML
protein features. (B) B-Galactosidase activity measured in Y190 cells transformed with plasmids encoding the GAL4-DB/PML or other control fusion proteins.
Single-transformants were selected on plates lacking Trp, and B-galactosidase activity of the transformants was measured. Lines: 1, GAL4-DB/PML(1-560) in pJHA238;
2, GAL4-DB/PML(1-560, CggPgo—>SgsRgo) (pJHA247); 3, GAL4-DB/PML(1-447) (pJHA252); 4, GAL4-DB/PML(1-267) (pJHA253); 5, GAL4-DB/PML(1-267,
CgsPgo—>SgsRgo) (pPJHA273); 6, GAL4-DB/PML(1-96) (pJHA254); 7, GAL4-DB/PML(1-96, CggPgo—>SgsRgo) (pJHA274); 8, GAL4-DB/PML96-267) (pJHA277); 9,
GAL4-DB/PML(224-560) (pJHA280); 10, GAL4-DB/PML(447-560) (pJHA250); 11, GAL4-DB/PML(1-560, A281-304) (pEB1); 12, GAL4-DB/PML(1-560, CggPgo—
SgsRgo A281-304) (pEB2); 13, GAL4-DB/IE2(290-579) (pCJC420); 14, GAL4-DB/IE110(104-240) (pLZ59); 15, GAL4-DB/IE110(104-240, C,5,P,53—>S:5:R53)

(PLZ60).

some form of transcriptional modulator function because the
PML/RAR« fusion causes an alteration in the RA-dependent
transactivation function of the RARa (14, 35). In our initial
study to investigate possible biological functions of the inter-
action of IE1 with the RING finger domain of PML (in addi-
tion to the disruption of PODs), we generated a set of yeast
expression plasmids encoding C-terminal truncated GALA4-
DB/PML fusion proteins (illustrated in Fig. 10A) but discov-
ered that several of these forms gave a direct transactivator
function in yeast (Fig. 10B). Neither the intact GAL4-DB/
PML(1-560) protein nor GAL4-DB/PML(1-447) containing
both the N-terminal Cys-rich domains and the intact coiled-
coil region of PML had any activity in this assay (lines 1 and 3).
However, the shorter form GAL4-DB/PML(1-267), which con-
tains both the intact RING finger domain and the adjacent
Cys/His-rich domains but lacks the coiled-coil region, showed
positive transactivation on the target UASG,/GALI-lacZ re-
porter gene (line 4). Similarly, a GAL4-DB/PML(1-96) protein
containing the intact RING finger domain only (line 6) also
showed transactivation properties, although with a sixfold re-
duction in activity compared to GAL4-DB/PML(1-267). In
contrast, the GAL4-DB/PML(96-267) (line 8), GAL4-DB/
PML(224-560) (line 9), and GAL4-DB/PML(447-560) (line
10) fusion proteins did not show any transactivator properties.

Quantitatively, the level of transactivation by GAL4-DB/
PML(1-267) on the yeast target reporter gene was twofold
higher than that of GAL4-DB/IE2(290-579) (Fig. 10, line 13),
which contains the C-terminal activator domain of HCMV IE2

(2,59). Since the GAL4-DB/PML(1-267) protein lacks most of
the coiled-coil region of PML that is required for dimerization
and POD localization, we also examined whether a nearly
intact GAL4-DB/PML(1-560, A281-304) fusion protein con-
taining just a small 25-aa deletion within the coiled-coil region
might also unmask the cryptic transactivator properties in the
same yeast one-hybrid assay. Indeed, this small deletion in the
PML dimerization region also revealed transactivator proper-
ties comparable to those of the isolated N terminus (line 11).
Overall these results demonstrate that N-terminal PML frag-
ments containing both the RING finger and the adjacent Cys/
His-rich domains, or less efficiently just the RING finger do-
main alone, display cryptic transactivator functions that are not
evident in the intact PML protein. Furthermore, the coiled-coil
domain may be involved in blocking this function of the N-
terminal RING finger domain region of PML.

The RING finger domain of PML plays a critical role in the
unmasked transactivator property of PML. To investigate the
role of the RING finger domain itself in transactivation by
PML, a mutation of a Cys residue (CggPgo—>SgsRgo) Within the
RING finger domain was generated in each of the GAL4-DB/
PML(1-267), GAL4-DB/PML(1-96), and GAL4-DB/PML
(1-560, A281-304) backgrounds. Interestingly, GAL4-DB/PML
(1-267, CggPgo—>SgsRgo) (Fig. 10, line 5) showed a 3-fold low-
er level of transactivation compared to the parent GAL4-
DB/PML(1-267) protein, whereas both GALA-DB/PML(1-96,
CggPgo—SssRgo) (line 7) and GAL4-DB/PML(1-560, CggPgo—
SgsRgo A281-304) (line 12) displayed 100- and 60-fold reduc-
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FIG. 11. Assays for activator domains in PML using GAL4 fusion proteins expressed in transient assays in mammalian cells. Vero cells were cotransfected with
plasmids containing either the parent E1b-CAT or GAL45/E1b-CAT reporter target gene together with plasmids encoding the GAL4-DB (pGH250) or GAL4-DB/PML
fusion proteins. A representative autoradiograph of a transient CAT assay is shown. The basal samples show the levels of E1b-CAT or GAL45/E1b-CAT expression
in the presence of vector plasmid DNA only. GAL4/TE2(544-579) in plasmid pMP54a containing the C-terminal IE2 transactivator domain described previously (59)
and GAL4/CBF1(1-500) in plasmid pJH93 were used as positive and negative controls, respectively (32). GAL4-DB/PML fusion proteins tested were GAL4-DB/PML
(1-560) in pJHA258, GALA-DB/PML(1-560, CygPgo—SgsRyo) in pJHA259, GAL4-DB/PML(1-447) in pJHA260, GAL4-DB/PML(1-267) in pJHA261, GAL4-DB/PML
(1-267, CggPgo—SgsRgo) in pJHA275, GAL4-DB/PML(97-267) in pJHA278, and GAL4-DB/PML(447-560) in pJHA263.

tions, respectively, and were almost devoid of any remaining
transactivator function. A similar pattern of both a significant
transactivation function with an isolated intact RING finger
domain fusion protein from HSV IE110 [in GAL4-DB/IE110
(104-240) (line 14)] but an almost complete loss of this activity
by mutation of a Cys residue within the RING finger domain
[in GAL4-DB/IE110(104-240), C,5,P;53—S;5,R53) (line 15)]
was observed in control experiments. These results demon-
strate that the RING finger domain itself plays a major role in
the unmasked transactivation activity of the C-terminal trun-
cated PML proteins and that such properties may be a com-
mon feature of RING finger domains.

Masking of the cryptic N-terminal transactivator activity of
PML is also evident in mammalian cells. To confirm that
unmasking of a transactivator function within the N terminus
of the truncated PML protein also occurred in mammalian
cells, the GAL4-DB/mutant PML proteins were also placed
into an SV40 enhancer-derived vector and expressed in Vero
cells by transient DNA transfection together with the Elb-
CAT or GAL44/E1b-CAT target reporter plasmids. The re-
sults of the CAT assay revealed that GAL4-DB/PML(1-267)
was able to activate the GAL45/E1b-CAT target reporter gene
22-fold but failed to do so on the E1b-CAT control (Fig. 11,
lanes 17 and 6). Consistent with the results obtained with the
yeast system, the RING finger domain mutant GAL4-DB/PML
(1-267, CggPgo—>SssRg9) produced a threefold-lower level of
transactivation compared to its parent version, and none of the
other GAL4-DB domain fusion proteins containing segments
of PML, including a version of GAL4-DB/PML(97-267) with
the RING finger domain omitted (lane 19), had any activity.
Quantitatively, the level of transactivation by GAL4-DB/PML
(1-267) in this assay was at least 20-fold greater than that
obtained with the intact PML fusion protein [GAL4-DB/PML
(1-560)], although it was 4-fold less than that obtained in par-
allel assays with the HCMV IE2 C-terminal activator domain
(codons 544 to 579) as a GAL4-DB fusion protein (59) (lane
21). Importantly, the masking effect of using the intact PML
protein in GAL4-DB/PML(1-560) or of just adding the adja-
cent coiled-coil domain to the N-terminal activator domain in
GAL4-DB/PML(1-447) again blocked all transactivator activ-
ity (lanes 14 and 16). These results demonstrate that the 267-

amino-acid N-terminal PML protein fragment containing just
the RING finger and adjacent Cys/His-rich motifs behaves as a
functional transactivator in domain swap assays in both yeast
and mammalian cells, but that addition of the adjacent a-he-
lical coiled-coil region that is thought to be required for dimer-
ization masks this activity within the wild-type PML protein.

DISCUSSION

The role of the PML-containing nuclear bodies (PODs or
nuclear domain 10) in cell growth control and in very early
events in DNA virus infection appears likely to prove to be very
important. Maul and colleagues have demonstrated that input
herpesvirus, adenovirus, and SV40 DNA genomes, HCMV IE
transcription, and even initial HSV and adenovirus DNA syn-
thesis are all localized in close proximity to POD structures
(33, 34, 51). Furthermore, they have also pointed out that
PODs and HCMV IE transcription domains often also lie
directly adjacent to or touching the RNP containing SC35-
positive spliceosome domains (3). Herpesvirus IE transcription
processes are very similar to those of rapidly induced or acti-
vated cellular genes, including being under the control of
strong inducible enhancers and often (unlike delayed-early or
late genes) yielding spliced mRNA products. Therefore, it
would not be surprising if at IE stages of infection the DNA
viruses all utilize preexisting cellular machinery that might be
localized to a limited number of highly active chromosomal
sites. At least some PODs represent the cellular dense bodies
detectable by electron microscopy in which a central matrix-
associated core, including chromatin-like nucleofibrils, is dec-
orated by a layer of PML and other POD proteins (19, 39, 70).

The apparent replacement or displacement of PML and its
associated proteins from the PODs by the HSV IE110 (ICP0)
protein or the CMV IE1 (IE72) protein could represent a way
to increase the efficiency of IE transcription; alternatively, at
later times it could either be part of the process of disrupting
cellular transcription controls or represent a way to recruit
POD factors to other more dispersed sites for delayed-early
phase transcription events, or both. However, although the
suspicion is increasing that these phenomena involve transcrip-
tional events and factors, there is no direct evidence as yet to
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pinpoint such a mechanism or to exclude other processes as
well. Because of the RA-reversible correlation between disrup-
tion of PODs and the transformed or myeloid cell phenotype
of NB4 cells (19, 27, 39), the dispersion or loss of PODs in
M-phase cells (16, 19), and the disruption of PODs within 2 h
of adenovirus, HSV, or HCMYV infection, it seems clear that
protein-protein interactions and protein complex aggregation
and disaggregation are central events in these processes.

Our results confirm and extend previous suggestions that
although both IE1 and IE2 independently target initially to the
PODs, expression of the HCMV IE1 protein only and not IE2
leads to displacement of the POD proteins (1, 41). This is also
unlike the IE110 and IE68 proteins of HSV, which both also
very efficiently displace PML from PODs but themselves end
up stably-associated with either of two distinct types of nuclear
punctate bodies (20, 73). Instead, the HCMV IE1 protein is
subsequently found distributed uniformly throughout the nu-
cleoplasm, and this correlates with the timing of a parallel
change in the location of PML into a uniform diffuse distribu-
tion also. Furthermore, endogenous PML also colocalized with
IE1 in condensed metaphase chromosomes in those IE1-ex-
pressing transfected or infected cells that were undergoing
mitosis, but PML was never detected there in mitotic cells in
the absence of IEL.

Our observations also confirmed previous findings that a
transiently expressed version of PML that is mutated in one of
the Cys residues of the RING finger domain fails to target to
or colocalize with endogenous PML despite presumably retain-
ing the ability to heterodimerize with it (6, 36, 46). Curiously,
this finding is different than that for the HSV IE110 protein,
which still targets to PODs when its RING finger is mutated or
deleted but now is unable to displace PML, leading to a stable
colocalization of the two proteins in the PODs (13, 20). Al-
though neither IE1 nor IE2 or any of the other cellular pro-
teins found in PODs are RING finger proteins, these results
clearly implicate the RING finger domains of PML as contrib-
uting in some way to protein aggregation and complex forma-
tion in the PODs. The RING class zinc finger domains found
in PML, IE110 and a number of other cellular proteins (in-
cluding BRCA-1 and RAG-1) are believed to be protein-pro-
tein interaction motifs with similar cross-braced zinc-coordi-
nated core structures but with distinct targeting specificities (4,
6). For example, Everett et al. (21) have shown that replace-
ment of the IE110 RING finger domain within IE110 by that of
PML in an HSV genomic background fails to restore an IE110-
positive phenotype.

There is no evidence for a direct interaction between IE110
or its RING finger domain with PML, but our data from yeast
two-hybrid assays strongly reinforces the concept that HCMV
IE1 does interact directly with PML. Furthermore, the RING
finger point mutant form of PML was severely compromised in
its ability to interact with IE1 in yeast, and deletion of the
N-terminal 97 amino acids of PML including the RING finger
domain abolished the interaction. In both mammalian cell
cotransfection and yeast interaction studies we showed that the
truncated IE1 (1-346) protein is sufficient for interaction with
PML, although the ability of IE1 to target to the PODs and to
displace PML can apparently be dissociated by removal of the
highly acidic C terminus. The large central hydrophobic seg-
ment of IE1 is required to be intact for both activities. The
isolated N-terminal PML(1-267) protein fragment encompass-
ing the RING finger domain was also sufficient for interaction
with IE1 in yeast two-hybrid assays, and overexpressed PML
(1-267) was capable of being targeted to POD-like structures in
mammalian cells in the presence of IE1(1-346), although it did
not do so on its own. Despite previous statements (24, 28)
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about the presence of both zinc finger and leucine zipper
motifs in HCMV IE1 (which might be obvious candidates for
PML interaction domains), we do not consider that this is the
case, because neither of these proposed motifs fits with stan-
dard consensus patterns nor are they conserved in the simian
or rodent CMV homologs of the human CMV IEL1 protein (9).

The behavior of SP100 in NB4 cells, where it is released
from PODs when PML/RAR is dispersed but returns when
PML/RAR is restored to the PODs in the presence of RA,
suggests that PML may be a key aggregation factor that holds
the POD multiprotein complexes together. The targeting of
both HCMV IE1 and HSV IE110 to PODs leading to the
subsequent release of both PML and SP100 would appear to
be consistent with this simplistic view. However, unlike the
apparent direct interaction of IE1 with PML, one would have
to argue that IE110 and PML compete for interaction with
some other POD component that is not itself displaced when
PML is lost. Interestingly PML is known to interact with a
protein called PIC 1 that is related to ubiquitin (5) and the C
terminus of IE110 is known to bind to a ubiquitin pathway
regulating protein (22), which suggests that some of these
events might involve protein degradation and stabilization, or
even that the function of IE110 and PML might be mediated
by regulating the stability of ubiquitin-dependent cell cycle or
growth control proteins.

Recently, Le et al. (46) have also reported that deletions of
the coiled-coil domain or of the RING finger domains of the
PML protein resulted in its inability to assemble into PODs
leading to a nuclear diffuse distribution in transfected cells.
Our results with mutant PML proteins containing either point
mutations within the RING finger domain or a small deletion
within the coiled-coil region corroborate and extend their find-
ings. Furthermore, our self-interaction assay of mutant PML
proteins using the yeast two-hybrid assay demonstrated that
the inability of mutant PML to localize in PODs may result
from a failure to either dimerize or to oligomerize efficiently.
Therefore, we suggest that the N-terminal RING finger do-
main of PML may normally be involved in assembly of protein
complexes in the PODs by homo- and hetero-oligomerization.
The interaction of the HCMV IE1 protein with the RING
finger domain of PML would then disrupt this process, leading
to displacement of PML into a nuclear diffuse form in associ-
ation with IE1.

Although the PML/RAR fusion protein apparently pro-
duces a RA-dependent stimulation of AP-1 activity (17), we
have been unable to detect any direct or specific effects of wild-
type PML, IE1, or IE110 on AP-1-containing target reporter
genes in cotransfection experiments in Vero cells (13a). The
HSV IE110/PML RING finger replacement protein also does
not restore the transcriptional transactivation properties of the
intact IE110 protein (21). Nevertheless, while investigating the
properties of PML variants in GAL4 domain swap assays in
transfected mammalian cells, we discovered that removal of
the C terminus or even a small deletion within the coiled-coil
domain of PML uncovered a latent or cryptic transactivator
function that encompassed the RING finger and adjacent Cys/
His-rich domains. Furthermore, this function was inactivated
by mutation of a Cys residue within the RING finger, and the
isolated RING finger domains of PML or IE110 as GAL4
fusion proteins were both also active in yeast one-hybrid trans-
activator domain assays in a totally RING finger-dependent
manner. These results suggest that the PML/RAR fusion pro-
tein may generate a novel constitutive transactivator function
that is probably targeted to RAR- and RXR-containing pro-
moter motifs and that the wild-type PML protein itself has
conditional cryptic transactivator characteristics. This trans-
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activator domain appears to be normally masked by the coiled-
coil C-terminal domain of the protein but has the potential to
be uncovered either by appropriate protein modifications or by
interactions with other unknown proteins. Whether the mask-
ing involves subunit homodimerization interactions directly or
alternatively involves either conformational changes or an in-
tramolecular folding event is unresolved at present, although
we have been unable to detect any interaction between the
isolated N-terminal and C-terminal halves of PML in yeast
two-hybrid assays (2a). Therefore, it seems likely that interac-
tion of IE1 with the RING finger region of PML not only leads
to disaggregation of PML-containing POD protein complexes
but also either blocks or unmasks the ability of the N terminus
of PML to function as a conditional transactivator domain.
Considering that IE1 also has a cryptic transactivator domain,
which lies within the N-terminal 87 aa that are shared with IE2
(59), the possible functional outcomes of IE1-PML interac-
tions appear to be rather complex.
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