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FIG. 2. Subcellular localization of the Z protein, PML, and the effect of Z protein expression on PML subcellular distribution. Experiments were carried out as
described in Materials and Methods. (A) Cell transfected only with the Z construct and stained with the affinity-purified Z antibody followed by FITC; (B)
phase-contrast view of the same cell; (C) two cells, one of which was transfected with the PML construct to show the normal PML phenotype for the 69-kDa isoform
which is found in the nucleus (see reference 7 and references therein). See text for further details. (D to F) Cells transfected with both the expression constructs for
Z and PML but stained only with the PML polyclonal antibody followed by FITC. Immunofluorescence was observed with confocal laser microscopy. FITC was excited
at 488 nm. Magnifications: X40 objective with zooms of 3.5 (A and B), 3.5 (C), 3.0 (D), and 3.0 (E) and X25 objective with a zoom of 6.0 (F).
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FIG. 3. Colocalization studies of the Z protein and PML. Cells were transfected as described in Materials and Methods with equivalent amounts of the Z- and
PML-containing mammalian expression vectors. Upper panels correspond with lower panels. (A and D) Cells stained with the PML MAb 5E10 with Texas Red-labeled
anti-mouse secondary antibodies; (B and E) cells stained with affinity-purified Z antibody with FITC-labeled anti-rabbit secondary antibodies; (C and F) overlay
(colocalization is in yellow). FITC was excited at 488 nm, and Texas Red was excited at 568 nm. The two channels were recorded independently. Images were overlaid
in Photoshop. Magnification, X40 objective with a zoom of 2. Images were further enlarged in Photoshop for presentation.

B1 or B2 B box was involved in binding, and Z protein did not
bind the nuclear localization signal region in vitro. The results
from in vivo immunolocalization mapping studies with mutant
forms of PML and wild-type Z support the coimmunoprecipi-
tation results (see below).

Figure 5D shows that the affinity-purified Z antibody used in
Fig. 5C was specific for Z. The S100 fraction of a cell lysate
from Z gene-transfected NIH 3T3 cells was subjected to gel

LCMYV Lassa
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FIG. 4. Direct protein-protein interaction between PML and Z shown by
coimmunoprecipitation. Z proteins from both LCMV and Lassa virus were
studied. The respective Z-GST fusion proteins were mixed with the PML protein
and coimmunoprecipitated with an anti-GST antibody as described in Materials
and Methods. Samples were run on SDS-20% PAGE gels and then blotted onto
PVDF membranes. The Western analysis was carried out with the enhanced
chemiluminescence detection system (ECL; Amersham) and MAb SE10 to de-
tect any PML that was immunoprecipitated. S, supernatant; P, precipitate. Lane
P of the autoradiograph indicates that PML coprecipitates with LCMV Z and
Lassa virus Z fusion proteins. Lane S shows that supernatant after coimmuno-
precipitation retains only trace amounts of PML.

electrophoresis and immunoblotted. The gel was probed with
the Z antibody, and a band corresponding to the expected size
for the Z protein was observed. In separate experiments, the
corresponding band was cut out and N-terminally sequenced to
confirm that it corresponded to Z. There was no staining in
cells treated similarly but not transfected with the Z gene.
Preincubation of purified Z protein with the Z antibody de-
creased the observed signal, whereas preincubation with bac-
terial lysate not expressing the Z protein did not alter the
signal. The majority of Z was found in the S100 (polysomal)
fraction of the transfected cells (6a), in agreement with the
finding that the majority of Z is found in this fraction in
infected cells (37).

The Z protein changes the diffuse nuclear phenotype ob-
served with PML mutants. Some mutations in the PML pro-
tein disrupt nuclear body formation and cause a diffuse nuclear
pattern: double-point mutations of zinc-binding residues in the
RING finger (6), double-point mutations in any of the metal-
ligating residues in either the Bl or the B2 B box (7), and
deletion of the leucine coiled-coil region (23). Arrows indicate
the positions of the double-point mutations in Fig. SA. The
ABssHII construct has a deletion of the coiled-coil (Fig. 5A).
All of these mutations destroy the structure of the given do-
main without affecting the ability of PML to bind Z (Fig. 5).
Double-point mutants were preferable to deletion mutants
such as trip, ACterm, and Apml that had no nuclear localiza-
tion signal (Fig. 5A).

In cotransfection studies of the Z gene with PML mutants
(the diffuse nuclear RING and B-box point mutations and
leucine coiled-coil deletion mutants), PML bodies were
present in both the cytoplasm and the nucleus. There was no
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FIG. 5. Mapping the interaction between PML and Z. (A) Summary of the constructs used in these studies. The boxes indicate the various motifs found in PML;
B1 and B2, the respective B boxes; nls, nuclear localization signal (see text). Lines indicate the deleted regions of PML. See Materials and Methods for details of
constructs. (B) Summary of the coimmunoprecipitation (Co-IP) results with PML and Z. The Z protein and not Z-GST was used for these studies. + and —, PML
and Z did and did not immunoprecipitate, respectively. Mutations are as described for panel A. WT, wild type. (C) The relevant autoradiographs used for the data
in panel B. P, precipitate; S, supernatant; W, wash. Two washes were done for each immunoprecipitation. Experiments were carried out as described in Materials and
Methods. (D) Specificity of the affinity-purified Z antibody. The S100 fraction of the cell lysate was immunoblotted and probed with the affinity-purified Z antibody.

Molecular weight markers are shown. See text for further details.

evidence of diffuse nuclear staining in any of the cells. Figure
6 is an example of PML and Z transfected into NIH 3T3 cells
and stained only with the PML polyclonal antibody to monitor
the appearance of endogenous and transfected PML. In Fig.
6A, a RING mutant of PML was transfected with Z, and in Fig.
6B, a B1 B-box mutant was transfected with Z. In both cases,
the pattern of PML expression was like that observed when
wild-type PML and Z were cotransfected (Fig. 2D and E). In
Fig. 6A and B, there are also untransfected cells. The trans-
fected cell in panel A reveals dense nuclear staining with ad-
ditional cytoplasmic staining (similar to that in Fig. 2D). An
untransfected cell is shown in the upper right hand corner of
the micrograph. Figure 6B, in which two transfected cells with
predominantly cytoplasmic punctate staining are seen, is sim-
ilar to Fig. 2D. Three untransfected cells are presented for
comparison, two in the lower left corner and one in the upper
left corner, all displaying the normal nuclear punctate pattern.
Identical results were observed for the coilless mutant and
mutations in the B2 B box (data not shown). In all cases,
double-staining experiments indicated that PML and Z colo-
calized as they did in the wild-type transfection experiment

(Fig. 3), a result consistent with our coimmunoprecipitation
results (Fig. 5).

Similar experiments were carried out with a double-point
mutation in metal-binding residues of the Z protein RING
domain. In this case, mutant Z was transfected into NIH 3T3
cells and appeared similar in distribution to wild-type Z (as
seen in Fig. 2A), accumulating in the cytoplasm adjacent to the
nucleus (data not shown). In cotransfection studies, the mutant
Z protein and wild-type PML still colocalized (Fig. 7). As seen
by the phase picture (Fig. 7D), PML-Z bodies were again in
both the cytoplasm and the nucleus.

We cotransfected the PML RING and Z RING mutants
(Fig. 8). Although the PML-Z bodies still form, they are no
longer in the nucleus. The two mutant proteins still colocal-
ize (Fig. 8) as one would expect from our mapping studies
(Fig. 5). Thus, it appears that at least one of the proteins
must have an intact RING domain in order to form nuclear
bodies but not cytoplasmic ones. These immunolocalization
studies are consistent with the in vitro coimmunoprecipita-
tion studies (Fig. 5).
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FIG. 6. PML mutants cotransfected with LCMV Z gene. Mutants stained with the PML polyclonal antibody with FITC secondary antibody. Images were collected
by confocal laser microscopy. (A) PML RING mutant cotransfected with Z; (B) PML B1 B box mutant cotransfected with Z. See Materials and Methods for description

of mutations. Magnification, x40 with zooms of 1.7 (A) and 2.8 (B).

DISCUSSION

LCMYV infection or transfection with the LCMV Z gene
alone alters the appearance of PML from punctate nuclear to
punctate nuclear-cytoplasmic. Endogenous murine and trans-
fected human PML proteins are highly homologous (15) and
are affected similarly. PML distribution in the presence of Z
varies from mostly cytoplasmic to cytoplasmic and nuclear
(Fig. 2D to F) and may reflect the fact that cells are at different
stages in the cell cycle during transfection. Colocalization of
PML and Z by indirect immunofluorescence microscopy is
corroborated by coimmunoprecipitation studies in vitro. Anti-
bodies to either PML or Z could precipitate both recombinant
Z and PML, respectively, from a mixture of the two (Fig. 4 and
5), while no precipitation was seen with negative controls. The
exact region of PML protein necessary for binding Z was
determined by deletion mapping to be within the first 50 amino
acids of PML.

Point mutations in the PML RING and B boxes and dele-
tions in the PML coiled-coil region do not affect the ability of
PML to homodimerize or to bind Z but do affect the intracel-
lular distribution of PML (6, 23) (Fig. 5 to 7). When these
PML mutants were transfected into NIH 3T3 cells and stained
with PML antibody, a diffuse nuclear pattern rather than a
punctate phenotype was observed. Cotransfection with the

LCMYV Z gene converted the diffuse phenotype to the nuclear-
cytoplasmic punctate pattern normally seen in LCMV-infected
and Z-transfected cells (Fig. 6 and 8).

Z protein RING finger mutations did not affect its normal
cytoplasmic distribution or its ability to colocalize with PML or
to convert the diffuse phenotype of PML mutants to a punctate
one (Fig. 7). Even with cotransfection of mutations in both the
PML RING and the Z RING, PML and Z still colocalized and
the Z mutant converted the nuclear diffuse phenotype of the
PML RING mutant to a punctate one (Fig. 8). However, Z
RING mutations did not prevent the appearance of PML-Z
bodies in the nucleus. Thus, we propose that Z and PML bind
each other outside the RING finger domains and that the
RING domains have a common docking site in the nucleus
that facilitates their colocalization even when the RING do-
main of one (either PML or Z) is altered.

Our proposal of a common RING-docking site in the nu-
cleus is complicated by the fact that several RING proteins are
predominantly cytoplasmic (5, 39). Thus, there may be more
than one RING-docking site involved in the distribution of
RING proteins or more than one feature of the protein re-
sponsible for distribution. Several other RING proteins are
known to form macromolecular assemblages, including
BRCAI1 and transforming factor 18, and neither assemblage

FIG. 7. Cotransfection of wild-type PML and the Z gene with a double-point mutation in the RING region. The cells were stained with affinity-purified anti-Z
antibody with an FITC secondary (A) or with the PML MAb 5SE10 with a Texas Red secondary antibody (B). (C) Overlay showing colocalization in yellow; (D) the
phase view and fluorescence overlay. Images were collected on a confocal laser microscope exciting each channel independently. Magnification, X40 with a zoom of

1.9.
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FIG. 8. Effects of transient transfection when both PML and Z have mutations in the RING domain. Cells were stained with the PML MAb 5E10 with Texas Red
(A) or the affinity-purified Z antibody with an FITC secondary antibody (B). See Materials and Methods for description of mutants. Images were collected on a confocal

laser microscope by exciting each channel independently. Magnification, X100.

colocalizes with PML (5, 39). Previous data suggest that the
RING and B-box domains of PML are involved in macromo-
lecular assembly and that this may be common to RING and
B-box proteins (7). Since so many proteins contain these do-
mains, selectivity of targeting would come from other context-
ual cues, e.g., the presence of other domains and the precise
sequence of the given RING domain.

The 11-kDa Z proteins of several arenaviruses have been
sequenced: Lassa virus, Tacaribe virus, Pichinde virus, and
LCMV. Since the RING domains of the Z proteins are highly
conserved (9), it is likely that they will all have similar effects
on PML nuclear bodies. PML is prominently expressed in
reticuloendothelial cells (12), the most frequent targets of
arenavirus infection (36). The fact that arenaviruses require
the cell nucleus for replication even though they replicate in
the cytoplasm (2) makes PML a candidate for the nuclear
component. PML distribution to cytoplasm is often an anti-
apoptotic event (23, 35), suggesting a simple mechanism to
explain the noncytopathic nature of arenaviruses. The arena-
viruses may have acquired the Z RING finger to act as a
molecular mimic of the PML RING in order to commandeer
the host cell machinery needed to replicate. The direct inter-
action between PML and Z could also be essential for the
virulence of these viruses and, as such, could present a novel
drug target for arenavirus infection. In this regard, LCMV
virulence in the guinea pig has been mapped to the RNA
segment coding for the Z protein, but this segment also en-
codes the virus polymerase which could mediate virulence (34).
Further studies of the interaction of Z protein with PML
should provide valuable insights into both arenavirus diseases
and APL.
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