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ABSTRACT Acute promyelocytic leukemia (APL) has
been ascribed to a chromosomal translocation event which
results in a fusion protein comprising the PML protein and
retinoic acid receptor a. PML is normally a component of a
nuclear multiprotein complex which is disrupted in the APL
disease state. Here, two newly defined cysteine/histidine-rich
protein motifs called the B-box (Bi and B2) from PML have
been characterized in terms of their effect on PML nuclear
body formation, their dimerization, and their biophysical
properties. We have shown that both peptides bind Zn2+,
which induces changes in the peptides' structures. We dem-
onstrate that mutants in both Bi and B2 do not form PML
nuclear bodies in vivo and have a phenotype that is different
from that observed in the APL disease state. Interestingly,
these mutations do not affect the ability of wild-type PML to
dimerize with mutant proteins in vitro, suggesting that the Bi
and B2 domains are involved in an additional interaction
central to PML nuclear body formation. This report in
conjunction with our previous work demonstrates that the
PML RING-B1/B2 motif plays a fundamental role in forma-
tion of a large multiprotein complex, a function that may be
common to those unrelated proteins which contain the motif.

The human PML gene is associated with APL (acute promy-
elocytic leukemia), which arises due to a block in normal
differentiation of promyelocytes (for review, see ref. 1). In
APL cells, PML is fused with the retinoic acid receptor a
(RARa) following a reciprocal chromosomal translocation
t(15;17)(q22q21) (2-5). The PML protein has been shown to
be part of a nuclear multiprotein complex distinct from small
nuclear ribonucleoproteins and nucleoli (6-10). These PML
nuclear bodies become disrupted in leukemic cells; however,
treatment with retinoic acid reverses these changes (8-10). It
has been shown that the PML-RARa fusion product can bind
to both normal PML (8, 10) as well as RXR, another retinoic
acid receptor family member (retinoid X receptor), forming
heterodimers (11). This leads to speculation that there is a
dominant-negative effect of PML-RARa over both the PML
protein and the RXR pathways. PML, but not PML-RARa,
has been shown to be a growth suppressor both in vitro and in
vivo (12), suggesting that sequestration of normal PML by
PML-RARa would affect the growth suppressor activity of
PML and sequestration of RXR, the induction of differenti-
ation (12). It is suggested that both events may be necessary for
leukemogenesis (12, 13).
The PML coding sequence contains three novel cysteine-

rich metal binding regions and a predicted a-helical coiled-coil
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(see refs. 2 and 14). The first region, the RING motif, defines
a family of proteins expressed in organisms ranging from plants
to viruses, several of which have been implicated in oncogen-
esis (for review, see ref. 15). Recently the three-dimensional
structure of the PML RING finger has been determined and
the structural information used to probe the importance of
various structural features in vivo (16). Within the RING finger
family, a second cysteine-rich motif has been identified called
the B-box (14, 15, 17). Most B-box family members possess a
RING finger and either one or two B-box motifs followed
closely by a predicted a-helical coiled-coil dimerization do-
main forming a tripartite motif (5, 14). The spacing between
the three elements of the motif is highly conserved among
family members, suggesting that the positions of each domain
relative to the others is of functional importance (5, 14).
The B-box family comprises a number of transcription

factors, ribonucleoproteins, and protooncogene products,
which includes PML, the ret finger protein (RFP) and
TIF1(T18) (see ref. 15 and references therein). These proteins
are oncogenic in humans and mice when found as transloca-
tions that include the tripartite domain recombined with other
genes. Recently, TIF1 has been shown to interact with several
nuclear receptors in vivo and is proposed to mediate the
ligand-dependent transcriptional activation function of nu-
clear receptors (18). PML and TIF1 possess two B-box-like
domains, which appear to form a subset of the B-box family as
highlighted by the presence of an extra conserved cysteine
residue (see Fig. 1). EFP, an estrogen-responsive gene product,
is another family member that has two B-boxes and is thought
to represent an estrogen-responsive transcription factor me-
diating phenotypic expression due to estrogen action (19). The
B-box domain has been found in the breast cancer locus
lA1.3B (20), which has one B-box and a coiled-coil domain and
appears tightly linked to the BRCA-1 gene, which interestingly
possesses a RING finger but no B-box or coiled-coil domains
(21, 22). Bi and B2 B-boxes are also present in a putative
ataxia-telangiectasia group D protein (ATDC), which possesses
the two B-box domains and a coiled-coil domain but no RING
finger (23), suggesting that the B-box and RING fingers can
have independent molecular functions.
The best characterized B-box domain thus far reported is

that from Xenopus nuclear factor XNF7. Our previous work
has shown that, although there are seven potential metal
ligands, the XNF7 B-box peptide binds only one Zn2+ per
molecule and the Zn2+ is bound tetrahedrally (24). Therefore,
of the seven potential ligands conserved in XNF7 B-box (see
Fig. 1), only four are used in Zn2+ ion ligation within the B-box
monomer. We have now determined the ligation scheme and
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three-dimensional structure of the XNF7 B-box domain in the
presence of Zn2+ (25). The B-box structure comprises two
(3-strands, two helical turns, and three extended loop regions
and represents a novel zinc finger fold with an unusual ligation
scheme. The conserved residues used in ligation are labeled in
Fig. 1. Interestingly, two of the three remaining conserved
residues, Cys-17 and Cys-25 as well as Asp-20, which is a
cysteine in PML Bl and B2, are on a flexible loop in the XNF7
B-box structure (Fig. 1B). Mutations of Cys-17, Cys-25, and
Asp-20 did not affect the ability of the XNF7 B-box monomer
to fold or bind Zn2+ (25). This suggests that these conserved
residues might form a potential interface for association with
other proteins via metal-mediated intermolecular interaction.
In the human immunodeficiency virus (HIV) Tat protein, for
example, conserved metal ligands are used to form intermo-
lecular dimers using divalent cations (26).
A number of studies have recently been initiated aimed at

determining the molecular function of the B-box domain.
Deletions of the XNF7 B-box domain results in a loss of
binding to mitotic chromosomes (27), while deletions and
point mutations in the B-box of PwA33 results in loss of
association with the lampbrush loops of chromosomes in the
oocyte nucleus in Pleurodeles (28, 42). These data at least
suggest that the B-box domain of XNF7 and PwA33 is impor-
tant for the association of these proteins with subcellular
structures during Xenopus and Pleurodeles development, al-
though the specific molecular interactions are at present
unknown.
To better understand the function of the PML Bi and B2

B-box domains and their role in APL, we have analyzed both
in vivo and in vitro site-directed mutations of conserved metal
ligands within each domain. We have also carried out biophys-
ical characterization of each domain. We show that both B1
and B2 bind Zn2+ and have apparent differences in their
secondary structures. We also show that mutations of the Bi
and B2 domains which in the XNF7 B-box homologue are not
involved in monomer folding still cause disruption of PML
nuclear bodies in vivo, without affecting PML homodimeriza-
tion in vitro.

MATERIALS AND METHODS
Peptide Synthesis and Purification. The PML Bi (residues

124-166) and B2 (residues 184-232) peptides were synthesized
on a model 431A Applied Biosystems solid-phase synthesizer
and purified as described (24). Purified peptides (peak frac-
tions from HPLC separations) were analyzed by matrix-
assisted laser desorption mass spectrometry (29). Single spe-
cies of B1 and B2 were observed with experimental molecular
weights within 1 Da of the calculated masses for fully reduced
forms of the peptides. The concentrations of Bi and B2 were
measured optically using calculated extinction coefficients of
2.33 and 0.25 for a 1 mg/ml solution measured at 280 nm.

Optical Binding Studies of Cobalt. Typically, solutions (1
ml) containing 20-60 ,uM Bi and B2 peptide (10 mM Tris, pH
7.5) were titrated with solutions of CoCl2 in the same buffer.
The reaction was monitored on an HP 8452 diode array
spectrometer using a 1-cm pathlength at room temperature.
The spectra were corrected by subtracting the contribution
from the peptide and buffer alone and normalized to an
absorbance of zero at A = 800 nm.
CD of the B1 and B2 B-Box Peptides. Samples for CD

spectroscopy were prepared by dilution of stock peptide
solution into a buffer containing 20 mM Pipes (pH 7.6) plus
either 0.05 mM EDTA or the required metal ion (as the
chloride), generally at a concentration of 0.2 mM. Far UV CD
spectra were recorded from 260 to 195 nm using a Jasco J-600
spectropolarimeter operated with a time constant of 0.5 s. The
spectra were recorded at 22°C for peptide solutions of -0.05
or 0.02 mg/ml in 2- or 5-mm fused silica curvettes, respectively,

A
RING finger B1 B2 Coiled-coil

Eag deletion

B
PML Bi (124-166) DAQAVC TRC KESADFWCFECEQLLCAKCFEA HQWFLKHEARPL
PML B2 (184-232) TNNIFCSNPNH RTPTLTSIYCRGCSKPLCCSCALLDSSH SELKCDISAE

XNF7 (219-260) RPLEKg SEP DERLKLYCKDDGTLSCVIqRDSLK g ASHNFLPI
1 10 20 30 40

FIG. 1. (A) Tripartite domain for PML. Bi and B2 refer to B-boxes
and coiled-coil refers to the predicted a-helical coiled-coil domain.
Boundaries of the Eag deletion are also shown as well as the position
of the double point mutations (v). (B) Sequence alignment of PML Bi
and B2 B-boxes and the XNF7 B-box for which the three-dimensional
structure is known. Conserved cysteine and histidine residues are
labeled (*) and are shown in boldface with those residues known to be
Zn2+ ligands from the XNF7 B-box monomer structure (underlined).
Extra conserved cysteine in PML Bi and B2 is in italics and is
equivalent to Asp-20 in XNF7 B-box. Flexible loop region in XNF7
B-box (residues 17-25) is double underlined. Numbering refers to the
XNF7 B-box peptide numbering and bracketed numbers refer to the
whole protein sequence. Cys-21 and Cys-24 from PML B2 are equiv-
alent to Cys-17 and Cys-20, respectively, in PML Bi and to Cys-20 and
Asp-20 in XNF7 B-box.

and were the average of not less than four scans. All data
reported here are presented as molar CD, As (M-1'cm-1)
based on a mean residue weight of 112.7. Residue molar
ellipticity [0] (deg.cm2 dmol-1) may be obtained from the
relationship [O]m[w = 3300AE.

Plasmids and Site-Directed Mutagenesis. Point mutations
and a deletion were made in the 69-kDa isoform of PML.
Mutagenesis was performed on the PML Bi and B2 B-boxes
using a PCR stitching strategy (30) producing an Eag I
fragment (420-800 bp). This Eag I fragment along with the
remainder of the PML cDNA was cloned into a mammalian
expression vector carrying the MLV enhancer (31). In total,
three double point mutations were made as well as the Eag
deletion. Constructs were sequenced to confirm the mutations.
The modified PML genes were subcloned into the Nco I site
in pLINK for in vitro translation experiments and into pAS for
yeast two-hybrid experiments (yeast two-hybrid vectors were a
gift of S. Elledge, Baylor College of Medicine, Houston).
PML Antibody, Transfection, and Immunofluorescence.

PML (15-1745 bp) was bacterially expressed (pET-15b expres-
sion system; Novagen) and polyclonal antisera were raised as
described (16). NIH 3T3 cells were transiently transfected
using the DEAE-dextran shock method with -8 ,ug of each
construct (32) and after 40 h were fixed at -20°C in MeOH for
10 min prior to immunofluorescence studies. Transfected PML
protein was detected using anti-PML polyclonal antiserum at
a dilution of 1:200 followed by an anti-rabbit fluorescein
isothiocyanate-conjugated secondary antibody at 1:200 dilu-
tion (Dakopatts, Glostrup, Denmark). Slides were analyzed by
confocal microscopy with a 600 Bio-Rad instrument.

In Vitro Translation Studies. Cotranslation experiments
with the mutations in pLINK and 90-kDa PML isoform (wild
type) with a C-terminal 9E10 tag also in pLINK were carried
out using reticulocyte lysates (Promega) in the presence of
[35S]methionine and [35S]cysteine similar to that described by
Sambrook et al. (33). Translates were coimmunoprecipitated
with the 9E10 monoclonal antibody and bovine serum albumin
(0.5 mg/ml) and buffer E (50 mM Tris.HCl/150 mM NaCl/1
mM EDTA, pH 7.5). The 9E10 antibody was added to the
lysates and left on ice for 20 min. Then protein A-Sepharose
(Pharmacia) and anti-mouse antibody (Calbiochem) (1:1000
final dilution) were added and the samples were left to tumble
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at 4°C for 1.5 h. Samples were washed twice in buffer E and
1% (vol/vol) Noridet P-40. The precipitates were boiled in
reducing buffer and then subjected to SDS/15% PAGE and
analyzed by autoradiography.
Yeast Two-Hybrid Assays. The PML-Eag deletion construct

was subcloned into the pAS vector. The 69-kDa PML with a
RING deletion in the pACT vector was a gift of N. Boddy
(Imperial Cancer Research Fund, London). Yeast were grown
in yeast extract/peptone/dextrose. The yeast SFY 526 strain
was transfected using the lithium acetate protocol (34). Vec-
tors were tested to show that they did not transactivate on their
own. Transformed yeast were plated onto plates lacking tryp-
tophan and leucine and incubated at 30°C for 2-3 days. Once
the yeast was grown, colonies were lifted onto H-bond paper
and permeabilized in liquid nitrogen and then placed on
Whatman filter paper that had been soaked in Z-buffer (60
mM Na2HPO4/40 mM NaH2PO4/10 mM MgCl2/50 mM
2-mercaptomethanol) containing 5-bromo-4-chloro-3-indolyl
13-D-galactoside (1 mg/ml) at 30°C. Positive colonies appeared
in 5 min to several hours (33).

RESULTS AND DISCUSSION
Optical Cobalt Binding Studies. The optical spectral prop-

erties of cobalt bound to synthetic Zn2+ finger peptides and
purified proteins have been studied extensively and provide
information on both the nature of the amino acid ligand and
the geometry of ligation (26, 35-37). A series of titrations of
the PML B-box domains Bi and B2, were carried out with
solutions of cobalt (Fig. 2A and B, respectively). The resultant
spectra showed absorption maxima at A = 640-660 nm and
shoulders at A = 320 nm and 360-380 nm (Fig. 2). The 640-
to 660-nm maxima are due to d-d transitions of Co(II) in a
tetrahedral coordination and the charge transfer bands at

300-380 nm are a result of S-Co(II) coordination (35). This is
consistent with previous results observed for the XNF7 B-box
peptide (24). During the course of the cobalt titration, we
observed no change for the overall spectrum except at high
concentrations of cobalt when the peptide precipitated, caus-
ing scattering. Again, this is similar to the XNF7 B-box case
where the peptide precipitated at high levels of cobalt. Due to
misfolding, aggregation, and/or precipitation, not all of the
peptides may be available for metal binding, resulting in an
overestimation of the amount of competent peptide. There-
fore, accurate values of binding constants and stoichiometry
cannot be calculated. However, these results clearly show that
cobalt binds to both PML Bl and B2 in a tetrahedral geometry
using some cysteines as ligands.

Biophysical Characterization of Bi and B2 Synthetic Pep-
tides. Structure formation upon metal ligation was monitored
by CD. Fig. 3 shows the far UV CD spectrum of the Bi and
B2 peptides in aqueous solution and in the same buffer after
addition of Zn2+. This region of the CD spectrum monitors the
secondary structure content of the peptide. Interestingly, the
spectrum of Bi (Fig. 3A) shows the presence of significant
amounts of regular secondary structure (20-30% a-helix and
some (3-sheet) in the absence of added metal ion. This may be
contrasted with the spectra of B2 (Fig. 3B) and XNF7 (24),
which show little evidence for the presence of a-helix in the
absence of added metal ion. The addition of metal ions to Bi
produces a reduction in intensity, consistent with a loss ofsome
a-helix and 3-sheet. The addition of EDTA reverses the
Zn2+-induced change. Of a variety of metals tried, Ca2+, Mg2+,
and Mn2+ induce no change; Cu2+ induces less change than
Zn2+; and CQ2+ and Ni2+ induce the same change as Zn2+
(data not shown). It cannot be excluded at this stage that Bi
binds divalent metal ions other than Zn2+ in vivo, although this
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analysis clearly shows that Bi can bind Zn2+ as effectively as
Co2+ and/or Ni2+.

Similar studies were carried out on the B2 peptide (Fig. 3B).
B2, like the XNF7 B-box (24), appears to be largely unstruc-
tured in the absence of metal ions. The small decrease in
intensity at 198 nm and the concomitant increase at 222 nm
produced by the addition of Zn2+ indicate the formation of
only a small amount of a-helix (<5%). Interestingly, the
spectrum of B2 in the presence of Zn2+ appears to be very
similar to that of the XNF7 B-box in the presence of metal (24).
The only metal that produces structural changes comparable
to those produced by Zn2+ is Co2+. As in the case ofXNF7 (24)
and Bi (see above), the small metal-induced changes are
reversed by addition ofEDTA. The addition ofTFE to samples
of B2 in the absence of metal produces only a slight increase
in helicity, indicating that this protein has little capacity for
a-helix formation.
A comparison of the spectra for Bi and B2 after addition of

Zn2+ shows significant differences (Fig. 3), suggesting that
both domains have differing secondary structure composi-
tions. Also, addition of TFE to the Bl sample causes a greater
increase in helicity than for B2, further highlighting the
inherent structural differences between both domains (data
not shown). This indicates that like the RING finger domain,
there may be some structural variability in the B-boxes.
However, one would expect that the B-box metal ligands would
be conserved within the B-box family as they are in the RING
family.

Description of PML B-Box Mutations. The sequence homol-
ogy between B-boxes and the absolute conservation of metal
ligands between the different B-box family members (14) suggests
that the B-box motif has a common metal ligation system.
Therefore, we used the metal ligation system of the XNF7 B-box
homologue as derived from the three-dimensional structure (25)
to design several point mutations ofPML Bi and B2. The double
point mutations PML BlCysl7Cys2OAAla, BlCys25Cys28AAla,

A

and B2Cys2lCys24AAla were made based on the following
criteria (see Fig. 1). The BlCys25Cys28AAla mutation should
eliminate the Zn2+ binding capacity in Bi since Cys-28 was shown
to be critical for metal binding and folding of the XNF7 B-box
monomer structure (see Fig. 1). The other double mutations
(BlCysl7Cys20AAla; B2Cys2lCys24AAla) occur on a flexible
loop in the XNF7 B-box structure (see Fig. 1) and have been
shown by mutational analysis in the XNF7 system not to be
necessary for metal binding or folding of the monomer domain.
We have proposed that these potential metal ligands are con-
served in order to interact either with other proteins or with
another B-box domain through a metal-mediated interaction
(25).

Finally, a deletion within the PML protein was made using
the restriction enzyme Eag I. This mutant, designated PML-
Eag, had both Bl and B2 and four heptad repeats of the helical
coiled-coil domain removed as shown in Fig. 1. This construct
allowed us to investigate the overall contribution of both Bi
and B2 in our functional assays.

Mutations in PML Bi and B2 Preclude PML Nuclear Body
Formation in Vivo. To test the in vivo a functional importance of
the Bi, B2 metal-ligation mutants (see above), we carried out
immunofluoresence studies on transiently transfected NIH 3T3
cells. It has been shown previously by us and others that tran-
siently expressed wild-type PML in mammalian cells gives rise to
a characteristic punctate nuclear staining pattern corresponding
to endogenous PML nuclear bodies (5, 8-10, 16). The mutants,
BlCysl7C'ys2OAAla, BlCys25Cys28AAla, B2Cys21Cys24AAla,
and wild-type PML were transiently transfected into NIH 3T3
cells and visualized using a polyclonal anti-PML antibody. The
PML antibody recognizes both transfected material and the
mouse PML homologue, resulting in a low level background of
punctate nuclear pattern, which is easily differentiated from the
intense signal due to transfected material. Our previous work has
shown that peptide-purified PML antibody recognizes only hu-
man PML (16) and that the transfected PML material does not

B

C. D

FIG. 4. Analysis of PML Bi and B2 mutants by transient transfection and indirect immunofluorescence. Fluorescence images of NIH 3T3 cells
transiently transfected with wild-type (A); BlC17C20AAla (B); BlC25C28A&Ala (C), and B2C21C24AAla (D). Images were obtained from a 600
Bio-Rad confocal microscope.
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appear to disrupt and/or colocalize with endogenous mouse
PML nuclear bodies (data not shown). We attribute this to
specific sequence differences between the mouse and human
PML coiled-coil domains, both of which are essential for ho-
modimerization in vitro and NB formation in vivo (N. Boddy and
P.S.F., unpublished results). Transfected wild-type PML results in
the characteristic punctate nuclear pattern (Fig. 4A), as observed
(ref. 16 and references therein). Transfections of all three mutant
PML proteins (Fig. 4 B-D) showed a diffuse nuclear staining
pattern remaining excluded from the nucleoli. Interestingly, this
is similar to our previous results for point mutations in the PML
RING finger (16) but different from the phenotype observed in
APL patients, which is usually microparticulate (8-10). Trans-
fection of the PML-Eag mutant resulted in a low level of diffuse
staining pattern throughout both the cytoplasm and nucleus with
no evidence of PML nuclear body formation (data not shown).
The inability of the BlCys25Cys28AAla mutant to form

nuclear bodies suggests that the presence of a correctly folded
Bi domain is essential for PML, nuclear body formation, as
Cys-28 was shown to be critical for metal binding and folding
of the XNF7 B-box monomer (25). The BlCysl7Cys2OAAla
and B2Cys2lCys24AAla double mutants also appear to disrupt
PML nuclear body formation. Mutations of these same con-
served residues in the XNF7 B-box homologue still allow
folding of the B-box monomer (25). Therefore, by analogy, it
is unlikely for these mutations that complete misfolding of the
PML Bi and B2 domains is the cause of the dispersed PML
nuclear pattern. It is possible that mutating these residues
disrupts a protein-protein interface, which may be mediated
by Zn2+ ligation as suggested for the XNF7 B-box (25). It is
clear, however, that mutations of the conserved metal ligands
for each PML B-box, whether involved in B-box monomer
folding or in a potential metal-mediated protein-protein in-
terface, interfere with the formation of PML nuclear bodies.
It is interesting to note that we obtained similar results with the
PML RING finger, where mutations of metal ligands directly
involved in the folding of the RING domain also prevented
PML nuclear body formation in vivo (16).

Mutations in Bi and B2 Do Not Affect PML's Ability to
Homodimerize. The point mutations described above as well as
the PML-Eag deletion were used in assays to ascertain whether
these proteins could dimerize with wild-type PML (90-kDa
isoform). Thus, we could determine whether the loss of nuclear
body formation ability was linked to a loss of dimerization
capacity.
The mutations/deletion were cotranslated in reticulocyte

lysate (Promega) with a large isoform of PML (90 kDa), which
had a C-terminal 9E10 tag. The cotranslates were then coim-
munoprecipitated with the 9E10 monoclonal antibody fol-
lowed by SDS/PAGE analysis. In all cases, the mutant and
deletion protein were present in the precipitate, indicating that
the protein's ability to form homodimers had not been im-
paired, examples of which are shown in Fig. 5. The ability to
form dimers with wild-type PML was also monitored by the
yeast two-hybrid system (38). The PML-Eag pAS construct
interacted with the PML(pACT) construct, giving blue colo-
nies within 1 hr (data not shown). These results indicate that
the Bl and B2 domains are not required for homodimerization
in vitro. This suggests, not unexpectedly, that the coiled-coil
domain drives the dimerization in vitro, although the first four
heptad repeats appear to be unnecessary. Perez et al. (11) also
observed that dimerization of the PML-RARa fusion to PML
in vitro was through regions of the helical coiled-coil region.
However, our data also suggest that loss of the ability to form
PML nuclear bodies is not due to loss of homodimerization
capability in vitro but it may be attributable to some sort of
homo/hetero-protein-protein interaction in vivo.

Implications for the Function of the Tripartite RING-B-
Box-Coiled-Coil Motif. In this report, we have focused on the
B-box zinc binding domains Bi and B2 from PML. This work

A B

_ 90 kDa

_ 69 kDa
- PML-Eag

FIG. 5. Autoradiograph of coimmunoprecipitated cotranslates of a
point mutation and PML-Eag deletion with wild-type PML plus the
9ElOtag. Lanes: A, PML-Eag; B, B1C17C20AAla mutant. The 90-kDa
9E10-tagged protein is the upper band in both cases. The 69-kDa label
refers to the B1C17C20AAla mutant.

and that reported previously (16) shows that mutations within
the PML RING and B-box domains destroy the capacity of
PML to associate and/or form PML nuclear bodies in vivo. We
have also linked the structural rearrangements necessary for
biological function with Zn2+ binding. From the homologous
XNF7 B-box structure, there appear to be two classes of
conserved Cys/His residues within the B-box motif: (i) resi-
dues directly involved in metal ligation crucial to monomer
formation, and (ii) those residues not involved in monomer
folding (25). We have shown that mutating either type of
residue in the PML Bi and B2 B-boxes results in a loss of
association and/or formation of nuclear bodies. Furthermore,
our in vitro data show that the ability for PML to homodimerize
is not sufficient to form nuclear bodies. Together these data
suggest that the RING, Bi, and B2 domains are involved in a
homo/hetero-oligomerization process via protein-protein in-
teractions central to PML nuclear body formation in vivo.

Interestingly, the tripartite motif is found in other proteins,
TIFi (18) and RFP (T. Cao and L. Etkin, personal commu-
nication), which are known to form large macromolecular
assemblages within the nucleus, similar to PML. However,
TIFi and PML nuclear bodies appear distinct in terms of their
subnuclear distribution (18), suggesting that they may function
differently, which may not be surprising given TIFl's unique
association with nuclear receptor activation (18). RFP nuclear
bodies have not been fully characterized, although it is estab-
lished that RFP like PML is tightly associated with the nuclear
matrix (39, 40). PML nuclear-like bodies have also been
observed in the cytoplasm for a long and short isoform of PML
(41). These data suggest that the tripartite motif as found in a
variety of different unrelated proteins plays a fundamental role
in macromolecular targeting and/or assembly, which can occur
either within or outside the nucleus, depending on other
contextual cues. Several of the tripartite domains (PML, TIFi,
and RFP) have oncogenic potential. This oncogenecity could
well result from abnormal subcellular distribution of nuclear
body components and thereby prevent normal function of the
associated proteins. In APL, for example, PML nuclear bodies
are disrupted (8-10). These observations linked with reports
of PML growth suppressor activity (12) and linkage of PML
nuclear body formation to the cell cycle (13, 40) suggest that
the formation of at least PML macromolecular assemblages
may involve sequestration of components involved in cell cycle
control or growth regulation.
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