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CHARACFERIZA11ONOF CELLULAR BINI
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Fig. 1. Epitope mapping of BIN1 antibodies.
A, IP. A set of 35S-labeled BIN1 deletion mu
tantsexpressedby IVTwereanalyzedby SDS
PAGE and fluorography (left) or immunopre
cipitated with the indicated BIN1 antibodies
before similar analyses (right). The schematics
(center) indicate the regions deleted from full
length BIN1 (1), including the BAR-C, Ul,
NLS, U2, MBD, and 5H3 domains.6 The dde
tions tested were BINtaBAR-C, BINtaU1,
BINta.NLS, BINl@270â€”288,BIN1@MBD (top
section) and BINl@270â€”315,B1N1A323â€”356,
and BINtaSH3 (bottom section). B, epitope
locations. The region of BIN1 included in the
immunogen and the regions required for IP by
each antibodyare shown.
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Western Blotting. Cell extracts were prepared in NP4O buffer from human
HepG2, MCF7, WI-38, and HeLa cells obtained from the American Type
Culture Collection cultured as described above. Fifty @gof cell protein were
fractionated on 10% SDS-polyacrylamide gels, transferred to Hybond ECL

nitrocellulose (Amersham Corp.), and processed using a 1:20 dilution of
hybridoma supernatant using standard methods (12). Blots were probed with
a 1:1000 dilution of horseradish peroxidase-conjugated antimouse IgG
(Boehringer-Mannheim) for the secondary antibody and developed using a
chemiluminescence kit (Pierce), following a protocol provided by the vendor.

Pulse-Chase Analysis. COS cells cultured as above were transfected as
described (13) with 20 ,.@gof the BIN1 expression plasmid CMV-99fE (1).
Thirty-six h later, cells were pulse-labeled for 30 mm with 100 @Ci/ml
EXPRESS label (NEN) in growth medium lacking methionine and cysteine
(Life Technologies, Inc.), washed twice with PBS, and re-fed with normal
growth medium. After 0, 2, 5, or 10 h, cell extracts were prepared and
processed for IP, SDS-PAGE, and fluorography as described above.

Cellular Immunofluorescence. Ratl fibroblasts, human SAOS-2 osteosar
coma cells, LNCaP prostate carcinoma cells, or HeLa cells were seeded into
the same growth medium as above on glass coverslips. After overnight
incubation, cells were processed for indirect immunofluorescence using a 1:20
dilution of hybridoma supernatants essentially as described (14). Cells were
fixed with 1%paraformaldehyde/PBS, permeabilized with 0.2% Triton X-lOO/

PBS, incubated with primary BIN1 mAb in 0.1% Triton X-100IPBS for
1 h followed by a secondary fluorescein-conjugated antimouse IgG antibody
(Boehringer-Mannheim), mounted in Fluoromount G (Southern Biotechnolo
gy), and viewed on a Leica immunofluorescence microscope. Photographic
exposures were 2â€”5s for 99D and 10â€”15s for 99E.

RESULTS

Epitope Mapping of a Set of BIN! Monoclonal Antibodies. To
generate mAbs specific for BIN1, mice were immunized with GST
99Pst, a glutathione S-transferase fusion polypeptide containing
amino acids 189â€”398 of human BIN! (1). Screening for GST-99Pst

reactive immunoglobulins in hybridoma supematants was performed
by ELISA. Six hybridomas that were strongly positive for the GST
99Pst immunogen and negative for unfused GST (designated 99D
through 991) were characterized further.

To map the epitopes recognized by each of the antibodies, hybri
doma supematants were assayed for the ability to immunoprecipitate
BIN1 and a variety of BIN1 deletion mutants (a detailed description
of the mutants will appear elsewhere7). IPs were performed as de

6 K. Elliott and G. C. Prendergast, unpublished results. 7 K. Elliott. R. Wechsler-Reya, and 0. C. Prendergast, manuscript in preparation.
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B) Western

Fig. 2. Recognition of a Mr @70,000cellular
BINI polypeptide in human and rodent cells. A.
detection of BINI in C2CI2 cells by IP. Proteins
immunoprecipitated by 99D from 35S-labeled
C2C12 cell extracts were subjected to SDS-PAGE
and fluorography. Control, murine anti-IgD was
used added instead of 99D; block, 99D was prein
cubated with immunogen before IP. B. Westem
analysis of BIN1 in human and rodent cell lines. A
Westem blot of extracts from the cell lines mdi
cated was probed with mAb 99D (left). The relative
level of expression of BINI RNA in each line is
indicated below the blots.
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scribed in the â€œMaterialsand Methods.â€•Briefly, supernatants were
mixed with 35S-methionine-labeled polypeptides generated by IVT,
and immune complexes were precipitated with protein G-agarose.
Precipitates were then washed four times in IP buffer, fractionated by
SDS-PAGE, and fluorographed. A polyclonal rabbit serum (anti
99Pst) raised against the same immunogen was included as a positive
control. In control experiments, none of the antibodies reacted with
any of several nonspecific IVT products tested (data not shown).
However, as shown in Fig. IA, each of the mAbs precipitated BIN1
and the majority of the deletion mutants tested.

The mutants not precipitated by a given antibody provided infor
marion about the region(s) of BIN1 required for binding by that
antibody. The region required for binding of 99D mapped to a

33-residue segment of the MBD (amino acids 323â€”356).The region
bound by 99F, 99G, and 99H mapped to the putative NLS located at
amino acids 251â€”269.Recognition by 991 also required the NLS;
however, this antibody inefficiently precipitated a mutant lacking
BAR-C, a region that comprises approximately the COOH-terminal
half of the BAR domain of BINI (I). This result suggested that
BAR-C may contribute to or affect recognition of the 991 epitope. 99E
appeared to recognize a noncontiguous epitope that included elements
in BAR-C and the 33-amino acid MBD segment. The regions required

for recognition by 99E and the anti-99Pst antiserum were similar,
except that anti-99Pst required a more COOH-terminal region of the
MBD than did 99E. The epitopes in BAR-C could be mapped to a
17-amino acid segment between amino acids 189 and 206 because this
was the only part of BAR-C included in the GST-99Pst immunogen
(1). A summary of the regions required for recognition by each
antibody is shown in Fig. lB. We concluded that at least three separate

epitopes located within the MBD, NLS, and BAR-C regions of BIN1
were recognized by this set of antibodies.

Cellular BIN! Is a Monomeric Phosphoprotein of Mr @7O,OOO.
In a series of Western blotting experiments with bacterially expressed
polypeptides, 99D exhibited the highest sensitivity and specificity of
the antibodies generated (data not shown). Therefore, 99D was the
chief reagent used to identify and characterize BINI by Western

analysis and IP. We examined two human lines that express the BIN1

message, WI-38 diploid fibroblasts and HeLa cervical carcinoma
cells, and two that lack it, HepG2 hepatocarcinoma and MCF7 breast
carcinoma cells (1). We also examined two rodent cell lines, C2CI2
and RatI. C2C12 is a skeletal myoblast line (15) that was included as
a positive control because BIN1 had been observed to be highly
expressed in murine skeletal muscle (1). RatI is an immortalized and
serum-regulated fibroblast line useful for cell growth and transforma
tion experiments.

To test the ability of 99D to recognize cellular BINI, C2C12 cells
were labeled with 35S-methionine/cysteine and lysed in NP4O buffer.
Lysates were then subjected to IP with 99D or an isotype-matched
control antibody (anti-IgD). As shown in Fig. 14, 99D (but not
anti-IgD) precipitated a protein with a molecular weight of â€”70,000,
consistent with the size of the polypeptide encoded by a full-length
cDNA (I). The band detected was specific because preincubation of
99D with unlabeled GST-99Pst prevented its appearance on the gel.
Moreover, a band of similar size was detected by Western blot
analysis in WI-38, HeLa, and Ratl cells, which express BIN! mRNA,

but not in MCF7 or HepG2 cells, which do not (Fig. 2B). 99D did not
recognize by either IP or Western blouing a Mr @45,000Bin 1-related
polypeptide that was detected previously with a polyclonal antiserum
(1). Taken together, the results suggested that BIN! was a Mr
â€”70,000polypeptide that could be detected in both human and rodent
cells.

We examined the biochemical characteristics of cellular BIN1 in
C2C12 cells, which express high levels of the protein. Because the
sequence of BIN1 includes three cysteines, we determined first
whether intermolecular disulfide bonds might stabilize oligomeric
forms of BIN1 in vivo. Cell lysates and BIN1 immunoprecipitates
were fractionated on either nonreducing or reducing gels, Western
blotted, and probed with 99D. As seen in Fig. 3A, the mobility of
BINI was similar in both gels, indicating that BIN1 did not undergo
disulfide-mediated oligomerization in vivo. We concluded that cellu
lar BIN1 was a Mr â€˜@70,000monomeric polypeptide.

Analysis of the BINI amino acid sequence with the algorithm
PPSEARCH/PROSITE revealed several consensus sites for serine/
threonine or tyrosine phosphorylation (data not shown). Therefore, to
determine whether BIN! is a phosphoprotein, we immunoprecipitated
BIN1 from extracts of C2C12 cells that had been metabolically
labeled with either 32P-orthophosphate or 35S-methionine/cysteine. A
specific Mr â€˜@70,000band was detected in extracts derived from each

labeling reaction (see Fig. 3B, top), arguing that BIN1 was indeed
phosphorylated in vivo. Interestingly, in 32P-labeled extracts, at least

four less abundant polypeptides of Mr @200,000,110,000, 90,000,
80,000, and 60,000 were also observed. These polypeptides were
specifically immunoprecipitated because their appearance was
blocked by preincubation of the antibody with immunogen. Their
absence from Western blots suggested that they might represent
proteins that coprecipitate with BIN!. To confirm that the Mr @70,000
band represented a phosphorylated species, immunoprecipitates from
355@and 32P-labeled C2C12 cells were incubated with calf intestinal

phosphatase before SDS-PAGE. This treatment reduced the intensity
of the 32P-labeled but not the 355-labeled BIN1 species (see Fig. 3B,
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Fig. 3. Cellular BIN1 is a monomeric phosphoprotein.
A. similar mobility of BIN! in reducing and nonreducing
gels. Proteins immunoprecipitated by 99D from unla
beled C2C12 cell extracts were subjected to electrophore
sis in a nonreducing SDS-polyacrylamide gel, blotted,
and probed with 99D. The nonspecific bands represent
the IgG heavy and light chains of 99D in the immuno
precipitate that are recognized by the secondasy antibody
used to probe the Western blot. B, IP from 35@@or
32P-labeled cell extracts. Proteins immunoprecipitated
from C2C12 cell extracts were subjected to SDS-PAGE
and fluorography (top). In a separate experiment, immu
noprecipitates were treated with calf intestinal alkaline
phosphatase before SDS-PAGE and fluorography as
above (bottom).

â€˜9I

4-

Zo.

-,@ a.â€”

bottom). We concluded that cellular BIN1 was a monomeric phos

phoprotein.
Cellular BIN! Is Short-Lived. BIN! was initially identified

through its interaction with the putative transactivation domain of the
MYC oncoprotein (1). MYC is induced as quiescent cells enter the
cell cycle and has a half-life of only 15â€”20mm in vivo (16â€”19).
Therefore, it was of interest to determine whether BIN1 was growth
regulated and/or short lived. To address the first issue, Northern and
Western analyses were performed using RNA and protein isolated
from Rat! fibroblasts that were proliferating, growth arrested at con
fluence, or quiescent and induced to enter the cell cycle by serum
stimulation. The results indicated that BIN1 mRNA and protein were
constitutively expressed and that their steady-state levels did not vary
during the cell cycle (data not shown).

To examine the half-life of BIN!, a pulse-chase experiment was
performed in transiently transfected COS cells. Briefly, cells trans
fected with a BIN! expression vector were pulse labeled for 30 mm
with 35S-methionine/cysteine and then lysed immediately (pulse) or
washed and incubated for 2, 5, or 10 h in normal growth medium
before lysis (chase). Lysates from each time point were subjected to
IP with 99D and BIN1 labeling was assessed by SDS-PAGE and
fluorography. We observed a -â€”2-foldreduction in the intensity of the
BIN! band at each time point, indicating that BIN! had a half-life of

â€”2h (see Fig. 4).
Distinct Nuclear Localizations of BIN1 in Normal and Tumor

Cells. To examine the localization of BIN1 in cells, we conducted
immunofluorescence experiments in normal Rat! cells using 99D,
99E, and 99F, which represented the three epitope specificities present
among the six mAbs generated. We did not observe cell staining with
99F, suggesting that the NLS epitope was masked or absent from
BIN1 species in Rat! cells under the experimental conditions used for
detection. In contrast, 99D and 99E recognized overlapping but dis
tinct localizations of BIN1 in the nucleus (see Fig. 5A). Cells stained

with 99D displayed fluorescence in the nucleoplasm. A similar pattern
was observed in C2C12 murine myoblasts and IMR-90 human diploid
fibroblasts (two â€œnormalâ€•cell types) and in cells in sections of normal
colon and breast tissue (data not shown). In contrast, cells stained with
99E showed fluorescence in a punctate subnuclear domain. The pat
terns observed with each of these antibodies were specific, because
their appearance was blocked by preincubating the antibodies with
immunogen. The punctate pattern produced by 99E was similar to that
observed previously using anti-99Pst to stain BINJ-transfected HepG2
cells (which lack endogenous BIN! or BIN1-related proteins; Ref. 1),
consistent with the fact that the epitopes recognized by each antibody
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Fig. 4. Cellular BIN1 has a â€”2-hhalf-life. COS cells were transiently transfected with
a BINI expression vector. Thirty-six h later. cells were labeled for 30 mm with 355@
methionine/cysteine, and the label was chased by the addition of normal growth medium.
After the times indicated, cell extracts were prepared and processed for IP, SDS-PAGE,
and fluorography.
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Fig. 5. BIN1 is localized in the nucleoplasm or a subnuclear domain of normal proliferating or tumor cells. A, detection of BIN1 in normal cells. Ratl fibroblasts were processed for indirect
immunofluorescencewith 99D or 99E. The magnificationin the 99E panel is higher to illustratethe fine punctate pattern seen. Block antibodieswere preincubatedwith immunogenbefore
use. B, detection of BINI in tumor cells that express endogenous BIN1. SAOS-2, LNCaP, and HeLa cells were processed for indirect immunofluorescence with 99D.

were related. Therefore, although the basis for the staining difference
between 99D and 99E was not entirely clear, the similarity between
99E and anti-99Pst supported the conclusion that the punctate pattern

was not artifactual. These results indicated that 99D and 99E identi
fled BIN! species that could be distinguished in cells by differences
in their nuclear localization.

Previous results indicated that BIN1 expression is lacking or altered at

the level of RNA in â€”50%of carcinoma cells examined (1). In tumor
cells that expressed BIN! RNA, we wished to examine the localization of
BIN! protein because of the possibility that altered localization patterns
may have consequences for protein function. Therefore, we stained HeLa
cervical carcinoma, SAOS-2 osteosarcoma, and LNCaP prostate carci

noma cells, each of which had been demonstrated to express the BIN1

message (l).@@ each cell line, both nucleoplasmic and subnuclear
punctate staining was observed (see Fig. SB). In SAOS-2 and LNCaP
cells, the punctate pattern predominated; in HeLa cells, the two compart

ments were stained more equally. However, in each case, the localization
pattern varied significantly from that observed in proliferating Rat! cells,
where nucleoplasmic staining clearly predominated. Taken together, the
results indicated that different isoforms or conformations of BIN1 were

associated with different subnuclear localizations in normal or tumor

cells.

a K. Elliott, D. Sakamuro and G. C. Prendergast, unpublished results.

DISCUSSION

In this study, we characterized a set of BIN! monoclonal antibodies
and used these reagents to identify cellular BIN! as a short-lived
nuclear phosphoprotein. In addition, we found that antibodies recog
nizing different epitopes stained BIN1 species that were located in
different nuclear compartments and that were expressed preferentially
in normal or tumor cells.

In a series of Western blotting and IP experiments, we identified
cellular BIN! as a monomeric phosphoprotein with an apparent mo
lecular weight of â€”70,000. Although larger than its predicted molec
ular weight (50,000), the size of cellular BIN! was consistent with the
size of a full-length BIN! cDNA expressed in COS cells, which
migrates aberrantly in SDS gels due to a MBD determinant (1). In
addition, the abundance of cellular BIN1 correlated well with the level
of steady-state message in each of the cell lines examined. These
observations, together with the fact that its precipitation could be
blocked by preincubation of the precipitating mAb with immunogen,
suggested that the protein was in fact cellular BIN!. In pulse-chase
experiments, we found that the half-life of BIN1 was â€”â€”2h, approach
ing that of MYC, which is approximately 30 mm (16â€”19).Although
a relatively rapid turnover rate would allow BIN! levels to be tightly
regulated, we found that the steady-state level of BIN! did not vary in
normal Rail cells that were proliferating, quiescent, or induced to
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CHARACTERIZATIONOF CELLULAR BIN1

enter the cell cycle by growth factor stimulation. The fact that BIN1
is phosphorylated in vivo raises the possibility that its function(s) may
be regulated by changes in phosphorylation. If so, the formation or
function of a MYC-BIN1 complex might be regulated posttranslation
ally. In future studies, it will be necessary to examine this issue, as
well as to determine whether the phosphorylation status of BIN!
affects its MYC-dependent or MYC-independent growth-inhibitory
activity (1).

The antibodies developed for this study recognized at least three
distinct epitopes in BIN!. 99D recognized a MBD epitope and was a
â€œpanâ€•antibody in the sense that it recognized BIN! species in the
nucleoplasm and a subnuclear punctate compartment in several cell types.
Because it recognizes a region of the MBD, 99D may be useful to inhibit
BIN! interaction with MYC in vitro or in vivo. 99E recognized a

noncontiguous epitope composed ofBAR-C and MBD elements that was
detected only on cellular BIN1 species located in a subnuclear compart
ment. The contribution of BAR-C and MBD elements to the epitope
suggested that these regions may be proximal to each other in certain
forms of native BIN!. 99F recognized a NLS epitope that was not
detected in cellular BIN! species in Rat! cells, suggesting that the NLS
region of the protein might be obscured or missing in these cells. Inter
estingly, we have found recently that 99F recognizes a cytoplasmic form

of BIN! in C2C12 myoblasts induced to differentiate by serum with
drawal.9 The nature of this polypeptide and its relationship to the forms

of BIN! observed in proliferating C2C12 cells that are not recognized by
99F are currently under investigation.

The differences in staining observed with each of these antibodies
suggest that several forms of BIN! may be present in cells. One
possible explanation for this is that BIN! adopts different conforma
tions (which mask or reveal certain epitopes) at different cell loci.
However, we have recently discovered that BIN! is subjected to
alternate splicing.'0 This raises the possibility that the different stain
ing patterns represent different BIN! isoforms that lack or include the
epitopes required for binding by particular antibodies.

An unexpected finding of this study was that the localization of
cellular BIN1 varies significantly in normal and malignant cells. In
normal cells, where growth is regulated, BIN1 is located primarily in
the nucleoplasm, but a fraction of the protein is located in a subnuclear
punctate compartment(s). In tumor cells, where growth is deregulated,
the subnuclear punctate localization predominates. The basis for the
subnuclear staining pattern is unclear. The dot-like structures do not
represent nucleoli, which can be readily distinguished by their lack of
staining (e.g., see SAOS-2 cells in Fig. 5B). Several other subnuclear
domains have been characterized (reviewed in Ref. 20). Two such
domains that may be germane to BIN1 and its growth-inhibitory
activities are the ND1O domain (2!), which is reorganized by viral
proteins that induce DNA replication (22â€”24),and a BRCA1/RAD51-
associated domain, which is subject to cell cycle regulation (25â€”28).

Whatever the basis for the different staining patterns observed in
normal and tumor cells, these observations raise the possibility that

there is a correlation between the localization and growth regulatory
capacity of BIN1. In future work, it will be important to define the
basis for the various localization patterns identified and determine

whether they have different consequences for MYC-dependent and
MYC-independent growth-inhibition activities (1).

9 R. Wechsler-Reya and G. C. Prendergast, unpublished observations.

10 R. Wechsler-Reya, D. Sakamuro, J. Zhang, and 0. C. PrendergasL Structural

analysis of the human BINI gene: evidence for alternate RNA splicing and tissue-specific
regulation, submitted for publication.
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