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ABSTRACT
Bridging integrator 1 (BIN1) is a nucleocytoplasmic adaptor protein with tumor suppressor properties. The protein interacts with and inhibits

the c-MYC transcription factor through the BIN1 MYC-binding domain (MBD). However, in vitro colony formation assays have clearly

demonstrated that the MBD is not essential for BIN1-mediated growth arrest. We hypothesized that BIN1 contains a MYC-independent

effector domain (MID) for cancer suppression. Because a functionally unique domain frequently contains a distinct structure, the human full-

length BIN1 protein was subjected to limited trypsin digestion and the digested peptides were analyzed with Edman sequencing and mass

spectrometry. We identified a trypsin-resistant peptide that corresponds to amino acids 146–268 of BIN1. It encompassed part of the BAR

region, a putative effector region of BIN1. Computational analysis predicted that the peptide is very likely to exhibit coiled-coil motifs,

implying a potential role for this region in sustaining the BIN1 structure and function. Like MBD-deleted BIN1, the trypsin-resistant peptide of

BIN1 was predominantly present in the cytoplasm and was sufficient to inhibit cancer growth, regardless of dysregulated c-MYC activity. Our

results suggest that the coiled-coil BIN1 BAR peptide encodes a novel BIN1 MID domain, through which BIN1 acts as a MYC-independent

cancer suppressor. J. Cell. Biochem. 112: 2992–3001, 2011. � 2011 Wiley-Liss, Inc.

KEY WORDS: BIN1; c-MYC; LIMITED PROTEOLYSIS; CANCER SUPPRESSION; CYTOPLASMIC LOCALIZATION

Journal of Cellular
Biochemistry

ARTICLE
Journal of Cellular Biochemistry 112:2992–3001 (2011)

2992

Abbreviations: BAR, BIN-Amphiphysin-Rvs-related; MBD, MYC-binding domain; MID, MYC-independent effector
domain.

Additional Supplementary Information may be found in the online version of this article.

Greta L. Lundgaard and Natae E. Daniels contributed equally to this work.

Grant sponsors: Louisiana Cancer Research Consortium; Wendy Will Case Cancer Fund; DOD Prostate Cancer
Research Award DAMD; Grant number: 17-02-10131; Grant sponsor: National Center for Research Resources;
Grant number: P20RR021970.

Greta L. Lundgaard’s present address is High Throughput Biology Group, Gilead Sciences Ltd., Foster City, CA 94404

Natae E. Daniels’s present address is Department of Trait Genetics and Technologies, Dow AgroSciences, Indianapolis,
IN 46268
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B ridging integrator 1 (BIN1, also known as Box-dependent

myc-interacting protein 1) is the member of the BAR (BIN/

amphiphysin/Rvs-related) protein family (Sakamuro et al., 1996;

Prendergast et al., 2009). Acting through the MYC-binding domain

(MBD), which is unique to BIN1, BIN1 interacts with the c-MYC

transcription factor and inhibits c-MYC-mediated transactivation

and transformation (Sakamuro et al., 1996; Sakamuro and

Prendergast, 1999). The deletion of the MBD region leads to a

failure of the BIN1 protein to inhibit oncogenic properties of c-MYC.

In contrast, the ectopically expressed MBD peptide is sufficient to

disrupt endogenous BIN1–c-MYC interaction, thereby releasing

oncogenic c-MYC activity in vivo (Sakamuro et al., 1996; Elliott

et al., 1999; DuHadaway et al., 2001). Moreover, the C-terminal SH3

domain of BIN1, which exists adjacent to the MBD, has been

identified as an extra BIN1 region involved in physical BIN1–c-MYC

interaction (Pineda-Lucena et al., 2005). These results suggest

that BIN1 interacts directly with and suppresses the oncogenic

activity of c-MYC.

Since the original discovery, a MYC-independent BIN1 activity in

tumor suppression has also been indicated (Sakamuro et al., 1996;

Elliott et al., 1999). For example, overexpression of the MBD-deleted

BIN1 (BIN1DMBD) polypeptide, which does not inhibit c-MYC,

attenuates oncogenic RAS cotransformation mediated by a non-

MYC nuclear oncoprotein, such as adenovirus E1A or dominant-

negative mutant p53, in primary rodent fibroblasts (Sakamuro et al.,

1996; Elliott et al., 1999; Kinney et al., 2008). Furthermore, similar

to the full-length BIN1, transfection of the BIN1DMBD inhibits

colony-forming activities of various human cancer cell lines

(Sakamuro et al., 1996; Elliott et al., 1999). These results suggest that

BIN1 exerts its cancer suppression function by both a MYC-

dependent mechanism and a MYC-independent mechanism.

However, the entity of the BIN1 MYC-independent effector domain

(MID) for cancer suppression remains unknown.

Identification of a naturally folded domain structure may

facilitate the identification of the cellular function of a protein of

interest or its signaling pathways. For this purpose, limited

proteolysis is probably one of the most reliable and relevant

methods (Fontana et al., 1997). Potential cleavage sites may be

sensitive to limited protease activity, if located within flexible linker

regions. In contrast, possible proteolytic sites may remain resistant

to limited digestion if they are embedded within a folded domain.

Ideally, under optimized proteolytic conditions, cleavage should

occur only at flexible linker regions between individually folded

domains. Thus, a peptide resistant to limited protease digestion is

likely to retain a naturally folded structure. This technique has been

used to establish domain structures of a number of enzymes and

signaling proteins, such as poly(ADP-ribose) polymerase 1 (PARP1)

(Kameshita et al., 1986), cytochrome c (Fontana et al., 1995), breast

cancer type 1 susceptibility protein (BRCA1) (Brzovic et al., 1998),

and histone deacetylase 1 (HDAC1) (Kamath et al., 2006).

In this study, we undertook limited tryptic digestion of the human

full-length BIN1 recombinant protein and determined the structure

and function of a trypsin-resistant BIN1 peptide. Our results suggest

that the trypsin-resistant peptide per se, which encodes part of the

BIN1 BAR domain, contains a tightly coiled-coil motif and exists in

the cytoplasm. Of note, the peptide is sufficient to inhibit tumor

growth. Because overexpression of the trypsin-resistant peptide

does not inhibit endogenous c-MYC activity, we conclude that the

trypsin-resistant BIN1 peptide contains a bona fide BIN1 MID

domain. This is the first report that provides the structural basis for

the cancer suppression mediated by BIN1 in a manner independent

of dysregulated c-MYC activity.

MATERIALS AND METHODS

CELL LINES

All cell lines used in this study were purchased from the American

Type Culture Collection (ATCC, Manassas, VA) and were maintained

in 5% CO2 at 378C.

PLASMID DNAs

All spliced isoforms and deletion mutants of human BIN1 cDNAs

and the luciferase reporter vectors used in this study have been

described previously (Sakamuro et al., 1996; Wechsler-Reya et al.,

1997; Elliott et al., 1999; DuHadaway et al., 2001; Kinney et al.,

2008; Cassimere et al., 2009; Pyndiah et al., 2011). To express a

6� histidine (His6)-tagged BIN1 recombinant protein (or His6-

BIN1), the full-length human BIN1 (isoform 8) cDNA was amplified

by polymerase chain reaction (PCR) with a set of the following

primers: (forward) BIN(Bam) 50-ATAAGGATCCCGATGGCAGA-
GATGGGCAGTAAAGGG-30 and (reverse) 99SH3(Sal) 50-CAAGTC-
GACTCATGGGACCCTCTCAGTGAAGTTCTC-30, under the subsequent
reaction conditions: An initial denaturation at 948C for 1min; 30

cycles at 948C for 30 s, 558C for 30 s, and 728C for 1min; and a final

extension at 728C for 10min. The amplified His6-BIN1 cDNA PCR

product was digested with BamHI and SalI and ligated into the

pET28c(þ) plasmid vector (Novagen, Gibbstown, NJ) to generate the

pET28c(þ)–His6-BIN1 plasmid. The nucleotide sequences of the

amplified cDNA fragments were verified by DNA sequencing and

restriction digestion.

OVEREXPRESSION OF RECOMBINANT HIS6-BIN1 PROTEIN AND ITS

PURIFICATION WITH COLUMN CHROMATOGRAPHY

The bacterial pellet containing His6-BIN1 recombinant protein was

resuspended in ice-cold buffer A (3M urea, 1� phosphate-buffered

saline (PBS), pH 8.0), gently lysed by sonication, and centrifuged at

15,000g for 45min at 48C. The cleared supernatant was loaded onto

a 5ml nickel (Ni) column (GE Healthcare Life Sciences, Pittsburgh,

PA), which was pre-equilibrated with buffer A at room temperature

(r.t.). After extensive washing with buffer A, the bound fractions

were eluted with increasing concentrations of imidazole (80–

800mM) (Sigma-Aldrich, St Louis, MO) in buffer A. The eluted

fractions containing His6-BIN1 proteins with 200mM imidazole

were combined and dialyzed with a 10 kDa dialysis membrane

(Pierce, Rockford, IL) into excess buffer A with gently stirring

overnight at r.t.

The His6-BIN1 protein-containing imidazole solution was applied

to the Sephacryl S-200 gel filtration chromatography column pre-

equilibrated with buffer A at 48C. Each column fraction was

monitored by ultraviolet (UV) absorption at 280 nm and subjected to

sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE) followed by Coomassie Brilliant Blue (CBB R-250) staining.
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Alternatively, Western analysis with either an anti-His (GE

Healthcare Life Sciences) or an anti-BIN1 monoclonal antibody

(clone 99D or 2F11) (Santa Cruz Biotechnology, Santa Cruz, CA) was

performed.

LIMITED TRYPTIC DIGESTION

A range-finding experiment was performed to determine the

optimum concentration of tosyl phenylalanyl chloromethyl ketone

(TPCK)-trypsin (Pierce) for limited protein digestion. After the

Sephacryl S-200 gel filtration, His6-BIN1 protein (approximately

1.0mg/ml) was mixed with increasing doses of the TPCK-trypsin

solution and incubated at r.t. The concentrations of the TPCK-

trypsin we tested were 0, 0.00005, 0.0005, 0.005, 0.05, 0.5, and

5.0mg/ml. For a time-course experiment, approximately 1/10 (v/v)

of the reaction mixture was removed at different time points

(0–200min) and mixed immediately with 1/100 volume of phenyl-

methane-sulfonyl-fluoride (PMSF; final concentration 1mM) to

inhibit trypsin. To visualize trypsin-resistant bands after CBB R-250

staining in a protein gel, the concentration of the peptides was

increased by vacuum centrifugation.

EDMAN PEPTIDE SEQUENCING

The partially digested His6-BIN1 peptides were fractionated by 14%

SDS–PAGE and blotted onto a PVDF membrane (Millipore,

Temecula, CA). The blotted membrane was soaked in deionized

water, rinsed in methanol, and stained with 5.0mg/ml CBB R-250

for 2–4min in a methanol: Glacial acetic acid: Distilled water

solution (45:10:45 v/v/v). The membrane was rinsed in 50% (v/v)

methanol to reduce the background, and subjected to Edman peptide

sequencing analysis. The six N-terminal amino acids were

determined with the Applied Biosystems Procise 492 Protein

Sequencer in the gas-phase mode at the Macromolecular Structure

Core Facility, Purdue University, Indiana.

MASS SPECTROMETRY

After limited trypsin digestion of a vacuum-concentrated His6-BIN1

protein, the digested products were fractionated with 14% SDS–

PAGE. The peptides in one half of the gel were transferred to a PVDF

membrane and stained with CBB R-250. The stained PVDF

membrane was placed over the other half of the gel, and the

desired peptide band was excised from the acrylamide gel. The gel

piece was crushed and washed in distilled water (1ml) and

centrifuged at 15,000g for 1min at r.t. to remove the supernatant.

Crushed gel pieces were mixed with 200ml of formic acid: Water:

Isopropanol (1:3:2 v/v/v) and incubated at r.t. for overnight with

gentle agitation. The sample was centrifuged at 15,000g to isolate

the supernatant. The total volume was reduced by vacuum

centrifugation to approximately 20–30ml and subjected to mass

spectrometric analysis. Mass spectrometric data were obtained with

the Voyager Bio-Spectrometry Workstation by Perceptive Biosys-

tems in the Mass Spectrometry Core Facility, Purdue University,

Indiana.

IN SITU IMMUNOFLUORESCENCE ANALYSIS

The primary antibodies were applied to the formaldehyde-fixed cells

for 1 h at r.t. After gentle washing with PBS, cells were hybridized

with secondary antibodies conjugated with Alexa Fluor 488

(Molecular Probes, Eugene, OR) at r.t. in the dark. The cells were

examined with fluorescence microscopy using an Eclipse TE 200

microscope (Nikon, Tokyo, Japan). Hoechst 33342 was used for

nuclear counterstaining. The images were recorded with a digital

camera (DXM 1200; Nikon) and processed with the imaging

software MetaVue (Universal Imaging Co., Downingtown, PA).

LUCIFERASE REPORTER ASSAY

Luciferase reporter assays were performed as described previously

(Kinney et al., 2008; Cassimere et al., 2009). Briefly, 2mg of

luciferase reporter plasmid DNA was transfected into freshly

cultured cells in a 6 cm culture dish using FuGENE 6 DNA

transfection reagent (Roche Applied Science, Indianapolis, IN),

according to the instruction manual. At 48 h after transfection, the

luciferase activity was analyzed with a luminometer. To normalize

the transfection efficiency, 0.2mg of pcDNA3–b-galactosidase

vector (CMV–b-gal) was cotransfected. Three independent experi-

ments were performed for statistical analysis.

COLONY FORMATION SUPPRESSION ASSAY

Tumor colony formation assays were performed as described

previously (Sakamuro et al., 1996; Elliott et al., 1999). Briefly, cells

were plated at a density of 1–2� 103 cells/cm2 in six-well dishes

approximately 12–24 h before transfection. Using the FuGENE 6

DNA transfection reagent (Roche Applied Science), 2mg of the

indicated plasmid DNA was transfected, according to the manu-

facturer’s instructions. At 48 h after transfection, the cells were

harvested and reseeded into two 6 cm dishes per transfection,

followed by selection for 2–3 weeks with 500mg/ml G418

(Invitrogen, Carlsbad, CA). The G418-resistant colonies were stained

and scored with 4% (v/v) Giemsa solution (Invitrogen).

All the cell-based assays described above were repeated

independently three times, and the data presented are the mean-

s� standard deviations (SD).

RESULTS

BIN1 SPLICE ISOFORMS SUPPRESS TUMOR COLONY FORMATION

REGARDLESS OF MBD

We performed in vitro colony formation assays. Baker et al. (1990)

discovered that the wild-type p53 allele functions as a tumor

suppressor in human colorectal carcinoma cells. The in vitro colony

formation assay has since been considered the most reliable cell-

based method to quickly identify a gene that may suppress tumor

growth regardless of the mechanism. We first verified that in a dose-

dependent manner, ectopically expressed BIN1 suppresses the

colony forming activities of a BIN1-deficient breast cancer cell line,

MCF7 (Supplementary Fig. S1). Although transient transfection of

BIN1 resulted in a robust increase in BIN1 abundance in this cell line,

the stable expression of BIN1 was not detectable in pooled G418-

resistant MCF7 colonies, (Supplementary Fig. S2), suggesting that

the reduction of G418-resistant colony number after BIN1

transfection is attributable to the cell death activity promoted by

BIN1 (Sakamuro et al., 1996; Elliott et al., 1999; DuHadaway et al.,

2001). In contrast, it has been suggested that BIN1-associated cell
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death is silenced in untransformed or nonmalignant cell lines

(Sakamuro et al., 1996; Elliott et al., 2000).

There are several spliced isoforms of BIN1, mainly depending on

the presence or absence of the peptide sequences encoded by exons

10, 12A, and 13 (Wechsler-Reya et al., 1997; Ge et al., 1999)

(Fig. 1A). BIN1 interacts with the c-MYC oncoprotein and inhibits

c-MYC-mediated transactivation and transformation via the BIN1

MBD (Sakamuro et al., 1996; Elliott et al., 1999). Because the MBD

region is composed of exons 13 and 14 (Wechsler-Reya et al., 1997),

we hypothesized that an exon 13-missing spliced BIN1 isoform,

such as BIN1–13 that cannot inhibit c-MYC activity, less efficiently

suppresses tumor growth than an exon 13-containing BIN1 that can

inhibit c-MYC. Stable transfection of the BIN1 isoforms consistently

attenuated colony forming activities of MCF7 cells, regardless of the

presence or absence of exons 10, 12A, and/or 13 (Fig. 1B and C).

Essentially the same result was obtained with some other BIN1-

sensitive cancer cell lines, such as LNCaP prostate cancer line

(Supplementary Fig. S3). As predicted, none of the spliced

BIN1 isoforms displayed growth inhibition in the human untrans-

formed breast epithelial cell line, MCF10A (Fig. 1B and C). We

concluded that BIN1 functions as a cancer suppressor through

the region that commonly exists in all spliced isoforms of BIN1

(Fig. 1A, underlined).

Elliott et al. (1999) showed that the deletion of the C-terminal half

of the BIN1 BAR region (designated BAR-C), but neither the deletion

of MBD nor SH3, compromises BIN1-mediated cancer suppression,

suggesting that the BAR-C region might contain a BIN1 effector

domain. Our colony-formation assays also demonstrated that the

BIN1 BAR-N region is as important as the BAR-C region

(Supplementary Fig. S4). These independent studies consistently

show that the BIN1 BAR region is essential for BIN1-mediated

cancer suppression. However, because the separation of the BAR-N

and BAR-C regions is artificial, and is not based on structural

evidence, deletion of either the BAR-N or BAR-C region might

disrupt the proper folding of the entire BIN1 protein, thereby

masking or embedding the bona fide effector domain of BIN1.

Furthermore, an artificial deletion could reduce the stability of the

protein. Consistent with this possibility, the amount of ectopically

expressed BAR-C-deleted BIN1 protein (BIN1DBAR-C) was greatly

reduced in vivo, but was not affected in vitro (Supplementary Fig.

S5). Therefore, the loss of BIN1-mediated tumor suppression caused

by an artificial BAR deletion might be simply attributable to a

reduction in BIN1 abundance in vivo. To identify the naturally

folded effector domain of BIN1, we undertook limited proteolytic

digestion of the recombinant full-length BIN1 protein.

Fig. 1. Effects of BIN1 spliced isoforms on the colony forming activities of

MCF7 and MCF10A cell lines. A: Alternatively spliced isoforms of BIN1. The

BIN1 protein is encoded by 16 exons. The BAR region is encoded by exons 1–8,

U1 (BIN1 unique region 1) is encoded by exon 9, U3 is encoded by exon 10, U2

is encoded by exon 11, MBD is encoded by exons 13–14, and the SH3 domain is

encoded by exons 15–16. Exon 12A has been detected in brain-specific

transcripts and metastatic melanoma cells (Ge et al., 1999). Horizontal bars

indicate the common regions among the spliced isoforms. B: Morphologies of

MCF7 breast cancer and MCF10A untransformed breast epithelial cell lines

after the formation of G418-resistant colonies. Growing MCF7 cells and

MCF10A cells were stably transfected with the G418-resistant gene-expres-

sion vectors that encode indicated cDNAs of the human BIN1 splice isoforms,

selected for 14 and 21 days in G418 (500 and 600mg/ml)-containing growth

medium, respectively, and stained with 4% (v/v) Giemsa (Invitrogen). C:

Giemsa-stained colonies of indicated cell lines were scored. The numbers of

colonies transfected with the empty control vector were used as the positive

control. The bars represent the means of three independent experiments� SD.
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BIN1 CONTAINS A PEPTIDE SEQUENCE THAT IS RESISTANT TO

LIMITED TRYPSIN DIGESTION

Stably folded domain structures are expected to be more resistant to

limited protease digestion than unfolded flexible linker regions

(Fontana et al., 1997). Therefore, if a region of a protein of interest is

resistant to limited proteolysis, the region might contain a naturally

folded domain structure. We purified the human recombinant full-

length BIN1 protein as the substrate for limited proteolytic digestion.

The N-terminal 6� histidine (His6)-tagged BIN1 (isoform 8) protein

(His6-BIN1) was overexpressed in Escherichia coli BL21 (DE3)

(Fig. 2A, lane 1). Lower molecular weight proteins (28–50 kDa) were

copurified with high levels of full-length His6-BIN1 (70 kDa band)

by nickel (Ni)-affinity column chromatography (Fig. 2A, lane 2).

These copurified short peptides might represent histidine-rich

bacterial proteins or C-terminal truncated forms of His6-BIN1 and

were removed with a Sephacryl S-200 gel filtration column

(Fig. 2A, lane 3). The protein concentration in each eluted fraction

was monitored during gel filtration by ultraviolet (UV) absorption at

280 nm. The presence and purity of the full-length His6-BIN1

protein in each eluted fraction were verified by a protein gel stained

with Coomassie Brilliant Blue (CBB). The full-length His6-BIN1

fractions from tube #25 to #27 were combined as a substrate for

limited tryptic digestion (Supplementary Fig. 6). The presence of

His6-BIN1 protein (�70 kDa) was also verified by Western analysis

with an anti-His or an anti-BIN1 (clone 99D) antibody (data not

shown). The final yield of His6-BIN1 was approximately 7% (w/w).

For the limited proteolysis of purified His6-BIN1, we used tosyl

phenylalanyl chloromethyl ketone (TPCK)-treated trypsin, which

deactivates residual chymotrypsin activity and cleaves on the

carbonyl side of lysine and arginine residues unless they are

immediately followed by proline. There are 42 lysine and 17

arginine residues amongst the 454 amino acids of BIN1 (isoform 8),

none of which are followed by proline (Sakamuro et al., 1996). To

determine the optimal concentration of TPCK-trypsin for limited

proteolysis, serially diluted protease solutions were mixed with a

constant amount of His6-BIN1 protein (20mg) and incubated at r.t.

for 10min. Partial digestion of His6-BIN1 protein should occur

under an optimal proteolytic condition, leaving some full-length

His6-BIN1 protein intact. Accordingly, a concentration of 0.005mg/

ml TPCK-trypsin was determined to be optimal (Fig. 2B).

We next performed time-course experiments of trypsin digestion

and determined the experimental condition at which partial

cleavage of His6-BIN1 protein by trypsin occurred. In the optimized

condition, partially digested His6-BIN1 bands should remain

resistant at least for a while. As shown in Figure 2C, a peptide

band (�15 kDa) initially appeared after 20min incubation and it was

not fully digested after 100min. The intensity of the 15-kDa peptide

band gradually increased during 50min of tryptic digestion, and

then decreased to 100min. The accumulation of the 15-kDa peptide

during incubation with 0.005mg/ml TPCK-trypsin for up to 50min

suggests that this peptide fragment is somewhat resistant to limited

trypsin digestion. Therefore, we assumed that the �15 kDa BIN1

peptide fragment retains a folded structure by which the peptide

could be protected from limited tryptic digestion.

THE 15-kDa BIN1 PEPTIDE ENCOMPASSES PART OF

THE BAR-C REGION

To determine the N-terminal boundary of the 15-kDa tryptic BIN1

peptide, partially digested His6-BIN1 protein by TPCK-trypsin was

subjected to sodium dodecyl sulfate polyacrylamide gel electropho-

resis (SDS–PAGE) and the tryptic peptides on a protein gel were

electronically transferred to a polyvinylidene difluoride (PVDF)

membrane. A broad protein band at approximately 15 kDa was

excised from the membrane and was subjected to Edman peptide

sequencing (Supplementary Fig. S7). Three independent trials

for Edman degradation consistently revealed a six-amino acid

Fig. 2. Optimization of limited tryptic digestion of the human recombinant

BIN1 protein, His6-BIN1. A: A 30ml aliquot of each fraction was subjected to

10% SDS–PAGE and stained with CBB R-250. The arrow indicates His6-BIN1

(�70 kDa). i) Escherichia coli lysates containing approximately 70mg of crude

protein; ii) post-Ni column fraction, containing approximately 15mg of

protein; and iii) post-Sephacryl S-200 gel filtration fraction, containing

approximately 5mg of protein. B: Range-finding experiments for tryptic

digestion of His6-BIN1 protein confirmed that 0.005mg/ml (asterisk) was

the optimal concentration of TPCK-trypsin for limited trypsinization of

His6-BIN1 protein. C: Time-course experiments for the tryptic digestion

(0.005mg/ml) of His6-BIN1 protein. The arrow and arrowhead indicate

His6-BIN1 (approximately 70 kDa) and a BIN1 small peptide resistant to trypsin

(approximately 15 kDa), respectively. Each aliquot was subjected to 14% SDS–

PAGE and CBB staining. The procedures to purify the 15-kDa band were

repeated at least three times to confirm the chromatographic reproducibility.
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sequence, lysine-leucine-valine-aspartic acid-tyrosine-aspartic acid

(KLVDYD), which corresponded to residues 146–151 of BIN1

(isoform 8). Interestingly, essentially the same sequence,
146KLVDY150, was previously identified empirically when a minimal

region of the BAR-C region that is essential for BIN1-mediated

tumor suppression was determined (Elliott et al., 1999; DuHadaway

et al., 2001). The coincidence of the amino acid sequences in these

two separate experiments suggests that the 146KLVDY150 sequence is

critical for sustaining the proper structure and function of BIN1. We

concluded that lysine146 can be the N-terminal residue of the 15-kDa

BIN1 tryptic peptide.

We next determined the C-terminal end of the 15-kDa peptide. To

do this, we analyzed the exact mass of the tryptic peptide. The broad

15-kDa band was extracted from a protein gel and was subjected to

mass spectrometric analysis. The shapes of mass peaks were broad

probably because of micro heterogeneity of the tryptic peptides, and

there were one major peak, which was identified with a mass of

13,559.8 (peak 1), together with two minor peaks with masses of

10,996.0 (peak 2) and 9,270.6 (peak 3) (Supplementary Fig. S8). We

focused on the analysis of peak 1, because this was both the major

peak and the peak of greatest molecular size. Given that the 15-kDa

BIN1 peptide commences from lysine146 (see above), the most likely

C-terminal boundary of the peptide, which is consistent with the

theoretical mass values of peak 1, is arginine263 (Fig. 3A, asterisk).

However, arginine263 exists in the middle of unique region-3 (U3)

(Fig. 3A, underlined), which is tightly associated with BIN1-

mediated cellular differentiation and growth arrest (Wechsler-Reya

et al., 1998). Because the U3 region contains multiple lysine and

arginine residues (Fig. 3A, underlined), we wondered whether the U3

region might be easily digested with limited amounts of trypsin,

even though the U3 region likely composes part of a folded domain

structure. For that reason, we propose lysine268, which is the most C-

terminal potentially trypsin-sensitive site in the U3 region, as the C-

terminal residue of the 15-kDa peptide. Collectively, we concluded

that the 15-kDa BIN1 peptide encompasses the region between

lysine146 and lysine268.

THE 15-kDa BIN1 PEPTIDE CONTAINS A UNIQUE COILED-COIL

STRUCTURE

This region partially includes the BAR-C region, a putative tumor-

suppressive domain of BIN1 (Elliott et al., 1999, 2000), and is

completely separate from MBD (Sakamuro et al., 1996). To gain

further insights into the structure of the 15-kDa peptide, we used

several computer server programs that predict the secondary and

tertiary structure. First, computational analysis with the PSIPRED

program (McGuffin et al., 2000) revealed that lysine146

(Fig. 3A, sharp symbol) is located in the middle of an a-helix

(Fig. 3A, rectangle). The COILS server (Lupas et al., 1991) predicted

that highly coiled-coil regions are present within the tryptic 15-kDa

peptide (Fig. 3B). The Paircoil2 server (McDonnell et al., 2006)

provided consistent results with the COILS server, predicting

essentially the same coiled-coil structure for the 15-kDa fragment

(D.K. and D.S., unpublished observation). In addition to a-helices

and b-strands, several turns were also expected by a series of

prediction servers that use neural networks (Kaur and Raghava,

2003a, 2003b). Together, the computer-based predictions of the

secondary structure suggest that coiled-coil structural motifs are

most likely located within the 15-kDa peptide fragment of BIN1

(Fig. 3B).

The crystal structure of part of the human BIN1 BAR region has

been determined (Casal et al., 2006). Because the 15-kDa peptide

encodes part of the BAR-C region, we mapped the 15-kDa peptide

sequence onto the three-dimensional (3-D) X-ray structure of the

BIN1 BAR fragment (PDB accession number 2FIC). To do this, we

used the Cn3D 4.1 program (Hogue, 1997). Interestingly, the N-

terminal sequence of the 15-kDa peptide, 146KLVDY150, lied on the

boundary between the double- and triple-coiled-coil domains of the

BIN1 BAR region (Fig. 3C, turquoise), indicating again that the

KLVDY sequence may play a critical role in sustaining the structure

and function of BIN1. Furthermore, LOMETS (Local Meta-Thread-

ing-Server) program, which predicts the 3-D structure of a protein

(Wu and Zhang, 2007), verified that highly coiled-coil motifs of

BIN1 exist within the 15-kDa peptide-coding region (Fig. 3D). We

concluded that the 15-kDa peptide contains a unique coiled-coil

structure by which the 15-kDa region might be protected from

limited tryptic digestion.

THE 15-kDa BIN1 PEPTIDE ATTENUATES TUMOR GROWTH IN A

MANNER INDEPENDENT OF c-MYC

To establish the biological effect of the 15-kDa BIN1 peptide on

cultured cancer cells, the expression vector that encodes a

hemagglutinin (HA)-tagged tryptic 15-kDa peptide (designated

HA-Trp) was transfected into two BIN1-sensitive human cancer

cell lines, MCF7 and LNCaP. The heterologously expressed HA-Trp

peptide inhibited tumor colony formation as efficiently as the full-

length BIN1 protein (Fig. 4A), suggesting that the 15-kDa peptide is

sufficient to attenuate tumor growth. Although transiently

expressed HA-Trp was detectable in tumor cells, we were not

able to obtain stably-transfected tumor cells that constitutively

express the HA-Trp peptide (E.K.C., S.Tanida and D.S., unpublished

observation). This observation further supports the potential

growth-suppressive properties of this peptide. To determine whether

the HA-Trp-mediated growth-suppression is independent of c-MYC

activity, the HA-Trp-expression vector was cotransfected with the

E-box MYC-binding Sequence (EMS)-luciferase reporter. The EMS-

Luc can be specifically activated by endogenous and exogenous c-

MYC (Kinney et al., 2008). As positive and negative controls for the

c-MYC inhibition, the full-length BIN1 and HA-tagged BIN1DMBD

expression vectors were cotransfected, respectively. BIN1 inhibited

endogenous c-MYC-mediated EMS-Luc activity, whereas either HA-

BIN1DMBD or HA-Trp peptide did not (Fig. 4B). Interestingly,

similar to the HA-BIN1DMBD polypeptide (Pyndiah et al., 2011), the

HA-Trp peptide was present largely in the cytoplasm. In contrast,

transfected BIN1 was detected exclusively in the nucleus in two

BIN1-deficient cell lines, MCF7 and DU145. Hoechst staining and

endogenous PARP1 proteins were used as the positive controls for

the nuclear localization (Pyndiah et al., 2011) (Fig. 4C). Our results

suggest that the trypsin-resistant 15-kDa peptide encodes a MYC-

independent bona fide effector domain (MID), through which BIN1

acts as a c-MYC-independent tumor suppressor.

JOURNAL OF CELLULAR BIOCHEMISTRY NOVEL GROWTH-INHIBITORY DOMAIN OF BIN1 2997



DISCUSSION

Structure–function studies of artificial deletion mutants of the BIN1

tumor suppressor demonstrated that the N-terminal BAR region, a

domain that allows the binding or twisting of the BIN1 protein

(Habermann, 2004), contains the tumor-suppressive effector

function (Elliott et al., 1999, 2000). However, precisely which

domain of the BAR region is sufficient for BIN1-mediated

cancer suppression remained unclear. Although artificial

deletion mutants are widely used for functional cell-based studies,

the structural integrity for a deleted peptide fragment per se and

the functional activities of the remaining polypeptide require

careful validation. In this respect, limited proteolysis is a

reasonable method with which to search for an undefined domain

structure in functionally important, but structurally ambiguous

proteins.

Fig. 3. Identification and characterization of a BIN1 15-kDa peptide registrant to limited trypsin digestion. A: Secondary structure prediction of BIN1. The PSIPRED program

was used for the secondary structure prediction (McGuffin et al., 2000). The predicted helices and b-strands are presented as rectangles and ellipses, respectively. The region

encoding the 15-kDa peptide is highlighted in red. The region indicated by arrows (E42–L239) corresponds to part of the human BIN1 BAR fragment, the three-dimensional

structure of which is available online under the Protein Data Bank (PDB) accession number 2FIC (Casal et al., 2006). Leucine55 (L55), highlighted in a dark green circle, is a

microsatellite mutation detected in a set of prostate cancer tissues (Ge et al., 2000). The KLVDY sequence necessary for BIN1-mediated anti-transforming activity is underlined

in turquoise (DuHadaway et al., 2001). The region encoding U3 (or exon 10) is underlined in black. Arginine263 (asterisk) is the calculated C-terminal residue of the 15-kDa

peptide fragment. B: Prediction of the coiled-coil region in BIN1. The COILS server (Lupas et al., 1991) was used to predict the coiled-coil regions. The x-axis depicts the amino

acid positions in the human BIN1 (isoform 8) protein and the y-axis shows the possibility of coiled-coil regions. The color denotes the window size used in the search. Three BIN1

polypeptides, the 15-kDa peptide, which is highlighted in yellow (this study), the BIN1 BAR (2FIC) fragment (Casal et al., 2006), and full-length BIN1 (isoform 8; 454 amino

acids) (Sakamuro et al., 1996) were aligned. The KLVDY sequence is highlighted in turquoise. C: The three-dimensional structure of the 15-kDa peptide (yellow) was modeled

based on the structure of the human BIN1 BAR fragment (PDB accession number 2FIC), starting from E42 through to L239 (Casal et al., 2006). The KLVDY sequence, which is the

N-terminus of the 15-kDa peptide fragment, is highlighted in turquoise. Double and triple coiled-coil domains are indicated with vertical bars, and loops with horizontal bars.

The L55 residue in dark green corresponds to the location of a satellite mutation found in a set of patients with prostate cancer, as described previously (Ge et al., 2000). Residues

D93, T162, and L239 are expected to exist in the hinge regions. D: LOMETS (Local Meta-Threading-Server) program (Wu and Zhang, 2007) was used to predict the 3-D structure of

the full-length BIN1 protein (left) and the 15-kDa peptide (right).
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In this study, we undertook limited tryptic digestion of the human

full-length BIN1 protein, and the structure and function of the

trypsin-resistant BIN1 peptide were analyzed with Edman sequenc-

ing, mass spectrometry, computational structural prediction, and

cell-based assays. We identified a coiled-coil BIN1 BAR region as a

novel BIN1 MID for cancer suppression. Because the BIN1 MID-

containing region, which includes part of the BAR-C region, was not

subject to alternative splicing (Fig. 1A, underlined), we propose that

the BIN1 MID region may be responsible, at least in part, for the

tumor-suppressor activity of the spliced isoforms of BIN1 protein,

which are ubiquitously expressed. Our finding also revealed the

growth-inhibitory property of the BIN1 MID peptide itself,

regardless of any dysregulated c-MYC activity. This finding is

potentially significant because it suggests that the MID region

contains a bona fide BIN1 effector domain for cancer suppression.

Given that the overexpression or deregulated expression of c-MYC is

among the hallmarks of human malignancies (Meyer and Penn,

2008), the BIN1MID peptide may have utility as a novel intervention

for the treatment of human cancers that overexpress c-MYC.

The ectopically expressed BIN1DMBD polypeptide existed stably

in the cytoplasm and acted as a tumor suppressor without inhibiting

c-MYC-mediated oncogenic transactivation (Sakamuro et al., 1996;

Fig. 4. The 15-kDa peptide encodes the BIN1 MYC-independent effector domain (MID) for cancer suppression. A: Colony formation suppression assays. LNCaP and MCF

cancer cell lines were transfected with CMV-BIN1 (2.0mg) or CMV-HA-Trp (2.0mg). At 24 h after transfection, the cells were trypsinized and reseeded at a low density in

standard growth medium containing G418 at 500mg/ml. G418-resistant colonies of each cell line were stained and scored after 2 weeks of drug selection. The data presented

are the percentages of colonies formed in the presence of G418 compared to the empty vectors. The bars represent the means of three experiments� SD. B: The EMS-Luc vector

is a c-MYC-responsive reporter construct that contains four tandem repeats of the E-box sequence (small open dotes) followed by the SV40 minimal promoter (top). EMS–Luc

(1.0mg) reporter vector was cotransfected with 1.0mg of pLPC empty vector, pLPC-BIN1, pLPC-BIN1DMBD, or pLPC-HA-Trp in proliferating LNCaP cells. The cells were

harvested 48 h after transfection for the luciferase assays (bottom). Three independent transfections were performed for statistical analysis. C: In situ immunofluorescence

microscopy verified the cytoplasmic localization of transfected HA-BIN1DMBD and HA-Trp polypeptides and the nuclear localization of transfected BIN1 and endogenous

PARP1 proteins in two BIN1-deficient cancer cell lines, MCF7 and DU145.
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Elliott et al., 1999; Pyndiah et al., 2011). Similarly, the heterolo-

gously expressed BIN1 MID peptide fragment was predominantly

detected in the cytoplasm and was sufficient to inhibit tumor cell

proliferation without attenuating c-MYC activity (Fig. 4). This

coincidence may be explained by the fact that the BIN1DMBD

polypeptide contains an intact MID sequence. Furthermore, some

spliced BIN1 isoforms, which exist mainly in the cytoplasm, contain

the MID peptide and act as growth suppressors. For example, a

spliced BIN1 isoform that is associated with the differentiation of the

skeletal muscle exists in the cytoplasm and is essential for the

growth arrest of differentiated skeletal muscle cells, in which

endogenous c-MYC is undetectable (Wechsler-Reya et al., 1998).

These results suggest that if the MID-containing BIN1 polypeptide

functions in the cytoplasm, it must have an activity that does not

directly involve the inhibition of c-MYC, which occurs in the

nucleus. In contrast, a number of BIN1 isoforms are normally

present in the nucleus and act as cancer suppressors, regardless of

deregulated c-MYC activity (Sakamuro et al., 1996; Wechsler-Reya

et al., 1997), suggesting that the BIN1 MID region may also interact

with a non-MYC effector protein in the nucleus.

The most fascinating feature of the BIN1-mediated cellular

function is its antiproliferative property, which is only observed in

tumor cells, and not in untransformed cells (Fig. 1C). This is

particularly intriguing because it suggests the possible development

of a cancer-selective therapeutic intervention involving BIN1, with

little or no adverse effects on the normal peripheral tissues.

Although it is unclear how BIN1 selectively exerts its antiproli-

ferative function on tumor cells, the interaction between the BIN1

MID region and its effector protein in the nucleus or cytoplasm may

only occur in tumor cells. Alternatively, the BIN1MID regionmay be

masked or occupied by a silencer protein in untransformed cells. In

either model, it will be interesting in future studies to identify MID-

interacting cytoplasmic and nuclear proteins that may act as critical

BIN1 effector (or silencer) proteins in cancer suppression.
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