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Background:MTCH2 and tBID proteins interact to induce apoptosis in the mitochondrial pathway.
Results:Molecular and biophysical studies of the tBID-MTCH2 complex led to two peptides, derived from the tBID-MTCH2
binding interface, which induced cell death.
Conclusion: tBID and MTCH2 have two major interaction sites. Peptides derived from the interface are anticancer leads.
Significance: The tBID-MTCH2 interaction may be a novel anticancer drug target.

Themolecular basis of the interactionbetweenmitochondrial
carrier homologue 2 (MTCH2) and truncated BID (tBID) was
characterized. These proteins participate in the apoptotic path-
way, and the interaction between themmay serve as a target for
anticancer lead compounds. In response to apoptotic signals,
MTCH2 recruits tBID to the mitochondria, where it activates
apoptosis. A combination of peptide arrays screening with bio-
chemical and biophysical techniques was used to characterize
the mechanism of the interaction between tBID and MTCH2
at the structural and molecular levels. The regions that mediate
the interaction between the proteins were identified. The two
specific binding sites between the proteins were determined to
be tBID residues 59–73 that bind MTCH2 residues 140–161,
and tBID residues 111–125 that bind MTCH2 residues 240–
290. Peptides derived from tBID residues 111–125 and 59–73
induced cell death in osteosarcoma cells. These peptides may
serve as lead compounds for anticancer drugs that act by target-
ing the tBID-MTCH2 interaction.

Protein-protein interactions (PPIs)3 are crucial for the
proper function of living cells. Studying PPIs is important for
understanding cell functionality and for designing drugs
against diseases in which PPIs are impaired. Peptides are excel-
lent tools for studying PPIs: They are very useful for mapping
binding sites precisely, particularly by using peptide array

libraries (1). They can also be used as lead compounds that
stimulate or inhibit cellular processes by interfering with spe-
cific PPIs. Apoptosis (programmed cell death) is a key process
in regulating physiological growth control and tissue homeo-
stasis. Impaired regulation of apoptotic pathways is a key event
in malignant transformation. Understanding how apoptotic
pathways are regulated is thus essential for developing antican-
cer therapies. Here, the peptide approach was used to charac-
terize the interaction between two key players in the apoptotic
pathway: tBID and the mitochondrial carrier homologue 2
(MTCH2) proteins. Peptides derived from the binding interface
between the two proteins were able to kill cancer cells.
The BID protein belongs to the Bcl-2 protein family. This

family consists of both proapoptotic (e.g.Bax, Bak) and antiapo-
ptotic (e.g.Bcl-2, Bcl-XL)members, which formhomo- and het-
erodimers that maintain the balance between cell death and
survival (2–4). Proteins from the Bcl-2 family are major targets
for developing anticancer therapies (2, 5, 6). BID is involved in
cell proliferation and regulating genomic stability (7). However,
its most important role is to induce apoptosis by interacting
with other Bcl-2 family members. BID belongs to the BH3-only
subfamily of the Bcl-2 family, in which only the BH3 domain is
homologous. The role of BID in the apoptotic pathways is
unique because it integrates both the extrinsic and intrinsic
death pathways (8–10) Death signals mediated by the death
receptor Fas activate caspase-8, which cleaves full-length BID
at its N terminus between residues Asp-59 and Gly-60 (in
mouse BID), forming a truncated BIDprotein (tBID). tBID con-
tains the BH3 domain and serves as the active form of BID: It
translocates to the mitochondria and activates Bax/Bak homo-
oligomerization in the outer mitochondrial membrane, fol-
lowed by the release of cytochrome c and apoptosis (Fig.1).
Most BH3 proteins are intrinsically disordered and probably
attain structure upon binding their ligands (4). tBID shows a
“Bcl-2 core” structure comprising seven amphipathic �-helices
arranged around a central buried helix, that create a hydropho-
bic groove (4). This structure is similar to that of proteins from
other pro-/antiapoptotic Bcl-2 subfamilies, e.g. Bax, Bak, and
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Bcl-2.Of all of theBcl-2 familymembers, tBID ismost similar to
Bax in terms of structure and membrane-binding mechanism
(11), yet the exactmechanismbywhich tBID translocates to the
mitochondria remains unclear. A recent study revealed that
tBID interacts with the MTCH2 protein, which is critical for
BID-induced activation of Bax/Bak (Fig. 1) (12).
MTCH2 was named after its single conservedmitochondrial

carrier domain that was predicted at the time of its discovery
(13) and was also identified as the Met-induced mitochondrial
protein (MIMP) (14). MTCH2 is a conserved protein that
belongs to the mitochondrial carrier protein (MCP) family.
MCPs catalyze the exchange of solutes across the inner mito-
chondrial membrane (IMM) (15, 16). Structurally, all MCPs
contain a similar mitochondrial carrier domain, composed of
three tandem repeats, each containing two hydrophobic helices
separated by a hydrophilic region. Both theN and the C termini
face the intermembrane space, and three hydrophilic elements
face the matrix (17). The adenine nucleotide translocator
(ANT1) protein was the first MCP to be identified and
sequenced (18). A model of the MTCH2 structure was pro-
posed based on sequence alignment analysis and threading
using the three-dimensional structure of ANT1 (19). MTCH2
differs from the otherMCPsbecause it is exposed on the surface
of the mitochondria rather than at the IMM (12). This is con-
sistent with the interaction betweenMTCH2 and tBID because
tBID translocates to the mitochondria but does not reach the
IMM. The interaction between MTCH2 and tBID was shown
by a complex formed by cross-linking of tBID in TNF-�-acti-
vated hematopoietic FL5.12 cells (20). Knockout of MTCH2 in
embryonic stem cells and in mouse embryonic fibroblasts
inhibited recruitment of tBID to themitochondria and resulted
in reduced Bax/Bak activation and apoptosis (12). Significantly
less tBID was recruited to themitochondria following injection
of anti-Fas antibodies inmice lackingMTCH2 in the liver. This
resulted in reduced Bax activation, reduced activation of
caspase-3, and increased survival of the mice (12). This indi-
cates that MTCH2 has a critical function in liver apoptosis by
regulating the recruitment of tBID to themitochondria (Fig. 1).
Here, the first detailed characterization of the interaction

between tBID and MTCH2 is presented at quantitative and
structural levels. The binding sites and affinities are shown for
both proteins. Cancer cell death was induced by peptides
derived from the binding interfaces. Targeting the specific
binding interfaces between tBID and MTCH2 is a promising
approach for developing anticancer lead compounds.

EXPERIMENTAL PROCEDURES

Expression and Purification of tBID—Recombinant tBid 15
was expressed and purified as described (21).
Peptide Array Screening—Peptide arrays (containing pep-

tides derived from BID and MTCH2 sequences) were synthe-
sized by INTAVIS Bioanalytical Instruments AG (Köln, Ger-
many). Peptide-cellulose conjugates were synthesized and
spotted on glass slides (INTAVIS). The peptide array was
screened as described (23). Binding of tBID to the array was
detected using rabbit anti-BID, and binding of the biotinylated
MTCH2 peptides was detected using streptavidin-conjugated
HRP antibody (Sigma), using a chemiluminescence blotting
substrate Super Signal reagent (Beit Haemek) according to the
manufacturer’s instructions.
Peptide Synthesis and Purification—Peptides were synthe-

sized on a LibertyMAPS (Microwave-Assisted Peptide Synthe-
sizer; CEM) using standard Fmoc (N-(9-fluorenyl)methoxycar-
bonyl) chemistry as described (24). Peptides were purified on a
Gilson HPLC (Middelton, WI) using a reverse-phase C8 semi-
preparative column (ACE). Peptides were analyzed using
MALDI-TOF mass spectrometry on a Voyager DE-Pro instru-
ment (Applied Biosystems). For some experiments the peptides
were also labeled with biotin or fluorescein at their N terminus
as described (24, 25).
Fluorescence Anisotropy—Measurements were performed as

described (26) using a PerkinElmer Life Science LS-55 lumines-
cence spectrofluorimeter equipped with a Hamilton micro-
laboratory 500 dispenser (26). Briefly, 1 ml of fluorescein-la-
beled peptide (0.1 �M in 20 mM Hepes buffer, pH 7.3, 42 mM

NaCl, and 5 mM DTT) was placed in a cuvette, and the nonla-
beled protein or peptides were added at 1-min intervals and
stirred for 10 s. Dissociation constants (Kd) were calculated by
fitting the anisotropy titration curves to a 1:1 binding model
(26).
Circular Dichroism (CD)Measurements—Samples were pre-

pared by dissolving the lyophilized peptide in 25 mM sodium
phosphate buffer, pH 7.2, 100 mM NaCl. CD spectra were
recorded using a J-810 spectropolarimeter (Jasco) in a 0.1-cm
quartz cuvette for far-UV CD spectroscopy, collected over
190–260 nm at 25 °C.
Cell Lines—Human osteosarcoma (U2OS) cells were main-

tained in high glucose Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 1:100 liters glutamine, 10% fetal
bovine serum (FBS), and 1:100 penicillin/streptomycin antibi-

FIGURE 1. tBID structure and mechanism of action. Death signals mediated by the death receptors Fas/TNF activate caspase-8, which cleaves BID at the N
terminus and forms a truncated active BID fragment (tBID). tBID is recruited by MTCH2 to the mitochondria, enabling it to induce activation of Bax/Bak. The
activation of Bax/Bak leads to cytochrome c release, resulting in an apoptotic response.
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otic solution (10,000 units/ml penicillin, 10 mg/ml streptomy-
cin; Biological Industries, Beit HaEmek, Israel). Cells were
grown at 37 °C in a humidified atmosphere of 5% CO2 and 95%
air.
Cell Penetration of Peptides—Fluorescein-labeled peptides at

a final concentration of 5–60 �M in phosphate-buffered saline
(PBS) were incubated with U2OS cells for 1.5 h at 37 °C. After
three washes in PBS, the cells were fixed with acetone and
methanol and visualized by confocal microscopy. The peptide
Antennapedia helix III (43–58), sequence RQIKIWFQNRRM-
KWKK (also named Penetratin), was used as a positive control.
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium Bro-

mide (MTT) Assay—U2OS cells were seeded in a 96-well plate
at a density of 5 � 103 cells/well. After growing overnight, cells
were treated with the various peptides overnight (for concen-
trations, see “Results”). Then supernatants were removed, and
200 �l of 0.3 mg/ml MTT was added to each well followed by
incubation at 37 °C for an additional 2 h. Supernatants were
removed, and 200 �l of dimethyl sulfoxide was added, followed
by an additional 10-min incubation at room temperature.
Absorbance at 570 nmwasmeasured using amicroplate reader.

RESULTS

Identifying tBID Binding Sites in MTCH2 Using Peptide
Array Screening—The tBID binding sites in MTCH2 were
detected by screening an array consisting of 37 partly overlap-
ping peptides derived from MTCH2. Peptide length was
between 10 and 30 residues (for peptides sequences, see supple-
mental Table 1). Peptides were designed based on the predicted
secondary and tertiary structures of MTCH2 as shown in its
model (Protein Data Bank ID code 1OCK) (19). The peptide
array was screened for binding recombinant tBID. The tBID
protein bound eight peptides derived fromMTCH2with differ-
ent signal intensities (Fig. 2 and Table 1). Four peptides gave

medium-strong signal intensities. Three of these peptides were
derived from the central region of MTCH2, residues 105–119,
140–161, and 210–224. One peptide was derived from the
C-terminal domain between residues 276 and 290. Four addi-
tional peptides derived from the C terminus of MTCH2 bound
tBID with relatively weak signal intensities (Fig. 2). These pep-
tides were derived from MTCH2 residues 240–254, 247–264,
265–275, and 270–283. All five peptides derived from the
C-terminal region were partly overlapping, and together they
span the sequence of the entire MTCH2 C terminus. Although
each peptide from this region showed only a weak partial inter-
action with tBID, the whole domain (residues 240–290) may
bind tBID much more strongly.
Quantitative Analysis of Interactions between tBID and

MTCH2 Peptides: Selecting Lead Peptides for Further
Experiments—Quantitative information about the binding of
the MTCH2 peptides to tBID was obtained using the peptides
found to bind by array screening. Their interaction with tBID
was confirmed and quantified using fluorescence anisotropy.
The four strongest binding peptides in the array were selected
for further study (Fig. 2 and Table 1): MTCH2 105–119,
MTCH2 140–161, MTCH2 210–224, and MTCH2 276–290,

FIGURE 2. tBID binding sites in MTCH2: screening and quantitative analysis. A, an array consisting of partly overlapping peptides derived from MTCH2 was
screened for binding tBID. Each dark spot represents binding of tBID to a specific peptide (Table 1). Left, high contrast, allowing observation of the weak binding
peptides. Right, low contrast, emphasizing the different signal intensities as specified in Table 1. B and C, shown are representative binding curves for the
interaction between the tBID protein and the peptides derived from MTCH2: MTCH2 240 –290 (B) MTCH2 140 –161 (C). Binding was quantified using fluores-
cence anisotropy and measured at various ionic strengths. Both peptides bound tBID with affinity at the low millimolar range.

TABLE 1
Binding of tBID to peptides derived from MTCH2: peptide array
screening

Spot no. in
arraya Residues Sequenceb

Signal
intensity

B2 105–119 GSVTVQKEYSSSFDR Medium
B6 140–161 PFHVITLRSMVQFIGRESKYCG Strong
B13 210–224 SGVSTMNEMKSYSQA Medium
B17 240–254 VSNLMAVNNCGLAGG Weak
B19 247–264 NNCGLAGGSPPYSPIYTS Weak
B21 270–283 CMLQKAGNMSRGNS Weak
B22 265–275 WIDCWCMLQK Weak
B23 276–290 WGNMSRGNSLFFRKVP Medium

a The peptide spot number in the array corresponds to Fig. 2A.
b Trp was added at the N terminus of some peptides for UV spectroscopy.
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as well as the longer peptide that combined all of the binding
peptides from the MTCH2 C-terminal region: MTCH2 240–
290. MTCH2 140–161 and MTCH2 240–290 bound tBID,
whereas the interaction of tBIDwith the other peptides was too
weak to quantify. MTCH2 140–161 bound tBID with Kd �
11.8 � 1.2 �M at ionic strength of 50 mM (Fig. 2B). MTCH2
240–290 bound tBID an order of magnitude tighter, with an
affinity of 1.9 � 0.1 �M at 50 mM ionic strength (Fig. 2C). The
binding of both peptides to tBID was dependent on the ionic
strength, indicating a partial electrostatic contribution to the
interaction (Fig. 2). Based on the fluorescence anisotropy bind-
ing studies, two peptides representing two main binding sites
for tBID onMTCH2were selected for further studies: one from
the central region ofMTCH2 (residues 140–161) and the other
from the C-terminal region of MTCH2 (residues 240–290).
IdentifyingMTCH2 Binding Sites on tBID—An array consist-

ing of 30 partly overlapping peptides derived from BID was
designed to identify the MTCH2 binding sites in tBID. The
peptides were 10–30 residues in length (peptide sequences
shown in supplemental Table 2). Peptides were designed based
on the secondary and tertiary structures of the BID (Protein

Data Bank ID code 2BID) (27, 28). Being a membrane protein,
MTCH2 had not been successfully expressed as a recombinant
protein. Thus, the tBID-binding MTCH2 peptides (MTCH2
140–161 and MTCH2 240–290) were used for screening the
array. The peptides were labeled with biotin at their N termini
to identify them using streptavidin-conjugated HRP antibody.
Seven tBID-derived peptides bound the biotinylated MTCH2
peptides (Fig. 3, A and B, and Table 2). Two partly overlapping
observed binding peptides were derived from theN terminus of
tBID between residues 59–73 and 62–76. Two other peptides,
BID 111–125 and BID 180–191, were derived from the central
and C-terminal regions of BID, respectively. Although these
peptides are distant in the protein sequence, they are spatially
proximate in the folded protein (Fig. 3C), forming one binding
site. The four tBID-binding peptides, together with a peptide
consisting of residues 62–73 (overlapping residues between
two binding peptides), were synthesized for further studies.
Three additional binding peptides from the N terminus of full-
length BID (residues 6–34) were observed, but because these
residues are cleaved during the formation of tBID theywere not
pursued.

FIGURE 3. MTCH2 binding sites in tBID: screening and quantitative analysis. A and B, an array consisting of partly overlapping peptides derived from BID
was screened for binding biotinylated MTCH2 peptides MTCH2 140 –161 (A) and MTCH2 240 –290 (B). Each dark spot represents binding of MTCH2 peptides to
a specific BID peptide (Table 2). C, MTCH2 binding sites, as discovered in the peptide array screening, are colored on the three-dimensional structure of BID
(Protein Data Bank ID code 2BID). D and E, binding was quantified using fluorescence anisotropy. The interaction between the selected tBID peptides and
MTCH2 140 –161 (D) and MTCH2 240 –290 (E). Each MTCH2 peptide bound only one peptide from tBID. MTCH2 240 –290 bound tBID 111–125, and MTCH2
140 –161 bound tBID 59 –73.
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Quantitative Analysis of Interactions between Peptides from
tBID and Peptides from MTCH2: Identifying Corresponding
Binding Sites—The selected tBID peptides discovered in the
array screening were synthesized, and their binding toMTCH2
140–161 and MTCH2 240–290 was quantified using fluores-
cence anisotropy. Each MTCH2 peptide bound only one pep-
tide from tBID (supplemental Fig. 1, A and B). MTCH2 140–
161 bound tBID 59–73 withKd � 91� 5 �M (Fig. 3D), whereas
MTCH2 240–290 bound tBID 111–125 with an affinity con-
stant of 191 � 3 �M (Fig. 3E). The interactions were weaker
compared with the binding of MTCH2 peptides to recombi-
nant tBID (Fig. 2), probably because peptide-peptide interac-
tions (Fig. 3) are usually weaker than protein-peptide interac-
tions (Fig. 2). Two peptides have much shorter interaction
interfaces. The binding of both peptides was dependent on the
ionic strength (supplemental Fig. 1, C and D), similar to the
opposite interaction between the tBID protein and theMTCH2
peptides, further indicating the partly electrostaticmechanism.
In summary, the fluorescence anisotropy binding studies
revealed that tBID has two main MTCH2 binding regions.
Using peptides from both proteins the positions where the
interaction between the proteins occurs were identified:
MTCH2 240–290 binds tBID 111–125, and MTCH2 140–161
binds tBID 59–73.
tBID-derived Peptides Induced Cancer Cell Death—The

interaction between tBID and MTCH2 is at the heart of the
mitochondrial death pathway. Thus, targeting the interaction
interfaces that were identified by inhibiting peptides derived
from these sites can interfere with the apoptotic pathway regu-
lation and induce cancer cell death. The ability of the four
selected peptides derived from the MTCH2-tBID binding
interface (MTCH2240–290,MTCH2140–161, tBID 111–125,
and tBID 59–73) to induce cancer cell death was tested. The
peptides were fused to Penetratin at their N termini to enable
cell permeability. They were labeled with fluorescein at their N
termini, and their cell penetration was followed by confocal
fluorescence microscopy. All peptides penetrated osteosar-
coma (U2OS) cells (supplemental Fig. 2). The effect of peptides
on cancer cells was tested in U2OS using the MTT assay. The
MTCH2- and tBID-derived peptides were incubated with the
cells for 24 h, and the cells were tested for viability compared
with untreated cells. The tBID peptides induced significant
death of cancer cells. Treating cells with 50 �M tBID 111–125
conjugated to Penetratin or tBID 59–73 conjugated to Penetra-
tin almost completely eliminated cell survival (Fig. 4A). Both
peptides reduced cell viability in a concentration-dependent

manner (Fig. 4A). The MTCH2-derived peptides had a much
weaker effect on cell survival, whichwas observed only at 50�M

peptide but not at 25 �M. Penetratin only or peptides lacking
the Penetratin sequence did not induce cell death. The MTT
assay was performed also using SV40 mouse embryonic fibro-
blasts (supplemental Fig. 3). The tBID-derived peptides
induced significant death of the mouse embryonic fibroblasts,
similar to the case with the U2OS cells. tBID 111–125 conju-
gated to Penetratin had the strongest effect. MTCH2 140–161
conjugated to Penetratin also induced cell death at a concen-
tration of 90 �M.
Following the effect of the tBID peptides using live confocal

fluorescence microscopy showed significant changes in cell
morphology. Cells were also treated with a fluorescent mito-
chondria stain RPA-C (rhodamine B-[(1,10-phenanthrolin-5-
yl)aminocarbonyl] benzyl ester), to examine whether the mito-
chondria stay intact. Cells treated with the tBID-derived
peptides fused to Penetratin demonstrated amorphology char-
acteristic of apoptosis, including reduction in cell volume,
nuclear condensation, and membrane blebbing (Fig. 4B, i and
ii). Treating cells with peptides lacking the Penetratin sequence
(Fig. 4Bv) or peptides containing the Penetratin sequence alone
(Fig. 4Biii) had no effect on cell morphology or viability, dem-
onstrating that the observed cell killing activity was tBID-de-
pendent and required internalization.

DISCUSSION

In vitro molecular studies of the interaction between
MTCH2 and tBID using the full-length proteins is very difficult
because it is impossible to express and purify MTCH2 as it is a
membrane protein. Instead, the peptide approach was used
with peptides corresponding to domains of this protein. Using a
combination of peptide array screening, biophysical methods,
and cell viability assays, the interaction between MTCH2 and
tBID was characterized, and the binding sites in both proteins
were mapped. Quantification of the interactions at the peptide
level showed where each peptide bound in the partner protein.
The binding studies demonstrated a partial electrostatic nature
for the interaction. MTT experiments in cells highlighted two
tBID-derived peptides (tBID 111–125 and tBID 59–73), which
induced cell death in U2OS cells. These peptides are potential
anticancer lead compounds that act by a novel mechanism.
Molecular Basis of MTCH2-tBID Interaction—Our results

suggest thatMTCH2 140–161 binds tightest to tBID (compare
peak intensities inTable 1 and Fig. 2). This is in good agreement
with the fluorescence anisotropy binding studies, where from
all of the observed peptides on the array onlyMTCH2 140–161
demonstrated significant binding to tBID with Kd � 11.8 � 1.2
�M (Fig. 2B). MTCH2 240–290, designed according to the
sequences of five partly overlapping weak binding peptides that
were observed by the peptide array screening, also bound tBID
in the anisotropy studies with an affinity of 1.9 � 0.1 �M (Fig.
2C). This peptide represents the whole C-terminal tail of
MTCH2. We conclude that the C-terminal region of MTCH2
binds tBID as one domain, and dividing it into shorter peptides
reduces its affinity. A shorter peptide from this region (residues
276–290) gave a tBID binding interaction that was too weak to

TABLE 2
Binding of MTCH2 140 –161 and MTCH2 240 –290 to peptides derived
from BID: peptide array screening results

Spot no. in
arraya Residues Sequenceb

Signal
intensity

A2 6–20 NNGSSLRDECITNLL Medium
A4 20–34 LVFGFLQSCSDNSFR Medium
A5 27–34 SCSDNSFR Medium
A11 59–73 WTDGNRSSHSRLGRIE Strong
A12 62–76 WNRSSHSRLGRIEADS Medium
A20 111–125 WLQLRNTSRSEEDRNR Medium
B5 180–191 QNLRTYVRSLAR Weak

a The peptide number in the array corresponds to Fig. 3, A and B.
b Trp was added at the N terminus of some peptides for UV spectroscopy.
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quantify, indicating that the whole surface of the C-terminal
region participates in the interaction.
Fluorescence anisotropy binding studies of the tBID-derived

peptides to theMTCH2 peptides (140–161 and 240–290) indi-
cated a weak binding affinity at the hundredmicromolar range.
The affinity of MTCH2-derived peptides to the tBID protein
was in the low micromolar range. This difference is probably
because in the case of the tBID peptides peptide-peptide bind-
ing experiments were performed, compared with peptide-pro-
tein binding studies with the tBID protein and MTCH2 pep-
tides. In addition, peptides are mainly unfolded in solution
(supplemental Fig. 1E) and often undergo induced fit upon
ligand binding and gain a folded structure. This folding process

is accompanied by loss of entropy, and therefore the overall
affinity of the binding is lower compared with binding a protein
that is already folded before binding. An exception is the pep-
tideMTCH2 240–290, which is relatively long and can be con-
sidered a protein domain. This peptide adopts a significant
�-helical structure (supplemental Fig. 2E). This is also consis-
tent with the results demonstrating that MTCH2 240–290
binds the tBID protein tighter thanMTCH2 140–161 (Fig. 2, B
andC). To improve the activity of the peptides, modified deriv-
atives such as shortened and/or cyclic peptides should be
designed. The experiments at the peptide level, described
herein, provided the basis for designing such peptides by iden-
tifying the lead sequences derived from the binding interface

FIGURE 4. tBID-derived peptides induce cancer cell death. A, representative MTT assay to assess cell viability. U2OS cells were treated with tBID/MTCH2-
derived peptides (concentrations of 25 and 50 �M, respectively). The number of control cells, i.e. viable cells, not exposed to any treatment, was defined as
100%. MTT assay was preformed as described under “Experimental Procedures.” The two tBID peptides (tBID 59 –73 and tBID 111–125) induced significant
cancer cell death. B, morphologic evidence of cell death. U2OS cells were treated with fluorescent mitochondria stain RPA-C (red), and fluorescein-labeled
peptides (green) in a final concentration of 25 �M. Morphologic evidence of cell death was observed among the cells treated with tBID 59 –73 penicillin (Pen)
(i), tBID 111–125 penicillin (ii). Cells treated with penicillin (iii) and tBID 59 –73 without penicillin (v) showed no morphologic change as the nontreated cells (iv).
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between the two proteins. tBID residues 59–73 boundMTCH2
residues 140–161, and tBID residues 111–125 bound MTCH2
residues 240–290 (Fig. 5).
Implications for MTCH2-tBID Mechanism of Action—The

experiments in cancer cells (U2OS) revealed that the observed
tBID-derived peptides induced substantial cancer cell death,
whereas the observed MTCH2-derived peptides had a much
smaller effect. It was previously found that approximately 45%
of MTCH2 liver-deficient mice injected with anti-Fas antibody
were resistant to the injection (12) and that approximately 80%
of the BID-deficientmicewere resistant (29). These results sug-
gest that the absence of MTCH2 is less cytoprotective than the
absence of BID. Results that demonstrate activitymainly for the
tBID-derived peptides, and not MTCH2-derived peptides, also
support this hypothesis.
The understanding of BID-MTCH2 mechanism of action is

still at a very early stage. It is known thatMTCH2 recruits tBID
to the mitochondria, and consequently tBID activates the Bax
protein to initiate apoptosis. Yet themechanism by which tBID
activates Bax is still not clear. Several models have been pro-
posed (30, 31), and the most popular model suggests that tBID
binds Bax via its BH3 domain (tBID residues 90–98) and acti-
vates Bax also at its BH3 domain. These results were surprising
in the sense that the tBID peptides found were not part of the
tBID-BH3 domain and were located before the BH3 domain
(residues 59–73) or after it (residues 111–125). Nevertheless,
these tBID-peptides demonstrated induction of cancer cell
death. One possible explanation is that the mechanism of Bax
activation by tBID is more complex than currently known. Per-
haps the tBID-derived peptides (59–73, 111–125) are part of an
extended site of tBID that activates Bax, and therefore these
peptides themselves could activate Bax and consequently cause
cancer cell death. This is in agreement with a recent study that
presented a novel model for Bax activation by tBID (32). The
model was predicted by simulations and docking of tBID with
Bax. According to thismodel, tBID binds Bax via its N-terminal
part (residues 61–78), which overlaps the region. This was
identified as a binding site for MTCH2 (residues 59–73).
Another option is that the sites found in tBID also participate

in mediating apoptosis via other, yet unknown, PPIs. Both of
these sites are exposed in the proposed model for the interac-
tion of tBID and Bax on the membrane (11). A third option is
that tBID binds Bax via the sites mentioned above (BH3
domain) and MTCH2 via the two sites identified here. This

means that tBID may bind Bax and MTCH2 via two close
regions and may even create a trimeric complex (MTCH2,
tBID, and Bax). A trimeric complex has already been suggested
before by Grinberg et al. (20). The exact molecular details of
such a trimeric complex remain to be revealed.
It is also possible that the observed death of cancer cells may

be the result of inhibiting not only apoptosis, but also a different
pathway inwhichMTCH2participates.MTCH2 is emerging as
a possible regulator of metabolism (22, 33–35). Perhaps the
peptides derived from tBID that bind MTCH2 induce cancer
cell death by interfering with the MTCH2 metabolic activity
and inhibiting yet unknown protein interactions related to this
pathway.
Our results set the interaction interfaces as targets for further

development of inhibitory peptides and small molecules. tBID
controls cell fate and hence is an important potential target for
the development of anticancer drugs thatwill stimulate apopto-
sis by interfering with its regulation.
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