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Identification of a Novel Mcl-1 Protein Binding Motif™
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Background: We sought to identify novel peptide sequences that interact at the BH3 binding groove of Mcl-1.

Results: We identified a peptide that binds to Mcl-1 in a reverse orientation compared with canonical BH3 peptides.
Conclusion: The peptide binds to Mcl-1 selectively over other Bcl-2 proteins.

Significance: The novel sequence is useful in identifying Mcl-1 binding partners and for developing possible therapeutics.

Recent characterization of Mcl-1 as the primary anti-apop-
totic Bcl-2 family member expressed in solid tumors, coupled
with its ability to enable therapeutic resistance, has provided the
impetus for further study into how Mcl-1 is involved in apopto-
sis signaling. Here, we employ Sabutoclax, a potent and effective
Mcl-1 antagonist, as a competing agent to screen a randomized
12-residue phage display library for peptides that bind strongly
to the Bcl-2 homology 3 (BH3) binding groove of Mcl-1.
Although the screen identified a number of a-helical peptides
with canonical BH3 domain sequences, it also isolated a pair of
unique peptide sequences. These sequences exhibit a reverse
organization of conserved hydrophobic and acidic residues
when compared with canonical BH3 sequences, and we there-
fore refer to them as reverse BH3 (rBH3) peptides. Furthermore,
studies of the rBH3 peptides using NMR spectroscopy, fluores-
cence polarization displacement assays, and alanine scanning
data all suggest that they bind to the BH3 binding groove of
Mcl-1 selectively over Bcl-x;. A search for proteins containing
the rBH3 motif has identified a number of interesting Mcl-1
protein partners, some of which have previously been associated
with apoptosis regulation involving Mcl-1. These findings pro-
vide insights into the development of more specific Mcl-1 antag-
onists and open the way to the identification of a previously
unknown family of apoptosis-regulating and Mcl-1 interacting
proteins.

During oncogenesis and subsequent chemotherapeutic
treatment, the ability of a cancer cell to manipulate and disable
the natural processes of programmed cell death (apoptosis)
largely determines its ability to survive. One event that enables
cancer cells to evade natural cellular regulation and chemother-
apeutic induced cell-death is the up-regulation of anti-apop-
totic proteins (1). In mammals, the Bcl-2 (B-cell lymphoma 2)
family of pro- and anti-apoptotic proteins lie at the center of
apoptosis regulation. These proteins are related by a series of
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Bcl-2 homology (BH)? domains, and their function as either a
pro- or anti-apoptotic regulator is determined by the composi-
tion of their BH domains (2, 3). The functional interplay of the
Bcl-2 proteins is centered on the ability of the six anti-apoptotic
family members (Bcl-2, Bcl-W, Bcl-x;, Mcl-1, Bfl-1/A1, and
Bcl-B) to bind to the BH3 helices of the proapoptotic effectors
Bak and Bax and thereby suppress the oligomerization of Bak
and Bax in the mitochondrial outer membrane (4). This sup-
pression is overcome selectively through activation of a third
group of Bcl-2 proteins, the BH3-only apoptotic activators,
whose BH3 helices bind to the six anti-apoptotic Bcl-2 family
proteins through their BH3 binding grooves and release Bak or
Bax, thereby initiating mitochondrial outer membrane permea-
bilization, cytosolic release of cytochrome ¢, and ultimately cell
death (3, 5).

The BH3 domain consists of an amphipathic helix with a
strictly conserved C-terminal aspartic acid residue that is often
preceded by both an isoleucine residue and a glycine residue
(see Fig. 1, top panel). In addition, a series of hydrophobic res-
idues, which form the interaction surface with the BH3 binding
groove, serve to selectively target the BH3 helices toward one or
a subset of the six anti-apoptotic Bcl-2 proteins (6, 7). For
instance, the Noxa A BH3 sequence is able to bind selectively to
Mcl-1 to the exclusion of the other five proteins, whereas the
BH3 sequence from Bim shows strong binding to all six anti-
apoptotic Bcl-2 proteins. The sequence characteristics that dic-
tate selectivity for individual or sets of the anti-apoptotic pro-
teins have recently been examined and a series of BH3-derived
peptides specific for either Mcl-1 or the closely related proteins,
Bcl-2, Bcl-x;, and Bcl-W, have been identified (8, 9).

Because of the ability of the Bcl-2 family to aid in cancer cell
survival, development of anti-cancer therapeutics targeting the
BH3 groove of anti-apoptotic Bcl-2 proteins has emerged as a
promising but difficult goal (10, 11). The first compounds, tar-
geted to the structure of Bcl-x; and thereby able to bind to
Bcl-2, Bcl-x;, and Bcl-W, have shown promise in the clinic for
the treatment of chronic lymphocytic leukemia, but recent
studies have shown that Mcl-1 overexpression allows cancers
to resist their treatment (12). In addition, Mcl-1 is emerging as
an important apoptotic and cell growth regulator as it has been
implicated in taxol resistance and as a key component of glu-

2 The abbreviations used are: BH, Bcl-2 homology; FPA, fluorescent polariza-
tion displacement assay; rBH3, reverse BH3; HSQC, heteronuclear single
quantum coherence.
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cose metabolism (13, 14). The importance of specifically target-
ing Mcl-1 or developing pan-active Bcl-2 inhibitors has been
further highlighted by our recent study of the mRNA expres-
sion of all six anti-apoptotic Bcl-2 subfamily proteins in 68
human cancer-derived cell lines, which identified Mcl-1 as the
most highly expressed anti-apoptotic Bcl-2 family member
(15). To this end, recent success at the development of stable
and cell-permeable stapled BH3 peptides has provided the
impetus to identify short sequences capable of selectively bind-
ing to Mcl-1 (16, 17).

To design Mcl-1-selective agents, a number of studies have
been carried out to identify novel Mcl-1-selective peptide
sequences as well as to determine what amino acid composi-
tions of the BH3 helix can specifically target Mcl-1 over Bcl-x;.
(8, 9). Thus far, all studies have been restricted to traditional
BH3 peptides to probe for the association of other peptides or
small molecules. Recently, we developed the pan-active Bcl-2
inhibitor, Sabutoclax (“BI97C1”), which is a potent small mol-
ecule antagonist of the Mcl-1-BH3 interaction (18). We used
Sabutoclax to screen a randomized 12-residue N-terminal
phage display library that revealed a pair of non-BH3 peptide
sequences that specifically bind to Mcl-1. These sequences
exhibit characteristics of amphipathic a-helices (see Fig. 1) and
require the presence of a conserved glutamic acid residue and a
conserved methionine residue to bind to Mcl-1. Due to the
reverse orientation of the conserved acidic and hydrophobic
residues in these sequences, when compared with typical BH3
peptides, we refer to these two new peptides as having a reverse
BH3 (rBH3) motif. BLAST analysis of these sequences against
the human genome identified similar sequences in a selection of
interesting proteins including glucokinase, hexokinase, as well
as a number of tumor suppressors. A short peptide derived
from the glucokinase rBH3 motif exhibits binding to Mcl-1
comparable to that seen for a 12-residue Noxa A peptide (Table
1). We believe that this sequence represents a unique peptide
motif present in native proteins that serves as a new class of
Mcl-1-specific binding proteins, much as the BH3-only pro-
teins are able to interact with various anti-apoptotic Bcl-2 fam-
ily members. This finding will allow for development of
improved Mcl-1 specific small molecule and stapled peptide-
based therapeutics (16, 17). Furthermore, its identification may
provide the basis for increased understanding of possible cross-
talk taking place between a number of divergent cellular signal-
ing and homeostatic processes and the regulation of apoptosis
through Mcl-1.

EXPERIMENTAL PROCEDURES

Protein Sample Preparation—Unlabeled and '°N-labeled
recombinant GST-Bcl-W (18), His-mMcl-1 (19), GST-Bfl-1
(18), His-Bcl-2 (7), and His-Bcl-x; (20) were expressed and
purified as described previously. After purification, the samples
were exchanged into PBS (0.02 M sodium phosphate, 0.14 M
NaCl, pH 6.7) or TBS (0.02 M Tris-HCl, 0.14 M NaCl, pH 7.4)
and concentrated to 0.02 M. The 7- and 12-mer phage display
libraries (New England Biolabs) were enriched for mMcl-1
binding sequences during three sequential pan and amplifica-
tion steps following the manufacturer’s instructions using
either 150 pl of a 26-amino acid Bim peptide or the pan-active
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Bcl-2 inhibitor Sabutoclax in TBS buffer as competitive agents.
To avoid hydrophobic interference, we expressed and purified
N-terminally His-tagged recombinant mMcl-1 and chelated
the protein to nickel coated 96-well plates (Sigma). After the
final panning step, 20 plaques from each phage fraction were
sequenced (Genewiz), and the resulting sequences were ana-
lyzed for similarity using Unipro UGENE 1.7.2. BLAST soft-
ware was used to search for homologous human peptide
sequences to SB-03 and SB-04 in the NCBI gene database. Iden-
tified sequences were aligned with a BLOSUMS62 matrix, using
default optimized parameters for small sequences.

Peptide Analysis—Identified peptides were synthesized
(Abgent) and NMR, fluorescent polarization displacement
assay (FPA), and ITC studies of the interactions were carried
out in PBS at pH 7.4 for FPA and ITC or pH 6.7 for NMR. NMR
spectra were collected at 298 K on a Bruker Avance 600 MHz
spectrometer equipped with a 5-mm cryogenic inverse gradient
triple resonance probe. The spectra were processed using TOP-
SPIN 1.3 (Bruker) and analyzed with CARA (21). FPA analysis
was performed as described previously (18). ITC measurements
were carried out at 25 °C with a VP-ITC instrument (Microcal).
ITC samples were equilibrated into uniform PBS buffer at pH
7.4 and degassed. For each experiment, 500 ul of a 150 um
solution of each peptide was titrated into a 2-ml solution of 10
M Mcl-1. Each ITC experiment was repeated twice to evaluate
reproducibility, and the data were fit to a standard one-site
binding model using Origin as supplied by Microcal.

Molecular and Protein Interaction Modeling—The NMR
structure of mMcl-1 in complex with the Noxa A peptide (Pro-
tein Data Bank code 2ROD) was used as a reference structure
for chemical shift mapping with VMD (version 1.8.7) (22).
Chemical shift perturbation data were used to define the bind-
ing site for docking of a three-dimensional ideal a-helical
model of SB-04 to mMcl-1 using Haddock (version 1.8) (23).
The most energetically favorable solution was energy mini-
mized using 1000 steps of steepest descent minimization fol-
lowed by 1000 steps of conjugate gradient energy minimization
in an explicit box water. An isothermal-isobaric ensemble was
used to equilibrate the explicit solvent with 100 ps of position
restrained molecular dynamics of the complex and finally, a
20-ns long molecular dynamics simulation was carried out.
Energy minimization and molecular dynamics were conducted
in Gromacs (version 4.0) (24); V-rescale temperature coupling
and a Berendsen barostat were applied to control the tempera-
ture and pressure at 300 K and 1 atm. Particle mesh Ewald
method laws were used for long range electrostatic interac-
tions, and a cut-off of 0.9 nm was applied to short range non-
bonded interactions. Molecular analysis and images of the
complex structure were prepared in SYBYL (version 8.0, Tri-
pos). The STRING analysis of Mcl-1-rBH3 protein interaction
was performed using the software website and searching the
software using the following protein list: Mcl-1, HK1, HK2,
GLK, TP73, TP73L (p63), PTBP1, and CDKN2C. After four
steps of network expansion, the interactions leading to Mcl-1
coordination to the rBH3 proteins were highlighted and
expected interactions between BH3 proteins that did not bind
to the other proteins were removed for clarity.
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TABLE 1
Peptide binding constants to Bcl-2 family proteins
FPA (IC,,)" NMR” ITC (K,)
Peptide name Sequence Mcl-1 Bcl-W Bcl-x Bfl-1 Bcl-2 Mcl-1 Bcl-x, Mcl-1
M M M M M M

Noxa A,, ELPPEFAAQLRKIGDKVYCTWS-NH, 0.3 *=0.1 >75 >75 >75 >75 + + 02*0.1
Noxa A, EFAAQLRKIGDK-NH, 49.7 £ 10 >75 >75 >75 >75 - - ND*
Bak GQVGRQLAIIGDDINR-NH, 34=*04 1*£02 02=*0.1 03*0.1 65=*2 + + 0.7 £0.2
SB-02 DFSVLQTIGDSL-NH, 0.22 = 0.04 >75 >75 >75 28+ 5 + Weak 1.8 £ 0.6
SB-03 NETVNTMLTYYY-NH, 1.6 £0.2 >75 >75 >75 >75 + - 0.5*0.2
SB-04 NETVELMQAYLH-NH, 0.69 = 0.02 >75 >75 >75 >75 + - 1.2+ 0.6
SB-04p17a NETVELAQAYLH-NH, >75 ND >75 ND ND - - ND

“ FPA analysis was performed using N-terminal His-tagged mMcl-1, Bcl-x;, and Bcl-2 and N-terminal GST-tagged Bfl-1 and Bcl-W.
 For NMR analysis, + denotes 8A of >0.25 ppm; weak denotes 8A of 0.1-0.25 ppm; — denotes 3A < 0.1 ppm.

¢ND, not determined.

Cell Viability Assays—Cell lines were cultured, and cell via-
bility was monitored using the ATP-Lite 1Step assay (Perkin
Elmer) as described previously (15).

RESULTS

Identification of Mcl-1-specific rBH3 Peptides—W e screened
randomized 7- and 12-mer phage display libraries (New Eng-
land Biolabs) associated to the N terminus of the minor coat
protein (pIII) of M13 phage to identify peptide sequences capa-
ble of binding to the BH3 groove of recombinant mouse Mcl-1
(mMcl-1). These libraries were enriched for mMcl-1 binding
sequences during three sequential pan and amplification steps
using either a 26-amino acid Bim peptide (Bim peptide) or the
pan-active Bcl-2 inhibitor Sabutoclax as competitive agents. To
avoid hydrophobic interference, we expressed and purified
N-terminally His-tagged recombinant mMcl-1 and chelated
the protein to nickel coated 96-well plates (Sigma). The 12-mer
library screened with the Bim peptide yielded a population of
sequences that was 40% enriched with a novel Mcl-1-specific
BH3-like peptide SB-02 (DFSVLQTIGDSL). However, use of
the pan-active anti-apoptotic Bcl-2 inhibitor Sabutoclax as a
displacer resulted in a sequence population that was 20%
enriched with SB-02, 20% enriched with the non-BH3 peptide
sequence SB-03 (NETVNTMLTYYY), and 40% enriched with
the non-BH3 peptide sequence SB-04 (NETVELMQAYLH).

Alignment of the non-BH3 sequences SB-03 and SB-04
(Table 1) with other BH3 sequences showed no direct similar-
ity, but reverse alignment of the SB-03 and SB-04 sequences
successfully positions the Glu-2 residue and a series of hydro-
phobic residues with the conserved aspartic acid and hydro-
phobic residues, respectively, observed in BH3 sequences (Fig.
1). Because of this reverse alignment of SB-03 and SB-04 with
other BH3 sequences we refer to them as having a rBH3 motif.
Helical wheel plotting of the rBH3 peptides, the BH3-like pep-
tide SB-02 and other known BH3 peptides shows that they posi-
tion a selection of hydrophobic residues opposite of the con-
served acidic residue (Fig. 1). In addition, positioning the
conserved acidic residue at the bottom of the wheel shows that
the rBH3 peptide sequences have an inverted orientation to
that seen in BH3 peptides.

Analysis of SB-02 and SB-04 Binding to mMcl-1—To confirm
that the new sequences, SB-02 and SB-04, interact with the BH3
binding groove of mMcl-1, we mapped the chemical shift per-
turbation of mMcl-1 two-dimensional ['H,"*N] HSQC spectra
after addition of either the BH3 like peptide SB-02 or the rBH3
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FIGURE 1. Helical wheel plots of BH3 and rBH3 peptide sequences. Helical
wheel plots of the BH3 peptide sequences from BH3-only proteins, the BH3-
like peptide SB-02, the rBH3 peptides SB-03 and SB-04, and a selection of rBH3
peptides from native proteins, highlight the similarities between the chemi-
cal nature of BH3 and rBH3 helices. Of significance, the location of the con-
served acidic residue, shown in a box, and the cluster of hydrophobic side
chains, depicted by the yellow line, for the rBH3 peptides is oriented in a
inverted position to that seen in the rBH3 sequences.

peptides SB-03 and SB-04. The interaction of the peptides to
mMcl-1 was observed to take place in slow exchange on the
NMR timescale and therefore accurate perturbation analysis
required the reassignment of the backbone "H™ and '°N reso-
nances for mMcl-1 in the presence of both peptides based on a
prior backbone assignment published by Day et al. (19). Con-
siderable chemical shift perturbation was observed and the
changes were saturated at a 1:1 ratio with 20 um mMcl-1 and 20
M peptide (Fig. 2a). Similar test for binding of either peptide to
the related anti-apoptotic Bcl-2 proteins Bcl-xL showed very
weak or no interaction with SB-02 or SB-04, respectively (Table
1, data not shown).

Sequential mapping of the chemical shift perturbation on the
structure of mMcl-1 illustrates that nearly identical regions of
the protein are affected after addition of the BH3 and rBH3
peptides, SB-02 and SB-04, respectively (Fig. 2, b and d). Inter-
estingly, although the same cross-peaks were affected upon
addition of either peptide, the magnitude and direction of those
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changes was significantly different. Furthermore, the mMcl-1
amides undergoing the largest chemical shift change or loss of
peak intensity upon binding to SB-04 cluster near the BH3
binding groove of mMcl-1 (Fig. 2, ¢ and e). This data supports
that SB-02 and SB-04 both bind to the BH3 binding groove of
mMcl-1 but that SB-04 has an inherently different binding
mode than that of the BH3-like peptide SB-02.

To confirm the selectivity of the SB-02 and SB-04 peptides
for Mcl-1 over Bcl-x;, we used a FPA to determine the respec-
tive IC., and dissociation constants for a Bak peptide
(GQVGRQLAIIGDDINR), SB-02, SB-03, and SB-04. FPA anal-
ysis of the Bak peptide binding to His-Mcl-1 or His-Bcl-x;,
showed strong binding in the high nanomolar range (Table 1).
Each of the three peptides isolated from the phage display
screen showed weaker but specific binding to His-mMcl-1 with
IC,, values 0f 0.22, 1.6, and 0.69 uM compared with values >75
uM for Bel-x;, Bel-W, and Bfl-1 and >30 um for Bcl-2 (Table 1).
Interestingly, the rBH3 peptide SB-03 showed significantly
stronger binding by ITC than FPA, with a K, similar to the
full-length, 22-residue NoxaA (6) peptide (Table 1).

Positional Scanning Analysis of SB-04—To determine which
residues of the rBH3 peptide affect its stability or the ability of
the peptide to interact with Mcl-1, we sequentially scanned the
rBH3 peptide SB-04 with alanine. The resulting peptides were
screened for binding to mMcl-1 using two-dimensional
[**N,'H] HSQC chemical shift perturbation and FPA analysis
using GST-mMcl-1 (supplemental Table 1). The results of this
data showed that replacement of the Thr-3, Glu-5, GIn-8, or
His-12 residues of SB-04 had no effect on binding while
replacement of the residues Asn-1, Glu-2, Val-4, Met-7, Tyr-10,
and Leu-11 had large effects on the K; values. These results were
mirrored in the NMR analysis as each of the later group of
replacements either required a higher ratio of peptide to pro-
tein to observe chemical shift changes (weak binding) or caused
no change in the two-dimensional [*°N,"H] HSQC spectra of
mMcl-1 at 10:1 peptide to protein ratios (no binding).

Identification of Native Proteins Containing rBH3 Sequences—
We next sought to identify native proteins that may contain
rBH3 sequences. For this analysis, we utilized the alanine scan-
ning data to focus on peptides that contained an acidic residue
at position 2, and hydrophobic residues at positions 4, 7, 10, and
11, numbered according to the identified 12-residue rBH3 pep-
tides. BLAST analysis of SB-03 and SB-04 sequences against the
human genome identified similar sequences in a selection of
interesting proteins, including glucokinase, hexokinase I, II,
and III, as well as a number of tumor suppressor proteins (Fig.
3a and supplemental Table 2). Structural information of a
selection of these proteins shows that the rBH3 motifis present
in the form of a surface accessible helix near a functional site of

Identification of rBH3 Peptide Motif

the protein (i.e. at the active site (25, 26) or near a known pro-
tein-protein interaction site (27, 28)). Similar to the BH3 motif,
we identified that a conserved acidic residue (Glu-2) and a con-
served methionine (Met-7) residue constitute a signature for
rBH3 containing proteins (Fig. 34). Although a 12-residue glu-
cokinase rBH3 peptide exhibited weak (50.1 uM) interaction
with mMcl-1 using FPA, NMR analysis (5:1 peptide to protein
ratio) showed that the peptide could induce similar chemical
shift changes as seen with the SB-03 and SB-04 rBH3 peptides.
Cell Culture Analysis of Peptide Activity—To study the ability
of the SB-04 peptide to induce cell death in culture we tested a
selection of prostate (PC-3 and DU-145) and lung cancer
(Hop-62 and Hop-92) derived cell lines. Although the non-
binding variant of the SB-04 peptide, SB-04,,,, (Table 1),
exhibited no cell death in all cell lines studied up to 10 um,
SB-04, similar to ABT-737 (11), had ED,, values in the low
micromolar range for each of the cell lines (Fig. 4).

DISCUSSION

Our phage display screen of mouse Mcl-1 using the small
molecule Sabutoclax as a competing agent had two significant
results. First, the identification of the peptide SB-02, which is
the shortest BH3-like sequence able to bind specifically to the
BH3 groove of Mcl-1. This sequence should aid in the develop-
ment of stapled BH3 peptides that target the Mcl-1 BH3 bind-
ing groove.

Secondly, our screen identified the two rBH3 peptides SB-03
and SB-04, which have low micromolar affinities to Mcl-1 and
display chemical shift perturbation data consistent with their
binding to the BH3 groove of Mcl-1. To better illustrate this
interaction, we derived a model (Fig. 2f) of a helical SB-04 pep-
tide bound to mMcl-1 based on our experimental NMR data,
the current NMR structure of mMcl-1 in complex with the BH3
domain of Noxa A (6) and molecular dynamics simulations.
This model positions the conserved glutamic acid residue
(Glu-2) and retains the hydrophobic interactions with the bind-
ing groove, both commonly seen in BH3-Mcl-1 interactions (8).
In addition, this model positions the conserved rBH3 methio-
nine residue (Met-7) into a hydrophobic cleft at the bottom of
the Mcl-1 binding groove that has previously been recognized
(8) as an area that is occluded in Bcl-x; and may allow Mcl-1
specificity to be elicited.

With the identification of the rBH3 peptides, we sought to
find native proteins that may contain similar sequences that
therefore may be identified as potential Mcl-1 binding partners.
BLAST analysis of the human genome identified a large group
of rBH3 containing proteins with highly divergent sequences
(supplemental Table 2). Similar to the BH3 motif, we identified
that a conserved acidic residue, most often glutamic acid, and a

FIGURE 2. "N and "H NMR analysis and model of rBH3 binding to mMcl-1. g, superposition of the two-dimensional ['*N,"H] HSQC spectra of free mMcl-1
(red), 1:1 mMcl-1 + SB-02 (cyan), and 1:1 mMcl-1+SB-04 (green). A selection of cross-peaks that underwent significant change are labeled. New peak locations
are identified using cyan or green lines for SB-02 and SB-04, respectively. b and d, combined chemical shift differences of "HY and "N, 8A = {[(SANH)? +
((8AN)?/25)1/2}1/2 (ppm), observed upon addition of SB-02 or SB-04, respectively. The location of cross-peaks that disappeared upon addition of SB-04 are
identified by gray bars on the chart. c and e, schematic of the mMcl-1 polypeptide backbone, with the BH3 binding groove oriented in front, highlighting in
orange and red the locations of residues that exhibit a combined chemical shift difference >0.2 and 0.4 ppm, respectively. Residues that disappear upon
addition of SB-04 are colored in blue. f, model of the peptide SB-04 bound to the previously determined mMcl-1 NMR structure (19). g, picture of the
corresponding 12 Noxa A residues bound to mMcl-1 as determined by NMR. The surface of mMcl-1 is colored according to the lipophilicity, and the N (N) and

C (C) termini of the peptides are labeled.
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FIGURE 3. Sequence and STRING analysis of rBH3-containing proteins. g, a table of proteins containing a BLAST identified rBH3-like sequence. For each
protein, the rBH3 sequence is shown with the conserved acidic and methionine residues highlighted in red, a short description of prior research identifying
each protein interaction with Mcl-1 or the Bcl-2 protein family is highlighted, and a schematic of the three-dimensional structure of each protein, with the rBH3
sequence region colored in red, is presented. b, a STRING-generated interaction network of Mcl-1 (blue box) with a selection of rBH3-containing proteins (red
boxes). Each spherical node represents a gene/protein, and the line thickness represents the combined interaction score based on experimental data, estab-

lished protein network information, text mining, and homology.

100
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at 3UM Compound

0- —
PC-3 DU-145 Hop-62 Hop-92

mSabutoclax MABT-737 [1SB-04 M SB-04y7,

FIGURE 4. Cell killing by SB-04 in culture. The bar graph shows the percent
of cells killed in the four cell lines tested at a dose of 3 um following a 72-h
incubation period. In each cell line, SB-04 shows a level of killing on par with
that observed with the small molecule ABT-737, whereas the Mcl-1 inactive
SB-04 variant (SB-04,,,,) shows no significant cell killing under the same
conditions.

conserved methionine residue constitute a signature for rBH3
containing proteins (Table 2). Available structural data for sev-
eral rBH3 containing proteins, e.g. glucokinase, hexokinase 1,
hexokinase 2, polypyrimidine tract binding protein 1, MEKS5,
and CDK4 inhibitor 2C, show that the rBH3 motif is present in
helical regions on the surface of each of these proteins.
Interestingly, a number of the identified rBH3 containing
proteins have been previously implicated as having significant
interactions with Bcl-2 family proteins (Fig. 3a4) (29). For
instance, members of the p53 family have been shown to bind to
both pro- and anti-apoptotic Bcl-2 family proteins and in par-
ticular can cause the disruption of the Bak - Mcl-1 complex (30,
31). Additionally, recent evidence has found that Mcl-1 protein
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levels can be affected significantly by glucose metabolism
through an unknown mechanism (14, 32). To quantify the
strength of association of Mcl-1 with a number of rBH3-con-
taining proteins, we used the STRING (Search Tool for the
Retrieval of Interacting Genes/Proteins) database of physical
and functional interactions (33). The STRING-generated pro-
tein-protein interaction network shows very close association
of Mcl-1 with a number of the rBH3-containing proteins, often
requiring only a single gene/protein node to bridge a direct
protein-protein connection (Fig. 3b).

To preliminarily prove that SB-04 is capable to antagonize
Mcl-1 in cells, we tested its cell killing ability against a variety of
cell lines that are known to depend on Bcl-2 family proteins for
survival (15). As controls, we used the Bcl-x; /Bcl-2 antagonist
ABT-737 (11), the pan-Bcl-2 family antagonist Sabutoclax (18)
and an inactive SB-04 mutant (SB-04,,,,) (Table 1). The killing
activity of SB-04 parallels well with the reference molecules,
whereas the Mcl-1 inactive mutant peptide SB-04,,,, is not
active under the same experimental conditions (Fig. 4). Given
the success at developing stapled and stabilized BH3 helical
peptides as therapeutic agents (16, 17), this result provides a
promising first step that the SB-04 motif may also yield a ther-
apeutic benefit in developing Mcl-1-specific inhibitors.

We therefore believe that the rBH3 sequence is a new motif,
which is present in native proteins and allows these proteins to
make significant physiological interactions with Mcl-1. This
finding serves as the basis for identifying a new class of Mcl-1
binding proteins and further develops our understanding of
how other systems communicate with the regulation of apopto-
sis in mammalian cellular systems. Furthermore, the recent
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success in development of potent, cell-permeable stapled pep-
tides (16, 17) could provide an excellent platform for the study
of these interactions and for the development of specific Mcl-1
inhibitors.
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