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Background: There is an urgent need to develop small molecule Mcl-1-specific inhibitors for the treatment of Mcl-1-de-
pendent ABT-737/263-resistant cancers.
Results: Maritoclax binds to and induces Mcl-1 degradation, thereby leading to Mcl-1-dependent apoptosis and sensitizing
leukemia/lymphoma cells to ABT-737.
Conclusion:Maritoclax is a novel Mcl-1-specific inhibitor.
Significance: Antagonizing Mcl-1 by maritoclax has the potential to prevent and overcome Mcl-1-mediated resistance to
ABT-737/263.

The anti-apoptotic Bcl-2 family of proteins, including Bcl-2,
Bcl-XL and Mcl-1, are well-validated drug targets for cancer
treatment. Several small molecules have been designed to inter-
fere with Bcl-2 and its fellow pro-survival family members.
While ABT-737 and its orally active analog ABT-263 are the
most potent and specific inhibitors to date that bind Bcl-2 and
Bcl-XL with high affinity but have a much lower affinity for
Mcl-1, they are not very effective as single agents in certain can-
cer types because of elevated levels of Mcl-1. Accordingly, com-
pounds that specifically target Mcl-1 may overcome this resis-
tance. In this study, we identified and characterized the natural
productmarinopyrroleA as a novelMcl-1-specific inhibitor and
named it maritoclax. We found that maritoclax binds to Mcl-1,
but not Bcl-XL, and is able to disrupt the interaction between
Bim andMcl-1. Moreover, maritoclax induces Mcl-1 degradation
via the proteasome system, which is associated with the pro-apo-
ptotic activity of maritoclax. Importantly, maritoclax selectively
killsMcl-1-dependent, but not Bcl-2- or Bcl-XL-dependent, leuke-
mia cells and markedly enhances the efficacy of ABT-737 against
hematologic malignancies, including K562, Raji, and multidrug-
resistant HL60/VCR, by �60- to 2000-fold at 1–2 �M. Taken
together, these results suggest that maritoclax represents a new
class ofMcl-1 inhibitors, which antagonizesMcl-1 and overcomes
ABT-737 resistance by targetingMcl-1 for degradation.

Apoptosis is the best-characterized mode of physiological
cell death, which plays an essential role in the development and

homeostasis of multicellular organisms. Apoptosis is executed
by caspases, a family of cysteine proteases, whose activation is
initiated via twomajor pathways: the death receptor (extrinsic)
pathway and the mitochondrial (intrinsic) pathway. The acti-
vated caspases cleave a number of cellular proteins to generate
many of the hallmark morphological features of apoptosis,
including DNA fragmentation and membrane blebbing.
The Bcl-2 family of proteins plays a pivotal role in apoptosis

by regulatingmitochondrial outermembrane permeabilization
(MOMP).2 MOMP results in the release of apoptogenic factors
(e.g. cytochrome c and Smac) from the mitochondria into the
cytosol where they directly promote caspase activation and
subsequent cell death. Members of the Bcl-2 family contain up
to four evolutionarily conserved domains called Bcl-2 homol-
ogy (BH) domains 1 to 4 and can be classified into three groups
based on their domain architecture and function in apoptosis:
multidomain (BH1–4) anti-apoptotic Bcl-2 proteins (e.g.Bcl-2,
Bcl-XL, andMcl-1), multidomain (BH1–3) pro-apoptotic Bcl-2
proteins (e.g. Bax and Bak), and BH3-only Bcl-2 proteins (e.g.
Bad, Bid, Bim, Noxa, and Puma). Many of the Bcl-2 family pro-
teins can interact with each other to determine cell fate. Three-
dimensional structures reveal that the BH1–3 domains of anti-
apoptotic Bcl-2 proteins form a hydrophobic surface groove to
which theBH3domains of pro-apoptotic Bcl-2 familymembers
bind (1, 2). The multidomain pro-apoptotic Bcl-2 proteins Bax
and Bak are two major effectors of MOMP, which homo-oli-
gomerize and formpores in themitochondrial outermembrane
to induce MOMP upon apoptotic stimulation. The anti-apo-
ptotic Bcl-2 proteins prevent MOMP by directly binding to
both classes of pro-apoptotic Bcl-2 proteins. In contrast, the* This work was supported, in whole or in part, by National Institutes of Health
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BH3-only proteins trigger Bax and Bak to induce MOMP.
Based on their ability to interact with the multidomain anti-
and pro-apoptotic Bcl-2 proteins, the BH3-only proteins are
often further divided into two subgroups: direct activators and
sensitizers/de-repressors. The direct activators, including Bid,
Bim and Puma, are not only able to interact with and inhibit all
the anti-apoptotic Bcl-2 proteins but also directly bind to and
activate the effectors Bax and Bak. On the other hand, the sen-
sitizers/de-repressors appear to function essentially as trans-
dominant inhibitors by occupying the hydrophobic groove of
anti-apoptotic Bcl-2 proteins, thereby displacing the direct
activators to promote MOMP and prevent any future bindings
of the direct activators or effectors to anti-apoptotic Bcl-2 pro-
teins.Moreover, unlike the direct activators, the sensitizers/de-
repressors are more selective in binding to the anti-apoptotic
Bcl-2 members. For example, Bad binds and antagonizes Bcl-2
and Bcl-XL but notMcl-1, whereasNoxa binds and antagonizes
Mcl-1 but not Bcl-2 and Bcl-XL. This observation suggests that
the BH3-only proteins provide a fine control of MOMP in a
Bax/Bak-dependent manner and opportunities to design spe-
cific inhibitors for each of the anti-apoptotic Bcl-2 family
members.
The evasion of apoptosis is considered to be a hallmark of

cancers and a cause of resistance to radiation and chemothera-
pies. Consistently, high levels of the anti-apoptotic Bcl-2 family
proteins are associated with the pathogenesis of cancer and
resistance to therapy (3, 4). A recent analysis of somatic copy
number alterations (SCNAs) showed that two anti-apoptotic
Bcl-2 family genes (Bcl-XL and Mcl-1) undergo frequent
somatic amplifications inmultiple cancers and that cancer cells
carrying Bcl-XL andMcl-1 amplifications are dependent on the
expression of these genes for survival (5). Thus, Bcl-XL and
Mcl-1 are very attractive targets for the development of anti-
cancer agents.
Over the last few years, several small molecule Bcl-2 inhibi-

tors have been synthesized as BH3 mimetics and some of these
molecules have entered clinical trials (6–8). Although Bcl-2
and Bcl-XL have been the primary focus for the design of small
molecule inhibitors, recent studies have demonstrated that
Mcl-1 also plays an important role for cancer cell survival and
that it is necessary to neutralize both arms of the anti-apoptotic
Bcl-2 family (Bcl-2/Bcl-XL andMcl-1) for apoptosis to occur in
many cell types (9).
To date, the most potent and selective small-molecule Bcl-2

inhibitors are ABT-737 and its orally active analog ABT-263,
which inhibit Bcl-2 and Bcl-XL at subnanomolar concentra-
tions but only weakly target Mcl-1 (10). Consequently, these
agents generally lack efficacy in cancers with elevated Mcl-1
and in many instances this resistance can be overcome by
down-regulation of Mcl-1 (10–16). Moreover, it has recently
been shown that cancer cells can quickly acquire resistance to
ABT-737 by up-regulation of Mcl-1 (17, 18), suggesting that a
treatment regime combining ABT-737 with a Mcl-1-specific
inhibitor may be necessary to overcome the resistance against
ABT-737.
In this report, we report on the identification and character-

ization ofmarinopyrrole A (referred to asmaritoclax) as a novel
class of Mcl-1 inhibitors. Maritoclax is a natural product

recently identified from a species ofmarine-derived streptomy-
cetes and has been reported to exhibit excellent antimicrobial
activity against methicillin-resistant Staphylococcus aureus
(19–21). We found that maritoclax antagonizes Mcl-1 by
directly binding to and targeting Mcl-1 for proteasomal degra-
dation. Moreover, maritoclax induces apoptosis selectively in
Mcl-1-dependent cells and synergistically sensitizes cancer
cells toABT-737 by down-regulation ofMcl-1. This study is the
first to identify a small-molecule Mcl-1-specific inhibitor that
bindsMcl-1 and induces its degradation in human cancer cells.

EXPERIMENTAL PROCEDURES

Antibodies and Compounds—Antibodies were obtained
from the following sources: mousemonoclonal anti-Mcl-1 (BD
Pharmingen 559027); rabbit polyclonal anti-phospho-Mcl-1
(Ser159/Thr163; Cell Signaling 4579); mouse monoclonal anti-
Bcl-XL (Sigma B9429); rabbit polyclonal anti-Bim (Sigma
B7929); mouse monoclonal anti-cytochrome c (BD Pharmin-
gen 556432); rabbit polyclonal anti-Bak (Millipore 06-536); rab-
bit polyclonal anti-caspase-3 (22), rabbit polyclonal anti-PARP
(Cell Signaling 9542); mouse monoclonal anti-�-actin (Sigma
A5441); mouse monoclonal anti-GAPDH (Imgenex 5019A);
rabbit polyclonal anti-Mcl-1 for immunoprecipitation (23); rat
monoclonal anti-Bim (Millipore 17001); HRP-conjugated goat
polyclonal anti-GST (Bethyl A190-121P). ABT-737 and dasat-
inib were obtained from Abbott Laboratories and Bristol-My-
ers Squibb, respectively, as described (24). Obatoclax and
MG132 were purchased from Active Biochem and Sigma,
respectively. Marinopyrrole A (maritoclax) was synthesized as
racemic mixture as previously described (25).
Protein Expression and Purification—A cDNA fragment

encoding mouse Mcl-1 with an N-terminal truncation of 151
residues and a C-terminal truncation of 23 residues (Mcl-
1�NC23) (26)was amplified by PCR and cloned into the pGEX-
6P-1 vector (GE Healthcare). A cDNA fragment encoding
human Bcl-XL lacking the C-terminal transmembrane (TM)
domain was released from the pGEX-4T-Bcl-XL�TM plasmid
(27) and subcloned into the pGEX-6P-1 vector. The GST-
tagged Mcl-1 and Bcl-XL proteins were expressed in Esche-
richia coliBL21 (DE3) and purified as previously described (27).
For NMR studies, the GST-Mcl-1 fusion protein was prepared
by growth of the transformed E. coli in minimal media using
15NH4Cl as the sole source of nitrogen. The 15N-labeled Mcl-1
protein was cleaved off from GST with Prescission Protease
(GEHealthcare) and further purified on a Superdex 200 column
(GE Healthcare) in 50 mM Tris (pH 8.0) and 150 mM NaCl.
NMR samples containing 0.5 mM 15N-labeled Mcl-1 protein
were prepared in 50 mM sodium phosphate (pH 6.7), 70 mM

NaCl, and 0.04% sodium azide inH2O:2H2O (95:5) as described
(26).
Enzyme-linked Immunosorbent Assay (ELISA)—In brief,

100 �l of 100 nM biotinylated Bim BH3 peptide (biotin-
(�)A(�)ADMRPEIWIAQELRRIGDEFNAYYARR-amide) in
SuperBlock Blocking Buffer in PBS (Thermo Scientific) was
added into Reacti-BindTM Streptavidin High Binding Capacity
CoatedPlates (8-well strips, Pierce #15501) and incubated for at
least 2 h with gentle shaking at room temperature or at 4 °C
overnight. After washingwith PBS, 200�l of SuperBlock Block-

Identification of Marinopyrrole A as a Mcl-1 Inhibitor

MARCH 23, 2012 • VOLUME 287 • NUMBER 13 JOURNAL OF BIOLOGICAL CHEMISTRY 10225



ing Buffer in PBS was added and incubated for 1 h with gentle
shaking at room temperature. The plate can be completely
dried and stored at 4 °C until use or immediately used for the
experiment after washing three timeswith 200�l of PBS. At the
time of each experiment, compoundswere prepared at 2� con-
centration in PBS containing 4% DMSO and pre-incubated
with 2� concentration of GST-tagged Mcl-1 (10 nM final con-
centration) or Bcl-XL (25 nM final concentration) proteins in 1.5
ml tubes for 1 h. Then, 100�l of the protein/compoundmixture
was transferred to the ELISA plate and incubated for 2 h at
room temperature with gentle shaking. After washing 5 times
with 200 �l of wash buffer (PBS containing 0.05% Tween 20),
the plate was incubated with 100 �l of HRP-conjugated anti-
GST goat polyclonal antibody in SuperBlock Blocking Buffer in
PBS for 1.5 h with gentle shaking at RT. Then, the plate was
washed five times with 200 �l of wash buffer and rinsed with
PBS to remove Tween-20. To develop the blue color, 100 �l of
SureBlue TMB Microwell Peroxidase Substrate (Thermo Sci-
entific) was added to each well and incubated for 10�20min at
RT. The reaction was stopped by adding 100 �l of 1N HCl to
each well, and the absorbance of each well was immediately
measured (0.1 s) at 450 nm using a PerkinElmer 2030 multi-
plate reader.
NuclearMagnetic Resonance (NMR) Spectroscopy—A0.5mM

15N-labeled sample of Mcl-1�NC23 was prepared as described
(2). A 15N-1H HSQC spectrum was collected on this sample. A
50 mM stock of maritoclax was prepared in deuterated DMSO.
12 �l of the maritoclax stock was added to the 15N-labeled
Mcl-1 sample to achieve a final concentration of 1 mM. A
15N-1H HSQC spectrum was collected on this sample. This
procedure was repeated five times for a total of six additions of
maritoclax.This shouldhave resulted ina finalmaritoclaxconcen-
trationof 6mM. Inpractice, the poor solubility ofmaritoclaxmade
it impossible todetermine theexact concentrationafter eachaddi-
tion. Precipitate was observed after each addition of maritoclax.
This precipitation reduced the concentration of Mcl-1 and also
reduced the volume of the sample. Following the last addition of
maritoclax, the Mcl-1 concentration was estimated from UV
absorption to be 0.215 mM. Binding was assumed to be saturated
basedon theminimal chemical shift differences observedbetween
the 5th and 6th additions of maritoclax.
All of the 15N-1H HSQC spectra were recorded at 25 °C on

Agilent VNMRS 800 spectrometer equipped with triple reso-
nance cryogenic probe and Z-axis pulse field gradient. The
sweep widths and complex points of the series of the HSQCs
were 9615.4(t2)’2600(t1) Hz and 1024(t2)’256(t1). All NMR
spectra were processed with nmrPipe and analyzed using nmr-
view software. Apodization was achieved in the 1H and 15N
dimensions using a squared sine bell function shifted by 70º and
followed by zero filling to twice the number of real data points.
The 1H carrier frequency was set on the water peak, and 4.753
ppm of the water peak at 25 ºC was used as reference in this
report. The amide 1H and 15N resonance assignments in the
apo-Mcl-1 15N-1HHSQCweremade based on the work byDay
et al. (2). For the protein sequence G147-G308, 158 residues
were assigned from a total 159 non-proline residues. Only the
first residue, Gly-147, which is a remnant of the affinity tag, was
not assigned. Using these assignments we were able to reliably

identify 145 resonances in the 15N-1H HSQC spectrum of apo
Mcl-1. Resonances for the other 13 residues were missing.
Chemical shift changes were observed for specific residues fol-
lowing each addition of maritoclax. Very small chemical shift
changeswere observed between the final and penultimate addi-
tions, suggesting that binding was approaching saturation. The
chemical shifts for all assigned residues at each titration point
were tabulated and the average differences between the chem-
ical shifts of apo Mcl-1 and the chemical shifts observed after
the final addition of maritoclax were determined using the fol-
lowing relationship: Average Chemical Shift Change� ((DH2)�
(DN2/5)/2)ˆ0.5 where DH is the amide proton chemical shift
difference in parts per million (ppm), and DN is the amide
nitrogen chemical shift difference in ppm.
Molecular Modeling—Maritoclax docking was carried out

using theGLIDE (Grid-based LigandDocking fromEnergetics)
program (28) from Schrödinger, L.L.C. OPLS-2005 force field
(29) was applied in the GLIDE program. The optimal binding
geometry for each model was obtained by utilization of Monte
Carlo sampling techniques coupled with energy minimization.
GLIDE uses a scoring method based on ChemScore (30) but
with additional terms added for greater accuracy. The NMR
solution structures of mouse Mcl-1 in complex with mouse
NoxaB (2JM6.pdb) (26) were used for docking maritoclax to
Mcl-1.
Cell Culture and Transfection—K562, Raji, HL60, HL60/

VCR, Jurkat, and Jurkat�Bak cell lines were maintained in RPMI
1640 medium supplemented with 10% fetal bovine serum (FBS)
and 100 units/ml penicillin, 100 �g/ml streptomycin, 0.25 �g/ml
amphotericin B (Cellgro) at 37 °C and 5% CO2. Primary large-
granular lymphocyte leukemia (LGLL) cells were obtained from
LGLL patients as previously described (31) and an informed con-
sent was signed for sample collection according to a protocol
approved by the Institutional ReviewBoard of PennStateHershey
Cancer Institute. Patients received no treatment at the time of
sample acquisition. Peripheral bloodmononuclear cells (PBMCs)
from healthy donors were used as a control. K562 cells stably
expressing Bcl-2-IRES-BimEL, Bcl-XL-IRES-BimEL, or Mcl-1-
IRES-BimELwere generated by retroviral transduction and puro-
mycin selection as previously described (24).
Cell Viability Assay—Cell viability was determined by mea-

suring intracellular ATP levels with the CellTiter Glo Lumines-
centCell ViabilityAssay kit (PromegaG7571). EC50 valueswere
calculated by non-linear regression analysis using SigmaPlot.
Co-immunoprecipitation—K562 cells expressing Mcl-1-

IRES-BimEL were treated with DMSO, 2 �M maritoclax alone,
or in combination with 1 �M MG132 for 12 h. Cells were lysed
in 1% Chaps buffer (1% Chaps, 150 mM NaCl, 10 mM Hepes,
pH7.4) containing protease inhibitors. Cell lysates containing
350 �g of protein were incubated with 4 �l of rabbit anti-Mcl-1
antiserum or control pre-immune serum in 250 �l of the same
lysis buffer at 4 °C overnight on a rotator. Immunoprecipitates
were collected by adding 20 �l of protein A-Sepharose beads
(GE Healthcare) for 3 h at 4 °C, followed by centrifugation at
6,000 rpm for 30 s. The beads were washed five times with the
same lysis buffer, boiled for 5min in Laemmli sample buffer and
analyzed by Western blotting.
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Cytochrome c Release Assay—Mitochondria were isolated
fromK562 cells expressingMcl-1-IRES-BimEL usingQproteome
Mitochondria Isolation kit (Qiagen) in accordance with the man-
ufacturer’s instructions. The isolated mitochondrial pellet was
resuspended inmitochondria assaybuffer (210mMD-mannitol, 70
mMsucrose, 5mMKH2PO4, 4mMMgCl2, 5mMsodiumsuccinate,
1 mM EGTA, 10 mM Hepes-NaOH, pH7.4) and the protein con-
centration was measured by BCA assay (Pierce). The purified
mitochondria were incubated with DMSO,maritoclax (20 and 40
�M), or obatoclax (20 and 40 �M) for 1 h at 37 °C. After centrifu-
gation at 13,000 � g for 10 min, the resulting supernatant and
pellet were analyzed byWestern blotting.

RESULTS

Maritoclax Binds to Mcl-1 and Inhibits the Binding of Bim-
BH3 Peptide to Mcl-1 but Not Bcl-XL—During the past several
years, we have taken several approaches, including rational
design (8), kinetic target-guided synthesis (27) and high
throughput screening, to identify BH3-mimetic small-mole-
cule inhibitors of Bcl-XL and Mcl-1. As part of this effort, we
screened a small compound library comprised of marinopyr-
role A (herein referred to as maritoclax; Fig. 1A) and 23 deriv-
atives (25) for their ability to disrupt Bim binding to Mcl-1 and
Bcl-XL using an ELISA assay. Of these, maritoclax blocked the
interaction between a biotin-labeled Bim-BH3 peptide and
GST-Mcl-1 in a dose-dependent manner with an IC50 value
comparable to that of obatoclax (Fig. 1B). However, unlike
obatoclax, which is a pan-Bcl-2 inhibitor (32), maritoclax did
not inhibit the binding of Bim-BH3 peptide to GST-Bcl-XL at
concentrations up to 80 �M (Fig. 1C).
To determine whether maritoclax physically interacts with

Mcl-1, NMR titration experiments were performed to monitor
chemical shift perturbations in 1H-15N HSQC spectra of 15N-
labeled Mcl-1 upon addition of maritoclax. Fig. 2A shows an
overlay of the 1H-15N HSQC spectra of 15N-labeled Mcl-1
before (blue resonances) and after (red resonances) the addi-
tion of maritoclax. The 1H-15NHSQC spectrum of 15N-labeled
Mcl-1 from the 6th titration point was used to make the figure.

Fig. 2A shows that several residues experience significant
chemical shift changes in the presence of maritoclax, strongly
suggesting that maritoclax bindsMcl-1. Fig. 2B shows close-up
views of selected residues that undergo large chemical shift
changes in the presence of maritoclax. Fig. 2C shows a plot of
the average chemical shift perturbations against theMcl-1 protein
primary sequence. The results show that the residues 150, 163,
172, 184, 200, 202–204, 214, 216, 220, 222, 228, 241, 243, 245, 250,
251, 255, 262, 278, 279, 300, 306, and 307 experience average
chemical shift changes of at least 0.05 ppm and residues 200, 202,
203, 220, 241, 245, 255, 279, and 300 experience at changes of least
0.08ppm. Inaddition, therewere several residues that experienced
intensity reductions associated with line broadening during the
titration. In particular, residues 229, 235, 237, 244, and 246 have
large intensitychanges following the first additionofmaritoclax, to
a point where they are no longer detectable.
The anti-apoptotic Bcl-2 family proteins share similar struc-

tural features of eight �-helices and a similar function of bind-
ing to BH3 domains (2). Mcl-1 has four hydrophobic pockets,
namely p1, p2, p3 and p4 that interact with E74, L78, I81, and
V85 of mouse NoxaB (mNoxaB) BH3 domain, respectively (2).
When maritoclax is docked to Mcl-1, two binding regions are
observed; one is centered at the p2 pocket betweenhelices 4 and
5 and in contact with helix 3, and the other is centered at the p4
pocket between helices 5 and 8 and in contact with helix 2. The
maritoclax binding site with the best docking score is located in
the area centered at pocket p4, as shown in Fig. 2D. One pyrrole
group of maritoclax is located in the p4 pocket with its chlorine
atoms pointing toward Mcl-1. The connecting phenol group
has its hydroxyl group forming a hydrogen bond with G308 of
the Mcl-1 helix 8 tail region. Another pyrrole group is pointing
toward the solvent and its connecting phenol group toward the
p3 pocket with the hydroxyl group forming a hydrogen bond
with T247 ofMcl-1 and the carbonyl group forming a hydrogen
bond with N204. These hydrogen bonds are shown in Fig. 2E,
together with the amino acids with large chemical shifts near
the binding site. Among other residues with large chemical

FIGURE 1. Maritoclax blocks the binding of Bim BH3 �-helix to Mcl-1 but not Bcl-XL. A, chemical structure of maritoclax. B, maritoclax and obatoclax are
comparable in inhibiting the binding of a biotinylated Bim BH3 peptide to Mcl-1 protein as determined using an ELISA assay. C, in contrast to obatoclax, a pan
Bcl-2 inhibitor, maritoclax does not block the binding of a biotinylated Bim BH3 peptide to Bcl-XL protein as determined using an ELISA assay.
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shifts, V255 is on helix 5 in contact with helix 3 and L279 is near
the end of helix 6 in contact with helix 5. Their large chemical
shifts could result from conformational changes upon ligand
binding. L279 is not in a position of direct contact with ligand
when the BH3 domain binds, but V255 is near the p2 pocket.
Therefore, maritoclax binding site near pocket p4 may not be
the only possible site, but it is the most probable site from the

docking study, and it is consistent with the majority of the
chemical shift data.
Maritoclax Kills Mcl-1-dependent but Not Bcl-2/Bcl-XL-de-

pendent Cells—To study whether maritoclax selectively in-
duces apoptosis in cells that are dependent on Mcl-1 for sur-
vival, we stably transfected humanmyeloid leukemia K562 cells
with Bcl-2-IRES-BimEL, Bcl-XL-IRES-BimEL, Mcl-1-IRES-Bi-

FIGURE 2. Maritoclax directly binds to Mcl-1. A, comparison of the 1H-15N HSQC spectra of 15N-labeled Mcl-1 before (blue resonances) and after (red
resonances) the addition of maritoclax. B, close-up of residues with large chemical shift changes. C, plot of average chemical shift changes (in ppm) in the
spectra of 15N-labeled Mcl-1 upon titration with maritoclax. D, structure of maritoclax docked to Mcl-1. Mcl-1 is represented by its molecular surface colored
according to NMR chemical shift data. Areas with average chemical shift greater than 0.06 are colored magenta with amino acid labels. Areas with an average
chemical shift between 0.04 and 0.06 are colored light pink. A pyrrole group of maritoclax is docked in the p4 pocket with its phenol group extended to the tail
region of Mcl-1 helix 8. The other phenol group is extended toward p3 pocket in the left. E, hydrogen bonding and amino acid residues with large chemical
shifts are shown near the predicated binding site of maritoclax. Three hydrogen bonds between maritoclax and Mcl-1 are shown as yellow dotted lines. Carbon
atoms of maritoclax are colored green. Carbon atoms of Mcl-1 are colored gray. Chlorine atoms are colored dark green, oxygen atoms red, nitrogen blue, and
polar hydrogen white. Non-polar hydrogen atoms and amide hydrogen atoms are not shown.

FIGURE 3. Maritoclax induces cell death selectively in Mcl-1-dependent but not Bcl-2- or Bcl-XL-dependent leukemia cells. A, K562 cells were retrovirally
transduced with empty, Bcl-2-IRES-BimEL, Bcl-XL-IRES-BimEL, or Mcl-1-IRES-BimEL and analyzed for expression of the proteins by immunoblot. The parental
K562 cells were used as a control. B–D, stably transfected K562 cells were treated with increasing concentrations of ABT-737, obatoclax, or maritoclax for 24 h.
Cell viability was determined by measuring intracellular ATP levels with the CellTiter Glo assay. All experiments were repeated at least three times to determine
the EC50 values (mean � S.D.). E, five primary human LGLL samples were analyzed by immunoblotting for expression of Bcl-2 family proteins. F, LGLL cells and
normal PBMCs were treated with various concentrations of maritoclax for 24 h to determine EC50 values with the CellTiter Glo assay.
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mELor control empty vector (Fig. 3A) and treatedwith increas-
ing concentrations of ABT-737 (Fig. 3B), obatoclax (Fig. 3C) or
maritoclax (Fig. 3D). The survival of these cells is dependent on
a balanced association of BimEL with the respective pro-sur-
vival Bcl-2 family proteins (primed for death). Thus, these sta-
ble cell lines should enable us to test the specificity of BH3
mimetics for Bcl-2, Bcl-XL or Mcl-1. As expected, the Bcl-2/
Bcl-XL specific inhibitor ABT-737 potently induced cell death
in K562 cells expressing Bcl-2-IRES-BimEL (EC50 � 0.35 �M)
or Bcl-XL-IRES-BimEL (EC50 � 1.9 �M) compared withMcl-1-
IRES-BimEL (EC50� 9.3�M) or empty vector (EC50� 15.7�M)
transfectants (Fig. 3B), whereas the pan-Bcl-2 inhibitor obato-
clax was able to kill all four cell lines with EC50 values ranging
from 2.0 to 9.4 �M (Fig. 3C). In contrast, treatment with mari-
toclax markedly inhibited the viability of Mcl-1-IRES-BimEL
cells (EC50 � 1.6�M)with a selectivity greater than 40-fold over
Bcl-2-IRES-BimEL (EC50 � 65.1 �M) and Bcl-XL-IRES-BimEL
(EC50 � 70.0 �M) cells (Fig. 3D), consistent with its affinity for
Mcl-1 over Bcl-XL (Figs. 1B and 1C). Moreover, maritoclax was
able to kill primary human large granular lymphocyte leukemia

(LGLL) cells and a negative correlation was observed between
Mcl-1 protein levels and EC50 values (Fig. 3, E and F). In con-
trast, normal PBMCs were resistant to maritoclax (Fig. 3F).
However, obatoclax induced similar levels of cell death in nor-
mal PBMCs and LGLL cells regardless of their expression of
Bcl-2 family proteins (Fig. 3, E and F).
Maritoclax Induces Caspase-3 Activation by Degradation of

Mcl-1 Protein—In agreement with the cell viability data, mari-
toclax induced robust caspase-3 activation in K562 cells
expressing Mcl-1-IRES-BimEL but not Bcl-2-IRES-BimEL as
demonstrated by procaspase-3 processing and PARP cleavage
(Fig. 4A). Notably, maritoclax treatment led to a rapid and
marked decrease in Mcl-1 protein levels. As shown in Fig. 4B,
maritoclax induced a dose-dependent decrease in Mcl-1
expression, which was accompanied by an increase in cleavage
of caspase-3 and PARP, in K562 cells stably transfected with
Mcl-1-IRES-BimEL. Similar results were also observed in pri-
mary human LGLL cells (Fig. 4C). Interestingly, addition of the
proteasome inhibitor MG132 attenuated maritoclax-mediated
Mcl-1 degradation, caspase-3 activation and PARP cleavage

FIGURE 4. Maritoclax induces proteasome-mediated Mcl-1 degradation without induction of Mcl-1 phosphorylation and Noxa expression. A, Mcl-1-
IRES-BimEL and Bcl-2-IRES-BimEL K562 cells were treated with 2 �M Maritoclax for the indicated times and analyzed by Western blotting. B, Mcl-1-IRES-BimEL
K562 cells were treated with increasing concentrations of maritoclax (up to 2.5 �M) alone or a combination of 2.5 �M maritoclax and 2.5 �M MG132 for 12 h and
subjected to immunoblot analysis. C, primary LGLL cells were treated with DMSO or maritoclax (2 or 5 �M) for 12 h and analyzed by Western blotting.
D, Mcl-1-IRES-BimEL K562 cells were treated with 2 �M maritoclax for 1 h, followed by addition of 10 �g/ml CHX to block protein synthesis. Cells were harvested
at the indicated time points and subjected to immunoblot analysis. The intensity of Mcl-1 bands was quantified by densitometry and normalized to �-actin. The
half-life of Mcl-1 was calculated by linear regression equations. E, Mcl-1-IRES-BimEL K562 cells were left untreated or were treated as indicated for 6 h and
analyzed by Western blotting for Ser159/Thr163 phosphorylation of Mcl-1.
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(Fig. 4B), suggesting that the pro-apoptotic effect of maritoclax
is attributed to its ability to induce proteasomal degradation of
Mcl-1. Treatment with maritoclax markedly reduced the half-
life of Mcl-1 to �0.5 h as compared with nearly 3 h in control
cells (Fig. 4D). It has been shown that phosphorylation ofMcl-1
at S159 as well as expression of Noxa promotes the turnover of
Mcl-1 protein (26, 33). However, neither Noxa expression (Fig.
4B) nor Mcl-1 phosphorylation (Fig. 4E) was induced by mari-
toclax. In contrast, dasatinib, a tyrosine kinase inhibitor,
induced a dose-dependent phosphorylation of Mcl-1 (Fig. 4E)
and obatoclax, a pan-Bcl-2 inhibitor, up-regulated Noxa
expression (not shown), which are consistent with previous
studies (24, 34).
Interestingly, a time- and dose-dependent decrease in the

protein expression of BimELwas also observed followingMcl-1
degradation in cells treated with maritoclax (Fig. 4, A and B).
Because free Mcl-1 and Bim were reported to be more suscep-
tible to proteasomal degradation (35), the decreases in Mcl-1
and BimEL protein levels in maritoclax-treated cells are prob-
ably due to the disruption of the Bim-Mcl-1 complex by mari-
toclax. In fact, treatment with maritoclax disrupted the inter-
action between BimEL andMcl-1 by 50–60%, as demonstrated
by co-immunoprecipitation (Fig. 5A). Consistentwith its ability
to disrupt BimEL/Mcl-1 heterodimerization, maritoclax was
able to induce cytochrome c release in vitro frommitochondria
isolated from K562 cells stably expressing Mcl-1-IRES-BimEL

with a much higher potency than obatoclax (Fig. 5B), suggest-
ing that maritoclax directly engages MOMP. To further sup-
port this notion, we tested whether maritoclax induces cell
death in a Bax/Bak-dependent manner using a subclone
(Jurkat�Bak) of Jurkat human acute T cell leukemia cell line
that constitutively lacks Bax and Bak (36). As expected, marito-
clax wasmuch less effective against Jurkat�Bak cells than it was
against wild type Jurkat cells (Fig. 5C).
Maritoclax Sensitizes Cancer Cells to ABT-737—Although

ABT-737 and its orally active analog, ABT-263, are the most
potent and selective small-molecule Bcl-2 inhibitors described
to date, they are not very effective against cancer cells that
express high levels of Mcl-1, such as K562 and Raji cells (7, 10).
To determine whether maritoclax sensitizes cancer cells to
ABT-737, we treated K562 and Raji cells with increasing doses
of ABT-737 alone or in combination with 2 or 2.5 �M marito-
clax for K562 or Raji cells, respectively. As a single agent, ABT-
737 was not efficient in killing K562 and Raji cells with EC50
values of 14.4 �M and �100 �M, respectively (Fig. 6, A and B).
However, in combination with a sub-optimal dose of marito-
clax, the efficacy of ABT-737 in K562 and Raji cells was
enhanced by �60- and 2000-fold, respectively. In accordance
with the results in K562 cells (Fig. 4A), treating Raji cells with
maritoclax resulted in degradation of Mcl-1, which was fol-
lowed by BimEL degradation, procaspase-3 processing, and
PARP cleavage (Fig. 6C). In contrast, exposure of Raji cells to

FIGURE 5. Maritoclax inhibits Mcl-1 interaction with Bim in intact cells and triggers cytochrome c release from isolated mitochondria. A, Mcl-1-IRES-BimEL
K562 cells were treated with DMSO or 2 �M maritoclax with or without 1 �M MG132 for 12 h and subjected to immunoprecipitation with anti-Mcl-1 rabbit antiserum
or pre-immune rabbit serum (NRS). The resulting immune complexes were analyzed by immunoblotting with anti-Mcl-1 and anti-Bim monoclonal antibodies. The
amounts of Mcl-1 and BimEL in the immunocomplexes were quantified and are listed relative to those of untreated cells, which were set as 1.0. B, isolated mitochondria
from Mcl-1-IRES-BimEL K562 cells were incubated with DMSO, maritoclax (20 or 40 �M) or obatoclax (20 or 40 �M) for 1 h at 37 °C. After centrifugation, the resulting
supernatant and pellet fractions were analyzed by Western blotting with antibodies specific for cytochrome c or Bak as a mitochondrial control marker. C, wild type and
�Bak Jurkat cells were treated with increasing concentrations of maritoclax for 24 h and subjected to cell viability assay (mean � S.D.; n � 3).
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ABT-737 led to a rapid increase inMcl-1 and a decrease inBcl-2
protein levels. Interestingly, caspase-3 activation was observed
only at early time points after ABT-737 treatment, suggesting
that Raji cells can rapidly develop resistance to ABT-737 prob-
ably by up-regulating Mcl-1 expression. In fact, addition of
maritoclax to ABT-737 attenuated the protein expression of

Mcl-1 and enhanced the cleavage of caspase-3 and PARP in Raji
cells. These data suggest that the pro-apoptotic synergy
between maritoclax and ABT-737 is, at least in part, due to the
degradation of Mcl-1 induced by maritoclax.
It was suggested that up-regulation of Mcl-1 may contribute

to themultidrug-resistance phenotype in human leukemia (39).

FIGURE 6. Maritoclax synergistically sensitizes lymphoma/leukemia cells to ABT-737. A, parental K562 cells were treated with increasing concentrations
of ABT-737 alone or in combination with 2 �M maritoclax for 24 h. Cell viability was determined by measuring intracellular ATP levels with the CellTiter Glo assay
(mean � S.D.; n � 3). B, Raji cells were treated with increasing doses of ABT-737 alone or in combination with 2.5 �M maritoclax for 24 h and subjected to cell
viability assay (mean � S.D.; n � 3). C, Raji cells were treated with 5 �M maritoclax, 5 �M ABT-737, or 2.5 �M maritoclax and 5 �M ABT-737 for the indicated times
and analyzed by Western blotting. D, parental HL60 and HL60/VCR cells were treated with increasing concentrations of ABT-737 without or with 1 �M

maritoclax for 48 h and subjected to cell viability assay (mean � S.D.; n � 3).
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Consistently, while parental HL60 cells were sensitive to ABT-
737 (EC50 � 81.1 nM), the multidrug resistant variant HL60/
VCR, which has elevated levels of Mcl-1, was resistant to ABT-
737 (EC50 � 50�M), as shown in Fig. 6D. Importantly, however,
the efficacy of ABT-737 in HL60/VCR cells was fully restored
when combined with 1 �M maritoclax; the EC50 value
decreased �600-fold (Fig. 6D), suggesting that combination
treatment of maritoclax with ABT-737 may overcome multi-
drug resistance.

DISCUSSION

Mcl-1 is an anti-apoptotic member of the Bcl-2 family of pro-
teins and is highly expressed in a variety of human cancers (40).
Mcl-1 overexpression has been demonstrated to be an important
contributor tocancercell survival andresistance tochemotherapy.
To date, numerous strategies, including small-molecule BH3
mimetics, stapledBH3peptides, and down-regulation ofMcl-1 by
kinase inhibitors, deubiquitinase inhibitors, and antisense oligo-
nucleotides, have been attempted to targetMcl-1 for cancer treat-
ment (40, 41).However, noneof the smallmoleculeBH3mimetics
reported so far, includingABT-737, obatoclax,BH3-M6, gossypol,
and its derivatives, are specific forMcl-1.
In this study, we have identified the natural product marino-

pyrroleA as a novelMcl-1-specific inhibitor andnamed itmari-
toclax. Our results suggest that maritoclax antagonizes Mcl-1
by binding to and targeting Mcl-1 for proteasome-mediated
degradation. The Mcl-1 protein has a relatively short half-life
(i.e. 2–3 h) and its stability is regulated at multiple levels. It has
been demonstrated that ERK-mediated phosphorylation of
Mcl-1 at Thr163 prolongs the half-life of Mcl-1 (42), whereas
phosphorylation of Ser159 by GSK3 leads to increased ubiquiti-
nation and degradation ofMcl-1 (33). However,maritoclax had
no apparent effect on Mcl-1 (Ser159/Thr163) phosphorylation
(Fig. 4E), suggesting that maritoclax induces phosphorylation-
independent Mcl-1 degradation. Moreover, Noxa overexpres-
sion has been shown to promoteMcl-1 degradation (26), prob-
ably by increasing the binding of the E3 ligase Mule and
decreasing the binding of the deubiquitinase USP9X to Mcl-1
(43). However, maritoclax alone did not significantly affect
Noxa protein levels (Fig. 4B). Noxa binding to Mcl-1 induces
Mcl-1 degradation, and the amino acid sequence LRQKLL in
the tail region of mNoxaB BH3 helix is considered to be neces-
sary for this effect (26). Amino acid residues D83, K84, R88, and
N93 of mNoxaB form hydrogen bonds with Mcl-1 residues
R244, G308, E306, E298, and F299. These hydrogen bonds
attach theC terminus ofmNoxaBBH3helix to the unfolded tail
of Mcl-1 helix 8 (2, 26). Interestingly, the docking study pre-
dicted thatmaritoclax is likely to bind at the p4 pocket ofMcl-1
(Fig. 2D), mimicking the tail region of human Noxa BH3 or
mNoxaB BH3 domain, which is important for inducing Mcl-1
degradation (26). The close interaction of maritoclax with the
tail region ofMcl-1 helix 8, similar to that of mNoxaB, suggests
that binding to the Mcl-1 helix 8 tail region may be related to
Mcl-1 degradation in cells. Taken together, we speculate that
maritoclax binds to Mcl-1 in a similar manner as Noxa, result-
ing in a conformational change that makesMcl-1more suscep-
tible to destruction by the proteasome.

While certain cancers rely on Bcl-2/Bcl-XL for survival, oth-
ers are more heavily dependent onMcl-1. Accordingly, specific
inhibitors for individual Bcl-2 family members are expected to
be effective with less undesired side effects for a particular can-
cer based on such dependence. Indeed, ABT-737 and its orally
active analog, ABT-263, have a single agent activity in a subset
of cancers (including multiple myeloma and small-cell lung
cancer) that rely on Bcl-2/Bcl-XL but notMcl-1 for survival (7).
However, recent studies demonstrated that cancer cells rapidly
develop resistance to ABT-737 through up-regulation ofMcl-1
and that down-regulation of Mcl-1 restores the sensitivity to
ABT-737 (38, 44). This suggests that the anti-apoptotic mem-
bers of the Bcl-2 family can functionally compensate for each
other. Similarly, in this study, we observed that ABT-737 as a
single agent resulted in an increase in Mcl-1 protein levels,
which was associated with the acquired resistance to ABT-737;
however, co-treatment with a suboptimal dose of maritoclax
(1�2.5 �M) abolished Mcl-1 accumulation and markedly
enhanced ABT-737 sensitivity (Fig. 6). Moreover, maritoclax was
able to completely restore the sensitivity of multidrug resistant
leukemia cells to ABT-737 (Fig. 6D). Taken together, these results
support the notion that combination or sequential treatmentwith
Mcl-1 inhibitors may be necessary for ABT-737 to achieve maxi-
mum therapeutic efficacy and avoid or overcome drug resistance.
Accordingly, one might argue that it would be preferable to
employ a pan rather than a more specific Bcl-2 inhibitor for the
treatment of cancer. However, pan-Bcl-2 inhibitors have a higher
likelihood of inducing toxicities than more specific inhibitors in
normal cells or tissues (Fig. 3F). Thus, itwill be important to inves-
tigate whether sequential treatment with ABT-737 followed by
Mcl-1 inhibitors (e.g.maritoclax) has a synergistic effect on cancer
cell death with much less toxicity to normal tissues when com-
pared with pan Bcl-2 inhibitors.
In summary, maritoclax represents a novel class of Mcl-1

inhibitors, which binds to Mcl-1, presumably at the p4 binding
site in amanner similar toNoxa, and displaces Bim fromMcl-1,
thereby leading to Mcl-1 degradation via the proteasome sys-
tem. This mode of action is different from that of obatoclax,
which is predicted to bind at the p1 and p2 binding sites of
Mcl-1 (37) and does not destabilizeMcl-1 (34).While obatoclax
up-regulates Noxa (34), maritoclax has no effect on Noxa pro-
tein levels (Fig. 4B). Notably, maritoclax is muchmore efficient
than obatoclax in inducing cytochrome c release from mito-
chondria isolated from cells co-transfected with BimEL and
Mcl-1 (Fig. 5B). These results suggest that maritoclax is a spe-
cific Mcl-1 inhibitor. Consistently, maritoclax selectively kills
Mcl-1-dependent but not Bcl-2- or Bcl-XL-dependent cells as a
single agent and markedly synergizes with ABT-737 to induce
apoptosis in ABT-737-resistant cancer cells by targeting Mcl-1
for proteasome-mediated degradation.
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