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Eltrombopag directly activates BAK and induces apoptosis
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Small molecule direct BAK activators can potentially be used for the development of anti-cancer drugs or as tools to study BAK
activation. The thrombopoietin receptor agonist eltrombopag (Eltro) inhibits BAX activation and BAX-mediated apoptosis. Here we
report that, in contrast to its function as a BAX inhibitor, Eltro directly binds BAK but induces its activation in vitro. Moreover, Eltro
induces or sensitizes BAK-dependent cell death in mouse embryonic fibroblasts (MEFs) and Jurkat cells. Chemical shift perturbation
analysis by NMR indicates that Eltro binds to the BAK a4/a6/a7 groove to initiate BAK activation. Further molecular docking by
HADDOCK suggests that several BAK residues, including R156, F157, and H164, play an important role in the interaction with Eltro.
The introduction of an R156E mutation in the BAK a4/a6/a7 groove not only decreases Eltro binding and Eltro-induced BAK
activation in vitro but also diminishes Eltro-induced apoptosis. Thus, our data suggest that Eltro directly induces BAK activation and
BAK-dependent apoptosis, providing a starting point for the future development of more potent and selective direct BAK activators.

Cell Death and Disease (2023)14:394; https://doi.org/10.1038/541419-023-05918-6

INTRODUCTION

BCL2 family proteins control mitochondrial outer membrane
permeabilization (MOMP), a key step in the intrinsic apoptotic
pathway [1-9]. Two pro-apoptotic effectors of this protein family,
BAK, and BAX, directly cause MOMP when activated, leading to
cytochrome c release and a downstream caspase cascade. The other
BCL2 family proteins regulate MOMP through protein-protein
interactions: The anti-apoptotic BCL2 subfamily members, including
BCL2, BCLX, and MCLI1, inhibit MOMP by neutralizing pro-apoptotic
family members; and the pro-apoptotic BCL2-homology (BH)3-only
subfamily members, such as BIM and tBID, activate BAK or BAX
indirectly or directly [10-15]. By neutralizing the anti-apoptotic BCL2
proteins, BH3-only proteins indirectly activate BAK/BAX [10, 111. In
addition, by directly binding BAK and BAX, thereby initiating
activating conformational changes, some of the BH3-only proteins
also serve as direct activators of BAK/BAX [11-15].

In living cells, BAK and BAX are in inactive states as monomers or
as heterodimers neutralized by anti-apoptotic BCL2 family members
[16-18]. Stimuli that induce apoptosis through the mitochondrial
pathway often increase the expression and/or activation of BH3-only
proteins, which then activate BAK and/or BAX. In cancer cells,
however, the activator BH3-only proteins are often silenced or
mutated, resulting in decreased mitochondrial priming and
resistance to multiple anti-cancer treatments [2, 8, 19-22]. As a
result, there is substantial interest in small molecules that can
directly activate BAK or BAX, as these molecules could potentially

induce cancer cell apoptosis directly or sensitize cancer cells to other
anti-cancer treatments if suitably targeted to neoplastic cells.

BAK is normally present on the mitochondrial outer
membrane, whereas BAX resides in the cytosol and requires
mitochondrial translocation to induce MOMP [23]. Several small
molecules that can directly activate BAX have been identified,
including BAM7, BIF-44, and BTSA1 [24-26]. In contrast,
pharmacologic BAK activators are more limited, with only a
single study describing BKA-073, a small molecule identified
through computational screening and subsequently found to
directly activate BAK to induce lung cancer cell apoptosis [27].
Identification of additional small molecule direct BAK activators
is, therefore, of interest.

Eltrombopag (Eltro) is an FDA-approved thrombopoietin
receptor agonist that promotes platelet production for the
treatment of chronic immune thrombocytopenia [28, 29]. Eltro,
which reaches plasma concentrations up to 15-20 uM at doses
typically administered clinically [30], binds the thrombopoietin
receptor and induces an activating conformational change,
leading to downstream JAK2/STAT5 activation and increased
platelet production. A recent study found that Eltro also binds
BAX to inhibit its activation [31]. Because BAX and BAK have
similar structures, we evaluated the ability of Eltro to bind BAK
and modulate its function. In contrast to Eltro’s inhibitory
impact on BAX, we found that Eltro directly activates BAK and
induces BAK-dependent apoptosis.

"Anhui Province Key Laboratory of Medical Physics and Technology, Institute of Health and Medical Technology, Hefei Institutes of Physical Science, Chinese Academy of
Sciences, Hefei 230031, China. University of Science and Technology of China, Hefei 230026, China. *Hefei Cancer Hospital, Chinese Academy of Sciences, Hefei 230031, China.
“*School of Preclinical Medicine, Wannan Medical College, Wuhu 241002, China. *Department of Physics, University of Science and Technology of China, Hefei 230026, China.
SDivision of Oncology Research, Mayo Clinic, Rochester, MN 55905, USA. “Department of Molecular Pharmacology and Experimental Therapeutics, Mayo Clinic, Rochester, MN
55905, USA. ®Department of Urology, The First Affiliated Hospital of USTC, Division of Life Sciences and Medicine, University of Science and Technology of China, Hefei 230001,
China. °These authors contributed equally: Meng Chen, Lei Hu. ®email: ixiaojun@ustc.edu.cn; daih@cmpt.ac.cn

Edited by Professor Piacentini

Received: 3 January 2023 Revised: 10 June 2023 Accepted: 21 June 2023

Published online: 01 July 2023

Official journal of CDDpress

SPRINGER
CDDpress


http://crossmark.crossref.org/dialog/?doi=10.1038/s41419-023-05918-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41419-023-05918-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41419-023-05918-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41419-023-05918-6&domain=pdf
http://orcid.org/0000-0002-4900-7145
http://orcid.org/0000-0002-4900-7145
http://orcid.org/0000-0002-4900-7145
http://orcid.org/0000-0002-4900-7145
http://orcid.org/0000-0002-4900-7145
http://orcid.org/0000-0002-0484-7407
http://orcid.org/0000-0002-0484-7407
http://orcid.org/0000-0002-0484-7407
http://orcid.org/0000-0002-0484-7407
http://orcid.org/0000-0002-0484-7407
https://doi.org/10.1038/s41419-023-05918-6
mailto:ixiaojun@ustc.edu.cn
mailto:daih@cmpt.ac.cn
www.nature.com/cddis

M. Chen et al.

® Eltro K,= 1.219 uyM

a
e O 9 1.0 P
\ E y
N OH /b

0.5 '/

Fraction Bound

HC

Eltrombopag: FDA-approved 00 R b

80

60

40

20

Absorbance 280 nm (mAU)

—158 kDa
=44 kDa

Oligomer

=16 kDa

Monomer

BAK WT + DMSO
BAK WT + 1.7 mM Eltro
BAK WT + 3.4 mM Eltro

thrombopoietin receptor agonist 0
0.01 0.10 1.00 10.00 100.00 1000.00 6 8 10 12 14 16 18
e Eltro (uM) Elution Volume (mL)
100 g
BIM BH3 0.5 M +0.1 M BAK ATM
) MEFs WT MEFs Bak™
H
% ) Supernatant Pellet Supernatant Pellet
§ 4 9 >
S / Eltro 2.5 uM O o O > )
] ; /Eltro 1.0 uM [ +0.1 4M BAK ATM © © o O @ O oW
$al / Zewoosim > PFEER e b B SRR R Bl 0% o 0 3% 0 9 Eiro M)
E - - — 0.1 uMBAKATM 15— 5
£ o = BIM BH3 0.5 uM 10— - ” Cyto C [R—— CytoC
Eltro 2.5 uM I e 10—
o (Eltro1.04M 75—
0 1200 2400 3600 “Eltro 05 M - w= e em e= | Hsp 60 o w» @ a» @ Hsp 60
f i j
MEFs Bax’ MEFs Bak*Bax*
@
% Supernatant Pellet Supernatant Pellet
c > >
g o o O @ O o O
H N e0% 0 ® W% w0 9®  Eitro um) W€ 6 0 ® WePs W0 2 Eltro (uM)
3 15—
15—
2 ol - Cyto C 10 W®amanas* | cytoC
= 75—] 75— —
- an e» @& ew | Hsp 60 == === ==| Hsp 60

=
g
=
<
<
@

Eltro 0.5 (M

= =
= =
w "
< o~
g 4
] o

BIM BH3 0.5 M
BIM BH3 0.5 M

+ 0.1 uM BAK ATM

Fig. 1 Eltrombopag directly binds BAK and induces BAK activation. a Structure of Eltrombopag (Eltro). b After recombinant BAKATM was
labeled at cysteine using maleimide, microscale thermophoresis (MST) analysis was performed using a series of Eltro concentrations followed
by plotting the fraction bound as a function of Eltro concentration. Inset, calculated dissociation constant based on MST assay. ¢, d After BAK
and the indicated concentrations of Eltro or DMSO (negative control) were incubated in CHAPS buffer for 1 h at 25 °C, the mixture was applied
to a Superdex75 size exclusion column on an FPLC, and absorbance at 280 nm was plotted as a function of elution volume. A representative
experiment (c) and summary from three independent experiments (d) are shown. Labels at top of ¢ indicate size markers. e, f After FITC-
dextran-containing lisposome were incubated with the indicated concentration of BAK for 90 min at 25 °C, the percentage of FITC-dextran
release was measured. A representative experiment (e) and summary from three independent experiments (f) are shown. g-j After
mitochondria from WT (g), Bak~’~ (h), Bax™’~ (i), or Bak~’~Bax~’~ (j) MEFs were incubated with the indicated concentrations of Eltro or BID
BH3 peptide (positive control) at 25°C for 90 min, the supernatants and pellets were subjected to SDS-PAGE and immunoblotting. A

representative result from three independent blotting experiments is shown in g-j.

RESULTS
Eltro directly binds and activates BAK in vitro
To evaluate whether Eltro (Fig. 1a) binds BAK in vitro, we purified
BAK lacking its transmembrane domain (BAKATM, Supplementary
Fig. S1a, b) [32]. Microscale thermophoresis (MST) assay, which can
use the concentration of ligand to induce fluorescence changes of
a fluorescently labeled protein along microscopic temperature
gradients to determine the affinity of a protein to a ligand,
revealed that Eltro binds BAKATM directly, with an estimated
dissociation constant (Kp) of 1.2+0.7 uM (Fig. 1b), raising the
possibility that Eltro might be able to modulate BAK function.
To assess the impact of Eltro on BAK activation in vitro, we
performed several assays [33]. First, the impact of Eltro in BAKATM
oligomerization was examined by size exclusion chromatography.
An average of 24% and 52% of BAKATM became oligomerized
when BAKATM was incubated with 1.7 mM and 34 mM Eltro,
respectively. Both the percentage of BAKATM oligomerized in
3.4 mM Eltro and the size of the oligomers are very similar to what
was observed with the known BAK activator BID BH3 peptide (Fig.
S1¢). In contrast, BAKATM oligomers were almost undetectable in
the absence of Eltro (Fig. 1¢, d). Second, Eltro enhanced BAKATM-
mediated liposome release in a concentration-dependent manner
(Fig. 1e, f). Third, Eltro-induced cyto c release when incubated with
mitochondria from wildtype (WT) MEFs (Fig. 1g). These results
suggested that Eltro binds BAK and induces BAK activation in vitro.
Compared to BIM BH3 peptide-induced BAK-mediated liposome
release, however, the Eltro-induced BAK-mediated liposome release
was much lower (Fig. 1e). Moreover, less cyto ¢ was released from
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mitochondria of WT MEFs after Eltro treatment than after BID BH3
peptide treatment (Fig. 1f and original blots for this figure and other
figures in Supplementary Fig. S8). These observations suggested that
Eltro is a weaker BAK activator than BIM BH3 or BID BH3 peptide.

Eltro induces Bak-dependent apoptosis in MEFs

To evaluate whether Eltro-induced release of cyto c from
mitochondria depends on Bak, we analyzed Eltro-induced cyto c
release from mitochondria of Bak™'~, Bax~'~, and Bak~'~Bax™’~
(DKO) MEFs. This analysis showed that Eltro-induced cyto c release
from mitochondria of Bax™~ MEFs but not Bak~’~ and DKO MEFs
(Fig. 1Th-j), indicating a need for the presence of Bak.

To determine whether Eltro-induced Bak activation can
trigger apoptosis, we treated WT, Bak’~, Bax/~, and Bak™’
“Bax™'~ DKO MEFs (Fig. 2a) with Eltro and analyzed the
induction of cell death using two different assays: An Annexin
V/PI double staining assay and a flow cytometry-based assay for
cells with fragmented DNA. Both of these assays showed that
Eltro induces concentration-dependent apoptosis in WT MEFs,
which is increased in Bax’~ cells (Fig. 2b, c and Supplementary
Fig. S2a), possibly because Bax sequesters Eltro and thus has
inhibitory effects on Eltro-induced Bak-mediated apoptosis [31].
However, in Bak~’~ and DKO MEFs, Eltro-induced apoptosis was
markedly diminished, suggesting that Eltro-induced apoptosis
depends on Bak (Fig. 2b, c). Moreover, the pan-caspase inhibitor
Q-VD-OPh also abolished Eltro-induced cell death in WT MEFs
(Fig. 2d and Supplementary Fig. S2b), providing further
evidence that the cells are dying by apoptosis.

Cell Death and Disease (2023)14:394
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Fig.2 Eltrombopag induces BAK-dependent but not BAX-dependent apoptosis in MEFs. a Whole cell lysates from WT, Bax~’~Bak ™'~ Bak™
~, or Bax~'~ MEFs were subjected to immunoblotting with the indicated antibodies. b, ¢ After WT, Bak~’~, Bax~’~, or Bax~’~Bak~’~ MEFs were
incubated with increasing Eltro concentrations (0-30 uM) for 24 h, the cells were subjected to Annexin V and Pl analysis (b) or sub-G1 analysis
(c) by flow cytometry. d After WT MEFs were incubated with increasing Eltro concentrations (0-30 uM) in the presence of Q-VD-OPh (20 uM)
for 24 h, the cells were subjected to sub-G1 analysis by flow cytometry. Data in b-d represent mean+SD from three independent
experiments. Differences of Bak/~, Bax’~, or DKO compared to WT were determined by ANOVA. b The total of Annexin V-+/Pl—, P

+/Annexin V—, PI4+/Annexin V+ cells were compared. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; and ns, not significant.

Eltro sensitizes Jurkat cells to S63845-induced apoptosis in a
BAK-dependent manner

To limit the influence of BAX-mediated apoptosis, we evaluated Eltro-
induced apoptosis in Jurkat cells, which have an ~8-fold molar excess
of BAK to BAX and are more dependent on BAK than BAX for
responding to most apoptotic stimuli [32, 34]. Eltro monotherapy
induced apoptosis in these cells, but only when its concentration was
higher than 20 uM (Fig. 3a). Based on the hypothesis that high levels
of anti-apoptotic proteins such as BCLX, and MCL1 observed in
Jurkat cells [32, 34] might be responsible for this limited sensitivity,
we evaluated the ability of the selective MCL1 inhibitor S63845 [35]
to sensitize the Jurkat cells to Eltro. These studies showed that
$63845 concentrations as low as 50 nM could sensitize Jurkat cells to
Eltro and that effects of the two agents were synergistic (Fig. 3b, c).
Q-VD-OPh inhibited cell death induced by both Eltro monotherapy
and the S63845/Eltro combination (Fig. 3d, e), confirming the
requirement for caspase activity. Moreover, BAK knockout (Fig. 3f)
abolished the induction of cell death by both Eltro monotherapy and
the S63845/Eltro combination (Fig. 3g, h). To assess whether BH3-
only proteins might have been upregulated or modified to cause
BAK activation, we evaluated the expression of BCL2 family proteins
upon Eltro treatment but did not find significant changes (Fig. 3i).
PUMA showed slight increase from one experiment, but did not
show reproducible change (Fig. 3i). Likewise, we did not find
significant translocations of BH3-only proteins to mitochondria,
suggesting that BAK activation was not induced by BH3-only proteins
(Fig. 3j). Moreover, BID cleavage was not observed after Eltro
treatment (Fig. 3i), ruling out the possibility of death receptor
pathway activation in these type Il (BID-dependent) cells. Taken
together, these analyses suggested that Eltro directly activates BAK
and induces BAK-dependent apoptosis in different cell lines.

Eltrombopag binds the a4/a6/a7 groove of BAK to initiate
activation

To provide further insight into the mechanism by which Eltro
induces BAK activation, we performed an NMR titration assay to
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identify the Eltro binding site on BAK. Briefly, after '>N-labeled BAK
15-186 was purified and "H,">N-HSQC signals were assigned as
previously described (Fig. 4a) [36], chemical shift perturbations
were measured upon the addition of Eltro. Several residues,
including E105, A107, T116, R156, F157, F161, L163, H164, H165,
C166, 1167, and A168, exhibited focal chemical shift changes upon
Eltro addition, while the residue A54 exhibited ligand-induced
signal disappearance (Fig. 4a, b and Supplementary Fig. S3). When
mapped onto the structure of BAK (PDB ID: 2IMS [37], Fig. 4c, d),
most of these residues were located in the a4/a6/a7 groove
previously implicated in binding the BH3 domain of the BH3-only
protein BMF [36]. To further investigate how Eltro activates BAK,
we performed molecular modeling using HADDOCK, an algorithm
for predicting the structure of protein complexes from NMR
chemical shift data [38]. A cluster of structures that had the best
HADDOCK score and was most prevalent (230 out of 400
structures) was used for further analysis, while the other clusters
all were less abundant (<40 structures each, Table 1). Analysis of
the complex (Fig. 5a-c) suggested that Eltro bound to mostly the
a6 side (i.e, R156 and H164) of the a4/a6/a7 groove (Fig. 5d).
Several interactions between Eltro and amino acids comprising a6
were identified by this analysis. First, the long side chain of BAK
R156 formed hydrophobic interactions with the benzoate ring of
Eltro (Fig. 5e). Second, the imidazole ring of BAK H164 and
benzene ring of F157 formed stacking interactions with the
dimethylbenzene ring of Eltro (Fig. 5f). These interactions are all in
agreement with the NMR chemical shift perturbation analysis.

Eltrombopag induces BAK a conformational change at a1
helix

Comparison of unliganded BAK and the predicted structure after
Eltro binding suggested that the hydrophobic groove became
wider and deeper to fit Eltro (Fig. 5g, h). This hydrophobic
groove is formed by two groups of residues, Q153/R156 and
Y108/H164/H165, which opened wider and deeper after Eltro
binding (Fig. 5i-k).

SPRINGER NATURE
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Fig.3 BAK-dependent Eltro/S63845 synergy in Jurkat cells. a After treatment with increasing Eltro concentrations (0-30 pM) for 24 h, Jurkat
cells were subjected to sub-G1 analysis by flow cytometry. b After treatment with increasing concentrations of S63845 (0-100 nM) in
combination with Eltro (0-20 pM) for 24 h, Jurkat cells were subjected to sub-G1 analysis by flow cytometry. ¢ Combination index calculated
using data from b. d, e Jurkat cells treated with Eltro alone (0-30 pM, d) or $63845 (0-100 nM) in combination with Eltro (0-20 uM) (e ( e) in the

presence of 10 pM Q-VD-OPh for 24 h were subjected to sub-G1 analysis by flow cytometry. f Whole cell lysates from WT and BAK ™

Jurkat

cells were subjected to immunoblotting with the indicated antibodies. Representative blotting data from three independent experlments are
shown. g, h After treatment with Eltro alone (0-30 pM, g), or 563845 (0-100 nM) in combination with Eltro (0-20 pM) (h) for 24 h, BAK~'~ Jurkat
cells were subjected to sub-G1 analysis by flow cytometry. i After Jurkat cells were treated with indicated concentrations of Eltro for 24 h in the
presence of 10 UM Q-VD-OPh, whole cell lysates was subjected to immunoblotting for indicated antibodies. Representative blotting data from
three independent experiments are shown. PUMA 1st, PUMA 2nd and PUMA 3rd are PUMA blots from three independent experiments. No
reproducible change in PUMA expression was found. j After Jurkat cells were treated with the indicated concentrations of Eltro for 24 h in the
presence of 10 pM Q-VD-OPh, cells were fractionated. The cytosol (Cyto) and mitochondrial fractions (Mito) were subjected to immunoblotting
with the indicated antibodies. Data in a, b, d, e, g, h represent mean + SD from three independent experiments.

BAK activation includes extensive conformational changes
[39, 40]. To identify additional conformational changes that might
be triggered by Eltro binding, we conducted comprehensive,
microsecond, isobaric-isothermal MD simulations of BAK bound to
Eltro. This approach suggested that part of BAK a1 (residues 48-52)
underwent an extensive conformational change after Eltro bound
(Fig. 5l). While previous studies have suggested that BAK al
conformational change is essential for BAK activation [40, 41], our
data raise the possibility that the a1 conformational change after
Eltro binding might facilitate the interactions of BAK with
mitochondrial lipids that play a role in its activation [42].

Mutation in the a4/a6/a7 groove inhibits Eltro-induced BAK
activation and apoptosis

To validate the predicted Eltro binding site on BAK, we introduced
a series of mutations into BAK (Supplementary Fig. S1a, b), and
evaluated BAK activation by size exclusion chromatography. We
found that BAK R156A and R156E mutations in the a4/a6/a7
groove, which affect binding to the benzoate moiety, inhibited
Eltro-induced but not BID BH3-induced BAKATM oligomerization,
whereas the Y108A mutation did not inhibit Eltro-induced
BAKATM oligomerization (Fig. 6a—c, Supplementary Figs. S4a-c,

SPRINGER NATURE

S5a). Several other mutations of the 04/a6/a7 groove (F157A,
D160A, and H165A) prompted oligomerization of BAKATM with-
out Eltro and, therefore, were not used for further studies
(Supplementary Fig. S5b—d). Nonetheless, the effects of the BAK
R156A and R156E mutations provided further support for the
possibility that Eltro binds to the a4/a6/a7 groove and provided
the starting point for additional studies.

MST assays indicated the R156A and R156E BAK mutants both
exhibited significantly reduced binding to Eltro (Fig. 6d,
Supplementary Fig. S6). Moreover, Eltro-induced BAK-mediated
liposome release was also significantly inhibited by R156A and
R156E mutations, while liposome release induced by the BIM
BH3 peptide, which binds the BAK a3/a4/a5 groove, was not
affected by either mutation (Fig. 6e, f). In further experiments,
we reconstituted DKO MEFs with either human BAK WT or
R156E (Fig. 6g). WT BAK restored Eltro-induced apoptosis in the
DKO MEFs, whereas BAK R156E, which exhibits reduced Eltro
binding, resulted in much lower levels of Elro-induced
apoptosis (Fig. 6h, i and Supplementary Fig. S7). Taken
together, these data suggest that the interaction Eltro with
BAK cells plays a critical role in Eltro-induced apoptosis in intact
cells.

Cell Death and Disease (2023)14:394
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DISCUSSION in Jurkat cells. Further experiments have suggested that Eltro
binds the 04/06/a7 groove of BAK and the introduction of a

In this study, we have demonstrated that Eltro directly binds to
and activates BAK in vitro. In addition, Eltro induces BAK-
dependent apoptosis in MEFs and synergizes with BH3 mimetics

Cell Death and Disease (2023)14:394

mutation in this groove inhibits Eltro/BAK binding and Eltro-
induced apoptosis. Our study not only provides a start point for
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Fig. 4 BAK 15-186 "H,"*N-HSQC perturbation indicates Eltrombopag binds to the a4/aé/a7 groove. a 'H,’’N-HSQC spectra of 0.2 mM
>N-labeled BAK 15-186 were recorded in the presence of DMSO (control, red) or 4.0 mM Eltro (green) shown in different colors. Peaks on the
right indicate the perturbations at selected residues. b Chemical shift perturbations (CSPs) were plotted as a function for BAK residues, when
"H,">N-HSQC spectra of BAK 15-186 were recorded after titration of Eltro at the ratio of protein:Eltro=1:20. CSPs per BAK residue were
calculated using the formula CSPs = [(ASNH? + (ASN/25)%)/21"". The threshold value was defined as average CSP value plus 1/2 standard
deviation. ¢, d Surface and cartoon mixed model (c) or surface model (d) of BAK (PDB:2IMS) showing residues (indicated in blue) that have
obvious chemical shift changes or disappearance of signals (peak intensities decreased to the level of noise) in the "H,' N-HSQC spectra after

the perturbation by Eltro.

Table 1. Statistics of Eltro docking to BAK (PDB: 2IMS [37]) by
HADDOCK.

Cluster HADDOCK Cluster size RMSD? Z-Score
Number score

1 —258+13 230 0.8+0.0 —24
6 —22.7+0.9 9 0.8+0.0 —0.7
5 —224+1.0 15 0.8+0.0 —0.6
7 —21.8+26 9 0.9+0.0 —0.2
4 —21.0+36 21 0.8+0.0 0.2
2 —20.6+0.6 37 0.8+0.0 0.4
8 —204+22 0.8+0.1 0.5
9 —203+27 0.8+0.0 0.6
3 —20.0x19 25 0.9+0.1 0.8
10 —18.7+04 5 0.8+0.0 14

*RMSD from the overall lowest-energy structure.

deriving more efficient small molecule BAK activators, but also
provides a possible tool for further study of BAK activation.

Mutations or diminished expression of BH3-only proteins have
been reported to play an important role in tumorigenesis and drug
resistance [19-22, 43-47]. Previous studies have indicated that
BH3-only proteins induce apoptosis through two mechanisms: (1)
Inhibition of anti-apoptotic BCL2 proteins to prevent their binding
and sequestration of activated BAK or BAX; and (2) direct activation
of BAK and/or BAX [10-15]. Several BH3-only proteins, including
BIM, PUMA, tBID, NOXA, BMF, and HRK, have been reported to
directly activate BAK and/or BAX [11-15, 36, 48-52]. When BH3-
only proteins sustain loss-of-function mutations or are silenced, the
related cell death pathway will not be activated, which can result in
tumorigenesis and resistance to cancer treatments [19-22, 43-47].
To overcome the resistance that develops in this fashion, several
small molecules that directly activate BAX have been developed
[24-26]. In contrast, small molecules that directly activate BAK are
still lacking. Accordingly, the identification of small molecules that
can directly activate BAK might be useful for the induction of
apoptosis in cancer cells, either directly or by sensitizing them to
other anti-cancer drugs such as BH3 mimetics.

In contrast to its inhibitory effect on BAX activation [31], Eltro
exhibits the ability to directly activate BAK in vitro as shown by
several independent methods, including a BAK oligomerization
assay, an assay for BAK-mediated liposome permeabilization, and
an assay for cyto c release from mitochondria. Based on these
observations, we evaluated the impact of Eltro on cell survival and
found that Eltro induces Bak-dependent apoptosis in MEFs.
Although Eltro does not induce Jurkat cell death at concentrations
lower than 15 uM, a concentration of 5uM Eltro sensitizes Jurkat
cells to S63845. In addition, both Eltro- and S63845/Eltro-induced
apoptosis are inhibited by BAK gene interruption in Jurkat cells.
Interestingly, Eltro-induced more apoptosis in Bax~~ MEFs than in
WT cells, possibly because the Bax in WT MEFs sequesters Eltro so
that less Eltro is available to activate Bak compared to Bax /" cells
[31]. Nonetheless, the observation cells lacking Bak (either Bak "~
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or Bax~/~Bak™~ DKO cells) fail to undergo apoptosis suggesting
that BAK activation induced by Eltro causes cell death in these cells.

BAK activation has been suggested to be initiated at the a3/a4/
a5 groove or the a4/a6/a7 groove [15, 33, 36, 52]. Through NMR
titration, we found that Eltro induces chemical shifts mostly along
the a4/a6/a7 groove. Our molecular docking study also suggested
a model in which Eltro binds the o4/a6/a7 groove. Further
experiments indicated that mutations in this groove, such as
R156A or R156E, not only impaired Eltro/BAK interactions, but also
inhibited Eltro-induced BAK-mediated liposome release. In con-
trast, neither mutation affected the ability of BID BH3 or BIM BH3
peptide, which bind to the a3/a4/a5 goove, to induce liposome
release or BAK activation, further supporting the hypothesis that
Eltro induces BAK activation through the a4/a6/a7 groove that we
previous implicated in BMF BH3- or HRK BH3-induced BAK
activation [36]. Although the NMR titration results indicate that
residues involved in Eltro binding are somewhat different from
those that bind BMF BH3 or HRK BH3, the binding groove is the
same [36], again suggesting that activators binding on sites other
than the canonical a3/a4/a5 groove have the ability to induce BAK
conformational change and BAK activation.

By comparing the Eltro binding sites on BAX and BAK, we
found some differences. First, Eltro binds BAX in the groove
formed by a1/a6 [31], while Eltro binds BAK in the a4/a6/a7
groove. In both cases helix a6 of BAX or BAK is involved.
Moreover, some residues at corresponding sites on the a6 are
also involved in the binding to both proteins. For example, L163
on BAK (which corresponds residue R145 on BAX) is involved in
Eltro binding. Despite Eltro binding to some of the correspond-
ing residues in BAX and BAK, there are two potential explana-
tions for the difference in outcomes of the binding. First, the
different binding site between Eltro on BAX (the a1/a6 groove)
and BAK (the a4/a6/a7 groove) might explain why Eltro binding
inhibits BAX and activates BAK. Alternatively, these different
outcomes might reflect a difference in the affinity of the binding.
Eltro binds to BAX with a Kp of 0.145 uM [31], while it binds to
BAK with a Ky of about 1.2 uM. Thus, it might be easier for Eltro to
dissociate from BAK than from BAX after it induces BAX/BAK
conformational changes.

Although our results suggest that Eltro induces BAK activation
in vitro and in vivo, the present observations are only the starting
point for the development of a potent and selective BAK activator.
Study of Eltro derivatives is required to obtain a better direct BAK
activator to induce cancer cell death because: (1) the efficacy of
Eltro in activating BAK and inducing cell death is much lower than
BIM BH3 or BID BH3; and (2) Eltro directly induces BAK activation
but inhibits BAX activation, whereas it might be possible to develop
a BAK activator without the BAX inhibition properties. If the study of
Eltro derivatives yields a more efficacious and selective BAK
activator, further studies will also likely be needed assure selective
killing of cancer cells and not normal cells. While it has previously
been reported that BAK levels are low in normal postnatal cells and
higher in tumor cells [53], providing a potential opportunity for
selective tumor cell killing using a BAK direct activator, it is possible
that such an activator will be even more selective if administered as
a payload attached to an antibody that selectively binds to certain
tumor cells.
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Fig.5 Binding of Eltrombopag to the BAK a4/a6/a7 groove induces a BAK conformational change. a-c Overall view of Eltro binding to BAK
at the a4/a6/a7 groove as depicted in a cartoon model (a) and a cartoon plus surface model (b) without Eltro (c). d Closeup view of Eltro
binding to the BAK a4/a6/a7 groove showing involvement of BAK R156 and H164 in Eltro binding. e, f Cartoon models showing molecular
interactions of Etro with R156 (e), F157, and H164 f. g, h Surface models showing Eltro induces a hydrophobic pocket on BAK a4/a6/a7 groove.
Models show BAK with Eltro (g) and without Eltro (h). i~k Conformational change of two groups of BAK residues (Group #1: Q153 and R156
shown in red; Group #2: Y108, H164, and H165 shown in orange) induced by Eltro to expose the a4/a6/a7 groove. i before adding Eltro; j after
adding Eltro; k, with Eltro. | Comparison of RMSF per BAK residue when BAK structure (PDB: 2IMS) was used to perform molecular dynamics
simulations with or without Eltro.

In summary, we found that Eltro directly binds and activates of BAK or certain mutations of the Eltro binding site on BAK
BAK in vitro. Further NMR titration and mutation analyses inhibits Eltro-induced apoptosis, demonstrating the importance of
indicated that Eltro binds the a4/a6/a7 groove of BAK. Depletion Eltro/BAK binding for BAK-mediated apoptosis.
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Fig.6 Dependence of Eltrombopag binding and subsequent apoptosis on BAK a4/a6/a7 groove. a, b After BAKATM R156A (a) or R156E (b)
and indicated concentrations of Eltro were incubated in CHAPS buffer for 1h at 25°C, the mixtures were separated by FPLC on a
Superdex75 size exclusion column and absorbance at 280 nm was plotted as a function of elution volume. Labels on top indicate size markers.
c After BAKATM WT and different BAKATM mutants were analyzed by the BAK oligomerization assay shown in a, b, the percentage of BAK
oligomers were calculated. d After recombinant BAKATM WT, BAKATM R156A or R156E was labeled at cysteine using maleimide, the
dissociation constants (Kp) was evaluated by MST analysis using increasing concentrations of Eltro. A summary of data from three
independent experiments is shown. e, f. Liposome permeabilization assay was performed in the presence of 50 nM BAKATM WT, BAKATM
R156A, or BAKATM R156E and the indicated concentrations of Eltro or BIM BH3 peptide as a positive control. A representative experiment (e)
and a summary from three independent experiments (f) are shown. g Bak~/~Bax~'~ MEFs were transduced with WT BAK or BAK R156E. After
2 weeks of selection, a pool of cells was subjected to western blot. h, i Bak~'~Bax~'~ MEFs reconstituted with WT BAK or BAK R156E were
treated with the indicated Eltro concentrations for 24 h and analyzed by Annexin V/PI staining (h) or sub-G1 analysis (i). ¢, d, f, h, i Differences
between BAK mutants and WT were assessed by ANOVA. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; and ns, not significant.

MATERIALS AND METHODS

Preparation of FITC-dextran lipid vesicles
1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine, 1-plamitoyl-2-oleoyl-sn-
glycero-3- phosphoethanolamine, I-a-phosphatidylinositol, cardiolipin,
cholesterol, and 18:1 DGS-nitrilotriacetic acid (Ni*") at a weight ratio of
39:22:9:20:8:2 were dried as thin films in glass test tubes under nitrogen
and then under vacuum for 16 h. A lower concentration (2%) of DGS-Ni?*
was used to reduce the baseline of liposome permeabilization [54]. To
encapsulate FITC-labeled dextran 10 (F-d10), 50 mg of lipid in 1 ml of
20 mm HEPES, 150 KCI (pH 7.0) was mixed with 50 mg of F-d10, sonicated,
and extruded 15 times through a 100-nm polycarbonate membrane.
Untrapped F-d10 was removed by gel filtration on Sephacryl S-300 HR (GE
Healthcare). Phosphate was determined by colorimetric assay (Abcam,
Cambridge, UK).

Liposome release assay (modified from Oh et al. [55])
Release of F-d10 from large unilamellar vesicles was monitored by
fluorescence dequenching using a fluorimetric plate reader. After purified
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WT or mutant Hisg-BakATM with Eltro was added to large unilamellar
vesicles (final lipid concentration 10 pg/ml), 96-well plates were incubated
at 25°C with mixing and assayed (excitation 485 nm, emission 538 nm)
every 10s. F-d10 release was quantified by the equation ((Fsample — Folank)/
(Frriton — Fblank) X 100%), where Feampies Folank @nd Fryicon are fluorescence of
reagent-, buffer-, and 1% Triton-treated large unilamellar vesicles.

Apoptosis assays

To assay for sub-G1 DNA content, cells were collected after treatments,
stained with propidium iodide in 0.1% (w/v) sodium citrate containing
0.1% (w/v) Triton X-100, and analyzed by flow cytometry [56]. Alternatively,
cells were stained with APC-labeled Annexin V and PI, subjected to flow
cytometry on a Beckman CytoFLEX, and analyzed using Beckman
CytoExpert software.

Molecular docking
Haddock2.4 online software was used for protein-ligand docking [38, 57].
NMR amino acid offset sites were used as active residues, and docking was
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carried out according to the optimized parameters for protein-ligand docking.
From the top ten clusters with the best docking results, the number 1 best
structure with the highest absolute value of Z-Score and the largest Cluster
size was selected as the reliable docking result for further analysis.

All-atom MD simulations

Using the model derived from HADDOCK, an independent MD simulation
was conducted using the Amber20 software package (San Francisco, CA,
USA) [58] and the Amber ff99SB force filed. The periodic boundary
condition with a truncated octahedral box was used. The minimum
distance between the solute and the box boundary was 10 A. The box was
filled with OPC water molecules and ions [59], reaching a salt
concentration of 150 mM NaCl. To remove bad contacts, the waters, and
ions were initially minimized for 1000 steps using the steepest decent
method for the first 500 steps and then the conjugate gradient for the last
500 steps, with the position of protein fixed (force constant was
100 kcal mol~" A~2). After that, a heat-up MD was run at a constant
volume. The system was heated from 100 K to 300 K for 100 ps with a weak
restraint of 100 kcal mol~" A=2 on the protein. A free MD simulation of 1 us
in which the restraints on the protein were then removed under the NPT
condition utilizing the GPU accelerated pmemd.cuda code. Temperature
was regulated using the Langevin dynamics with a collision frequency of
1.0ps~' [60]. Pressure was controlled with isotropic position scaling at
1 bar with a relaxation time of 2.0 ps. All the bonds involving hydrogen
atoms were constrained using the SHAKE algorithm [61]. A 2 fs integration
step was used. The long-range electrostatic interaction was calculated
using the PME method with a 9 A cutoff for the range-limited non-bonded
interaction [62]. Materials and some other Methods are described in the
Supplementary Information.
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