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Computational design of an apoptogenic protein that binds
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One of the hallmarks of cancer cells is their ability to evade apoptosis, which confers survival advantages
and resistance to anti-cancer drugs. Cancers often exhibit overexpression of anti-apoptotic BCL-2 pro-
teins, the loss of which triggers apoptosis. In particular, the inhibition of both BCL-xL and MCL-1, but nei-
ther one individually, synergistically enhances apoptotic cell death. Here, we report computational
design to produce a protein that inhibits both BCL-xL and MCL-1 simultaneously. To a reported artificial
three-helix bundle whose second helix was designed to bind MCL-1, we added a fourth helix and
designed it to bind BCL-xL. After structural validation of the design and further structure-based sequence
design, we produced a dual-binding protein that interacts with both BCL-xL and MCL-1 with apparent
dissociation constants of 820 pM and 196 pM, respectively. Expression of this dual binder in a subset
of cancer cells induced apoptotic cell death at levels significantly higher than those induced by the
pro-apoptotic BIM protein. With a genetic fusion of a mitochondria-targeting sequence or the BH3
sequence of BIM, the activity of the dual binder was enhanced even further. These data suggest that tar-
geted delivery of this dual binder alone or as a part of a modular protein to cancers in the form of protein,
mRNA, or DNA may be an effective way to induce cancer cell apoptosis.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The BCL-2 family of proteins regulates the mitochondria-
mediated apoptotic pathway, which ultimately leads to the release
of apoptogenic proteins, such as cytochrome C and Smac/DIABLO,
from mitochondria into the cytosol via mitochondrial outer mem-
brane permeabilization (MOMP) [1,2]. These proteins contain up to
four BCL-2 homology (BH) domains, which mediate intermolecular
interactions between family members. Typically, the BH3 domain
of one protein interacts with an extended hydrophobic groove,
known as the BH3-binding groove of another protein. BCL-2 family
members are divided into three groups depending on their func-
tion and their number of BH domains: (i) pro-apoptotic and
pore-forming proteins BAX, BAK, and BOK, which contain BH1
through BH3; (ii) pro-apoptotic BH3-only proteins, such as BIM,
BID, BAD, PUMA, NOXA, and BNIP3; and (iii) anti-apoptotic BCL-2
proteins, such as BCL-2, BCL-B, BCL-W, BCL-xL, BFL-1 (A1), and
MCL-1, all of which contain at least three or even all four BH
domains [3,4]. BH3-only proteins belong to one of two subclasses:
(i) activator BH3-only proteins that bind and activate BAX and BAK
and that bind the anti-apoptotic BCL-2 proteins (BIM and BID) as
well as (ii) sensitizer BH3-only proteins that only bind the anti-
apoptotic BCL-2 proteins (BAD, PUMA, etc.).

The three groups of BCL-2 family proteins control MOMP in
response to developmental or stress signals by directly binding
to one another. When the activator BH3-only proteins bind the
BH3-binding groove of BAX and BAK, a series of conformation
changes occur, leading to the homo-oligomerization of BAX/BAK.
This induces the formation of a protein-conducting pore on the
MOM, which then irreversibly triggers cell death [5–7]. This
engagement between these two groups of pro-apoptotic BCL-2
proteins is inhibited by the anti-apoptotic BCL-2 proteins, which
sequester both BAX/BAK and the activator BH3-only proteins also
through the interaction between the BH3 domain and BH3-
binding groove [4]. Ultimately, whether a cell remains alive or
commits apoptosis is determined by the balance between pro-
apoptotic and anti-apoptotic engagements, and this is mainly
affected by the relative abundance and binding affinity of the var-
ious BCL-2 family protein members in the MOM [4,8,9].

Many cancer cells evade apoptosis and achieve sustained cell
growth by overexpressing anti-apoptotic BCL-2 proteins [10–13].
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Their survival often depends on not just one, but many anti-
apoptotic BCL-2 proteins. This is supported by expression profiling
of MCL-1, BCL-2, and BCL-xL in multiple myeloma cells [14,15] and
by small interference RNA experiments in which the silencing of
two genes, MCL-1 and BCL-xL, but not either one individually,
induced apoptosis in many cancer cells [16,17]. BCL-xL, MCL-1,
and BCL-2 appear to be the three most frequently overexpressed
anti-apoptotic BCL-2 proteins in cancer cells [15,18–20], but their
expression is complex and varies depending on cancer type and
even within a single cancer type [14,15,20].

Hydrocarbon stapled-BH3 peptides that can cross the cell mem-
brane induce apoptosis in human leukemia cells [21]. These pep-
tides work by displacing pro-apoptotic BCL-2 family members
from anti-apoptotic family members [22] or by directly binding
and activating BAX [23]. A variety of small molecules that mimic
BH3 have been developed that can interfere with anti-apoptotic
BCL-2 proteins. These include ABT-199 (Venetoclax), which is
specific for BCL-2; A-1155463, which is specific for BCL-2; ABT-
263 (navitoclax), which is specific for both BCL-2 and BCL-xL;
S63845, which is specific for MCL-1 [18]; and obatoclax, which is
a pan-BCL-2 inhibitor [18,24]. Venetoclax is approved by the US
Food and Drug Administration for the treatment of
chemotherapy-refractory chronic lymphocytic leukemia, which
depends on BCL-2 for sustained cell growth [25,26].

In principle, an unstable bioactive peptide can be converted into
a stable protein form. The unstable BH3 peptide was engrafted into
a set of very stable de novo designed proteins which bind to a single
anti-apoptotic BCL-2 protein with high potency and specificity
[27,28]. These designed proteins induced apoptotic cell death of
lymphocytes infected with Epstein-Barr virus which encodes
anti-apoptotic BCL-2 homolog, or induced apoptotic death of col-
orectal cancer cells in combination with the small molecules
inhibiting each anti-apoptotic BCL-2 protein upon intracellular
expression.

We computationally designed a four-helix bundle protein that
simultaneously binds both MCL-1 and BCL-xL with potent affini-
ties. We found that this protein effectively induces the apoptosis
of cancer cells that express these anti-apoptotic proteins, and this
apoptogenic activity was even further enhanced upon fusion of the
BH3 or mitochondria-targeting sequence of BIM to the designed
protein.
2. Materials and methods

2.1. Computational design

The Rosetta software was used for computational protein
design [29]. The BundleGridSampler mover was used to generate
a set of fourth helices to add to aMCL1 [30]. Then, the models were
visually inspected and interface designs were produced for the area
within 6 Å of the surfaces of aMCL1 and each fourth helix. One of
the resulting two hundred design models was selected based on
total energy score, DDG, interface shape complementarity, and a
visual inspection. The Remodel mover was used to link the fourth
helix to the C-terminus of aMCL1 [31], and the FastDesign mover
was used for the sequence design of the fourth helix and its inter-
face with aMCL1 [32,33]. The crystal structure of BCL-xL in com-
plex with BIM BH3 peptide (PDB entry: 3FLD) [34] was used for
motif grafting the BH3 sequence onto the fourth helix with seven
residues designated as hotspot residues. Apart from these hotspot
residues, all residues of the four-helix bundle within 8.3 Å of BCL-
xL were subjected to sequence design. Eight of the five hundred
resulting design models were selected based on total energy score,
DDG, interface shape complementarity, and a visual inspection. In
the second round of the design, the crystal structure of 4H_aBM_1
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in complex with BCL-xL was used for sequence optimization, with
only six residues allowed to change.

2.2. Protein expression, purification, and size-exclusion
chromatography

DNA fragments encoding the designed proteins were synthe-
sized (IDT) and cloned into pJK hTx or pCW57.1 vectors for protein
expression in E.coli or mammalian cells, respectively. BCL-2 family
proteins were also expressed from the pJK hTx vector. The BCL-2
protein constructs were BCL-2 (1–34:chimeric loop:92–203),
BCL-B (1–177;C30S/C138S), BCL-W (1–164), BCL-xL (1–44:85–
209), BFL-1 (1–151;C4S/C19S), MCL-1 (172–321). For biotinylation
of the BCL-2 proteins, BirA was expressed from the pCDFduet vec-
tor with BCL-2 proteins that included a C-terminal biotinylation
sequence (GLNDIFEAQKIEWHE). Proteins were expressed at 18 �C
in the E.coli Lemo(DE3) strain, grown in TB medium. Cells were col-
lected by centrifugation, resuspended, and lysed by sonication.
Supernatants were loaded onto pre-equilibrated Co-NTA resin
(Thermo Fisher Scientific), and bound proteins were eluted with
a buffer solution containing 100 mM NaCl, 20 mM Tris (pH 7.5),
and 150 mM imidazole. The eluted proteins were further purified
by size-exclusion chromatography using a HiLoad 26/60 Superdex
75 column (GE Healthcare). For a qualitative binding assay, puri-
fied proteins were loaded onto a Superdex 75 Increase 10/300 GL
column (GE Healthcare) and the apparent mass of the protein com-
plexes was estimated based on the elution of size marker proteins.

2.3. Crystallization and structure determination

4H_aBM_1 or 4H_aBM_2 was mixed with BCL-xL and the
resulting complexes were isolated by size-exclusion chromatogra-
phy using a HiLoad 26/60 Superdex 75 column (GE Healthcare).
4H_aBM_2 bound to MCL-1 was purified using the same method.
Crystals were obtained by the hanging-drop vapor diffusion
method at 20 �C. Crystals of 4H_aBM_1–BCL-xL were obtained by
mixing the complex (52.3 mg/ml) with a precipitant solution con-
taining 4% PEG 3,000 (w/v) and 0.1 M sodium acetate (pH 4.5).
Crystals of 4H_aBM_2–BCL-xL were obtained by mixing the com-
plex (55 mg/ml) with a precipitant solution containing 10% PEG
10,000 (w/v) and 0.1 M sodium acetate (pH 4.5). Crystals of
4H_aBM_2–MCL-1 were obtained by mixing the complex
(23.5 mg/ml) with precipitant solution containing 12% PEG 6,000
(w/v), 0.1 M magnesium chloride, and 0.1 M ADA (pH 6.5). The
crystals were immersed briefly in a cryoprotectant solution, which
was the same as the reservoir solution with an additional 17.5%
ethylene glycol for the 4H_aBM_1–BCL-xL and 4H_aBM_2–MCL-
1 crystals or 17% glycerol for the 4H_aBM_2–BCL-xL crystals. X-
ray diffraction datasets were collected on beamline 5C at Pohang
Accelerator Laboratory, South Korea. The structure of the
4H_aBM_1–BCL-xL complex was determined via the single anoma-
lous dispersion method. Then, automatic model building into the
electron densities and structure refinement were performed using
the PHENIX software suit [35]. The structures of the 4H_aBM_2–
BCL-xL and the 4H_aBM_2–MCL-1 complexes were determined
via molecular replacement using their respective design models
as search models, followed by structure refinement using PHENIX
[36]. Iterative rounds of manual model building and refinement
were carried out using the programs COOT [37] and PHENIX. All
structures were illustrated using the PYMOL software [38]. Crystal-
lographic data statistics are summarized in Table 1.

2.4. Surface plasmon resonance (SPR)

SPR data were collected on an 8 K device (GE Healthcare). A Ser-
ies S Biotin CAPture kit (GE Healthcare) was used to immobilize



Table 1
X-ray data collection and structure refinement statistics.

Data collection 4H_aBM_1–BCL-xL 4H_aBM_2–BCL-xL 4H_aBM_2–MCL-1

X-ray sourcea BL5C, PAL BL5C, PAL BL5C, PAL
Space group P1 P1 P1

Unit cell dimensions
a, b, c (Å) 60.61,68.54,80.52 60.93,69.05,79.99 67.99,74.77,92.16
a, b, c (�) 100.89,110.57,108.73 100.79,110.00,108.67 70.83,89.59,67.58
Wavelength (Å) 0.97403 0.97959 0.97959
Resolution (Å) 50.0–1.9 (1.93–1.90) 29.21–1.9 (1.97–1.90) 29.46–2.38 (2.47–2.38)
Rsym (%) 8.7 (32.2)b 6.6 (79.1)b 4.8 (63.6)
I/r(I) 21.8 (2.8) 10.8 (1.3) 14.0 (1.8)
Completeness (%) 96.7 (95.3) 96.68 (95.81) 97.36 (96.94)
Redundancy 3.6 (3.1) 3.7 (3.48) 3.6 (3.64)

Refinement
Resolution (Å) 38.1–1.9 29.21–1.9 29.46–2.38
No. of reflections 162,019 83,334 61,287
Rwork/Rfree (%) 16.57/19.67 17.15/20.61 20.24/24.03

R.m.s deviations
bond length (Å)/angle (�) 0.016/1.66 0.007/0.781 0.006/1.009
Average B-values (Å2) 32.94 41.36 70.89

Ramachandran plot (%)
Favored 98.1 98.1 98.4
Allowed 1.9 1.9 1.6

a Beamline 5C at Pohang Accelerator Laboratory.
b The numbers in parentheses are the statistics from the highest resolution shell.
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biotinylated anti-apoptotic BCL-2 proteins, and all experiments
were conducted in HBS-EP + buffer solution (10 mM HEPES,
150 mM NaCl, 3 mM EDTA, 0.005% Surfactant P20; GE Healthcare).
Biotinylated anti-apoptotic BCL-2 proteins were immobilized on
the CAP chip until the response units reached 100. Serially diluted
analytes were injected at a flow rate of 30 ll/min. Analytes were
used at 20 nM for single concentration experiments. Dissociation
constants (KD) and kinetic parameters (ka and kd) were estimated
using a 1:1 Langmuir binding model with Biacore 8 K evaluation
software (GE Healthcare).
2.5. Cell culture

HEK293T, A375, MEWO, SW620, HCT-116, and K562 cell lines
were maintained in DMEM supplemented with an antibiotic–an-
timycotic solution and 10% FBS. All cell lines were incubated at
37 �C in a humidified incubator containing 5% CO2.
2.6. Lentivirus production and infection

The pCW57.1 lentiviral vector was used for cloning 3xFLAG-
tagged proteins and for generating lentivirus. HEK293T cells grown
in T25 flasks were transfected with 2.7 lg pCW57.1, 1.4 lg pRSV-
REV, 1.9 lg pMD2.G, and 2.9 lg pMDL g/p RRE vectors (Addgene
#41393, #12253, #12259, and #12251, respectively) using Lipo-
fectamine 3000 (GE Healthcare) according to the manufacturer’s
instructions. Viral supernatants were harvested and filtered using
a 0.45 lm polyethersulfone filter 72 h after transfection. Super-
natants containing viruses were used immediately or stored in ali-
quots at �80 �C. A375, MEWO, SW620, HCT-116, and K562 cells
were infected with each viral supernatant along with 8 lg/ml poly-
brene. Infected pools were then selected by 2 lg/ml puromycin
treatment after a 48 h incubation at 37 �C. Puromycin-resistant
pools were used following cell viability assays and western blot
analyses with and without 2 lg/ml doxycycline.
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2.7. Cell viability assay

Cell viability was determined using the WST-1 reagent (Roche)
according to the manufacturer’s instructions. Successfully trans-
duced cell lines were seeded on 96-well plates at 5000 cells per
well in 100 ll culture medium. After a 24 h incubation, 2 lg/ml
doxycycline was added to the culture medium to induce protein
expression. A 100-fold lower doxycycline concentration was used
for BIM expression. WST-1 reagent was added after a 12 h incuba-
tion, and absorbance was measured at 450 nm and 690 nm using a
Spark 10 M microplate reader (Tecan).
2.8. Western blot analysis

Cells were harvested 12 h after doxycycline treatment and lysed
in RIPA buffer (Thermo Fisher Scientific) supplemented with a pro-
tease inhibitor cocktail (Quartett) and a phosphatase inhibitor
cocktail (Sigma). For BIM detection, the pan-caspase inhibitor Z-
VAD-FMK (MedChemExpress) was added 30 min prior to the addi-
tion of doxycycline. The cell lysates were then incubated for 1 h on
ice and centrifuged at 15,000g for 30 min at 4 �C. Total protein con-
centrations for the whole-cell lysates were measured using a BCA
protein assay kit (Thermo Fisher Scientific). Equal amounts of the
lysates were resolved on SDS-PAGE gels and transferred to PVDF
membranes. These were then incubated with primary antibody
overnight at 4 �C before being washed three times with TBS-T buf-
fer and incubated with a secondary antibody for 1 h at room tem-
perature. Chemiluminescence was generated with ECL Western
Blotting Substrate (Thermo Fisher Scientific) and detected using a
ChemiDoc MP (Bio-Rad). All images were analyzed using Image
Lab (Bio-Rad). The antibodies used for the western blots were:
anti-FLAG (Sigma, F1804), anti-BCL-xL (Abcam, ab32370), anti-
MCL-1 (Abcam, ab32087), anti-c-H2A.X (Abcam, ab81299), anti-
PARP (Abcam, 191217), anti-b-actin (Abcam, ab6276), HRP-
conjugated anti-rabbit IgG (Abcam, ab205718), and HRP-
conjugated anti-mouse IgG (Abcam, ab6728).
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3. Results

3.1. Computational design of a BCL-xL/MCL-1 binding protein

We began with a de novo designed three-helix bundle structure,
called aMCL1, which binds tightly and specifically to MCL-1 with a
dissociation constant (KD) of 150 pM [28]. This protein has a BH3-
like motif in its second helix that is responsible for its interaction
with MCL-1. In addition to this primary site of intermolecular
interaction, the other two helices also contribute to MCL-1 binding,
improving its specificity. This is clear in the aMCL1–MCL-1 co-
crystal structure (PDB entry: 5JSB) [28]. We speculated that aMCL1
could be converted into a four-helix bundle by adding an extra a-
helix, and this fourth a-helix could be designed to bind BCL-xL
without affecting MCL-1 binding at the opposite side. Using para-
metric a-helix building, loop modeling, and interface sequence
design with the Rosetta software suite [29], we generated a total
of 200 four-helix bundles (Fig. 1A). Based on the Rosetta all-atom
energy values and visual inspection, we selected one of the output
models for further experiments. We then used this final four-helix
bundle (designated 4H_aMCL1) as a template upon which to
engraft the crystal structure of BCL-xL bound to the BIM BH3 pep-
Fig. 1. Computational design of BCL-xL/MCL-1 binders. (A) The computational design pro
MCL-1 (PDB entry: 5JSB) was used as the input scaffold. Parametric generation of the
blueprint-based loop modeling was performed to connect the two together. (B) Motif gra
(PDB entry: 3FDL) was grafted onto the fourth a-helix of 4H_aMCL1, followed by a seq
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tide [34]. Onto the fourth helix, we used the motif grafting protocol
in Rosetta with the ‘‘hotspot” option to maintain the seven highly
conserved BH3 residues of BIM (i.e., Ile148, Ala149, Leu152, Ile155,
Gly156, Asp157, and Phe159) [39]. Next, we subjected the result-
ing output models to further sequence design in which any resi-
dues within 8.3 Å from BCL-xL (apart from the hotspot residues)
were allowed to change and those within 8.3–10 Å from BCL-xL
were restricted to repacking. A total of 500 models were then eval-
uated according to the following filtering criteria: Rosetta all-atom
energy < -660, interface shape complementarity > 0.62, and buried
unsatisfied polar atoms � 3 (Fig. 1B). Considering the high success
rate of motif grafting in general, we selected only the eight best
designs after visual inspection. We then cloned and produced all
eight in E. coli for experimental validation.
3.2. Biochemical and structural validation of the BCL-xL/MCL-1 binders

Among the eight designs we selected for further experiments,
five were highly soluble and we were able to purify them to homo-
geneity. Using surface plasmon resonance (SPR), we evaluated
their binding to BCL-xL and selected one with which to proceed
(Fig. 2A). By performing SPR runs with different concentrations of
cedure used to generate 4H_aMCL1. The crystal structure of aMCL1 in complex with
fourth a-helix and interface design between it and aMCL1 was performed. Next,
fting and sequence design. The BIM BH3 sequence in the BCL-xL–BIM BH3 structure
uence design of the interface.



Fig. 2. Experimental validation. (A) Screening, selection, and KD measurement by SPR. (Top) The five indicated designs were tested for binding to BCL-xL (immobilized on a
biosensor chip). (Bottom) The KD of the design that exhibited the highest binding signal (4H_aBM_1) was determined by performing SPR at the indicated concentrations. Raw
data (black lines) were fitted (red lines). (B) Size-exclusion chromatography. 1:1 mixtures of both 4H_aBM_1:BCL-xL and 4H_aBM_1:MCL-1 were eluted as if they were a 1:1
heterodimer. A 1:1:1 mixture of 4H_aBM_1:BCL-xL:MCL-1 was eluted as a heterotrimer with a 1:1:1 binding stoichiometry. The black arrows indicate the elution positions of
the standard size markers. (C) Crystal structure of 4H_aBM_1–BCL-xL. (Left) BCL-xL binds both sides of 4H_aBM_1. (Middle) Superposition of 4H_aBM_1–BCL-xL and the
design model. The RMSD for the aligned Ca atoms is 1.062 Å. (Right) Magnified views show the preserved hotspot residues in the binding interface: Ile143, Ala144, Leu147,
Ile150, Gly151, Asp152, and Phe154. (D) Conformational change. a3 is partially unwound and a2 is elongated in the crystal structure compared to the designed model. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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our selected design, we measured its dissociation constant (KD) to
be 8.57 nM (Fig. 2A). Using size-exclusion chromatography, we
found this protein can bind MCL-1 alone, as well as both BCL-xL
and MCL-1 simultaneously. This indicates that the MCL-1 binding
site is intact and that BCL-xL and MCL-1 can bind simultaneously
without steric hindrance (Fig. 2B). Thus, we designated this BCL-
xL/MCL-1 binding protein 4H_aBM_1.

Next, we determined the crystal structure of 4H_aBM_1–BCL-
xL (Table 1). Since aMCL1 has a low affinity for BCL-xL (KD of
340 lM) [28], we expected 4H_aBM_1 and BCL-xL to form a 1:1
complex. In the crystal structure, however, BCL-xL binds both the
MCL-1 binding site and the designed BCL-xL binding site. This is
likely either because of the high concentration of protein used dur-
ing crystallization or because crystal packing interactions promote
the binding of BCL-xL to the MCL-1 binding site. The structure we
determined is closely superposable onto the designedmodel with a
Ca root mean square deviation (RMSD) of 1.062 Å, confirming that
the 4H_aBM_1 design was largely correct (Fig. 2C). We were sur-
prised to see in the model a conformational change in BCL-xL
helices a2 and a3. In comparison with the original conformation,
we observed a one-turn extension of helix a2 and a loosened heli-
cal propensity of helix a3 (Fig. 2D). This conformational change is
likely due to the formation of a more favorable interaction with
4H_aBM_1 because the altered BCL-xL segment is not involved in
any major crystal packing interactions. Similar conformations are
found in other crystal structures of BCL-xL bound to BH3 peptides
[40], suggesting that this segment of BCL-xL adopts one of two
alternative conformations in a context-dependent manner.

3.3. Further computational design based on the crystal structure of
4H_aBM_1–BCL-xL

If the altered conformation is more energetically favorable for
binding to 4H_aBM_1, then the conformational change we
observed invalidates our amino acid sampling near BCL-xL helices
a2 and a3 in the sequence design step. Using the crystal structure
as the template, we tried to optimize local interactions with a2 and
a3 by sequence design of six selected residues that fall within 8 Å
of the two helices: Asp12, Ala15, Asn16, Arg19, Ala142, and Thr146
(Fig. 3A). We then selected three of 50 resulting models using the
same criteria previously described and estimated their binding
affinity for BCL-xL. Compared to 4H_aBM_1, all three designs
exhibited enhanced binding affinity in the SPR analysis at a single
analyte concentration (Fig. 3B). The best model, which we desig-
nated 4H_aBM_2, gave an estimated KD for binding to BCL-xL of
0.21 nM, which represents 40-fold stronger binding than
4H_aBM_1 (KD of 8.57 nM).

Next, we determined the crystal structure of 4H_aBM_2 in com-
plex with BCL-xL (Table 1). Again, the crystal structure indicated a
1:2 complex between 4H_aBM_2 and BCL-xL, closely matching the
design model in all regions, including BCL-xL helices a2 and a3
(Fig. 3C). The structure shows that the D12I, N16R, and T146R sub-
stitutions improved intermolecular interactions. Ile12 forms
hydrophobic interactions with Ala104 and Phe105 of BCL-xL, while
Arg16 forms electrostatic interactions with the backbone oxygen of
Ala104 at the end of BCL-xL helix a2. Especially, Arg146 of
4H_aBM_2 contributes not only electrostatic interactions but also
hydrophobic interactions with its aliphatic portion; its amino
group makes a hydrogen bond with Gln111 of BCL-xL, and its b,
c, and d carbon atoms are in close contact with Phe105 of BCL-xL
(Fig. 3C).

In the crystal structure, 4H_aBM_2 buries 1511 Å2 of the
solvent-accessible surface of BCL-xL, an area significantly wider
than the 1160 Å2 of BCL-xL surface buried by the BH3 peptide in
the template structure used for our design (PDB entry: 3FDL). This
wider coverage seems to be due to the extra interactions provided
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by the first and third helices of 4H_aBM_2 as well as the main
interaction between the BH3-like motif on the fourth helix and
BCL-xL (Fig. 3D). These extra interactions may also explain why
the binding affinity of 4H_aBM_2 for BCL-xL (KD of 0.21 nM) is
much higher than the binding affinity of a 36-mer BIM BH3 peptide
for BCL-xL (KD of 6.67 nM) [41].

Although we did not obtain crystals for the trimeric complex
between 4H_aBM_2–BCL-xL and MCL-1, we did determine the
crystal structure for the 4H_aBM_2–MCL-1 complex (Fig. 3E,
Table1). Unlike the 4H_aBM_2–BCL-xL complex, it revealed a 1:1
heterodimer between the two proteins. This indicates that the
newly designed BCL-xL binding site has a lower affinity for MCL-
1. When we performed a structural alignment of 4H_aBM_2–
MCL-1 and aMCL1–MCL-1 (PDB entry: 5JSB), it appeared that our
design did not affect the three-helix bundle structure of aMCL1
(Fig. 3E).

3.4. The affinity of the designed binding site for anti-apoptotic BCL-2
proteins

The MCL-1 binding site on the original aMCL1 is highly specific
for MCL-1 [28] with a KD of 0.15 nM. In contrast, its affinities for
other anti-apoptotic BCL-2 proteins are much lower (KD > 10 lM).
To evaluate the specificity of the newly designed binding site on
4H_aBM_2, we first introduced I54E and G58E mutations into
the MCL-1 binding site on the second a-helix (Fig. 3F). Mutations
of these conserved residues generally prevent binding to anti-
apoptotic BCL-2 proteins [42,43]. Thus, the resulting mutant pro-
tein, 4H_aBM_2(I54E/G58E), should only be able to interact with
anti-apoptotic BCL-2 proteins via the newly designed binding site
on the fourth a-helix. Unlike the MCL-1 binding site, the newly
designed binding site binds MCL-1 with fairly high affinity
(Fig. 3F). To enhance this binding specificity, we examined the
structural superposition of MCL-1 on the 4H_aBM_2–BCL-xL com-
plex, finding that we could change the Ile143 hotspot residue to
leucine to introduce steric hindrance with MCL-1 without affecting
BCL-xL binding (Fig. 4A, B). We then produced 4H_aBM_2(I143L/I
54E/G58E), containing this I143L mutation, and measured its inter-
actions with six different anti-apoptotic BCL-2 proteins (i.e., BCL-2,
BCL-B, BCL-W, BCL-xL, BFL-1 (A1), and MCL-1) (Fig. 4C). Consistent
with our hypothesis, 4H_aBM_2(I143L/I54E/G58E) exhibited �7-
fold reduced affinity for MCL-1 (KD of 133 nM) while maintaining
picomolar affinity for BCL-xL (Fig. 4C). This variant showed fairly
high affinity for BCL-2 (KD of 2.04 nM) and BCL-W (KD of
1.59 nM), reflecting the high sequence homology of the two pro-
teins with BCL-xL. However, it exhibited much lower affinity for
BCL-B (KD of 146 nM) and BFL-1 (KD of 16.4 nM). This specificity-
enhanced design 4H_aBM_2(I143L) was named 4H_aBM_3. We
introduced L147E and G151E mutations to 4H_aBM_3 to prevent
MCL-1 from binding to the BCL-xL binding site, and asked whether
the original MCL-1 binding site retains the same potency. This
mutant, 4H_aBM_3(L147E/G151E), tightly bound MCL-1 (KD of
196 pM), which is similar to the affinity of aMCL1 (KD of
150 pM) [28].

3.5. Proapoptotic activity of 4H_aBM_3

We next evaluated the apoptogenic activity of 4H_aBM_3 by
using a lentivirus to induce its expression in the K562, HCT-116,
SW620, MEWO, and A375 cancer cell lines, which all depend on
BCL-xL and MCL-1 for growth [13,44,45]. In addition to
4H_aBM_3, we generated the 4H_aBM_3_BH3 and
4H_aBM_3_CTS constructs, in which the BIM BH3 sequence or
the C-terminal sequence (CTS) of BIM, respectively, are fused to
the C-terminus of 4H_aBM_3. BIM BH3 directly activates BAX/
BAK. The CTS of BIM is a mitochondria-targeting sequence



Fig. 3. Local sequence design and experimental validation. (A) Computational sequence design. The six residues shown in stick form (yellow) in the structure of 4H_aBM_1–BCL-xL
(template) were chosen for sequence design to optimize their binding interaction with the a2-loop-a3 segment (green). After sequence design, three design models were selected
and superposed on the crystal structure. The side chains of the six residues are indicated inmagenta. (B) SPR runs. BCL-xL was immobilized on a biosensor chip and binding affinity
was measured at a single concentration (20 nM) of each design (Top) or at the indicated concentrations of 4H_aBM_2 (Bottom). (C) Crystal structure of 4H_aBM_2–BCL-xL. (Left) A
1:2 complex between 4H_aBM_2 and BCL-xL. (Middle) The crystal structure is superposable on the design model (gray) with an RMSD of 0.409 Å for the aligned Ca atoms. (Right)
Magnified view of the interactions between the a2-loop-a3 segment of BCL-xL and 4H_aBM_2. (D) The interface between BCL-xL and BIM BH3 peptide or 4H_aBM_2. BIM BH3
peptide and 4H_aBM_2 are shown as yellowwires, and the residues of BCL-xL that comprise the interface are shown in gray. (E) Crystal structure of 4H_aBM_2–MCL-1 superposed
upon that of aMCL1–MCL-1. The RMSD for the aligned Ca atoms is 0.984 Å. (F)MCL-1 interaction with 4H_aBM_2(I54E/G58E). (Left) Schematic indicating the location ofmutations
introduced into the MCL-1 binding site (triangles). (Right) SPR runs. MCL-1 was immobilized on a biosensor chip and binding affinity was measured with serially-diluted
4H_aBM_2(I54E/G58E). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Interaction of the newly designed binding site with anti-apoptotic BCL-2 proteins. (A) Schematic indicating the location of mutations introduced into the MCL-1
binding site (triangles) and the BCL-xL binding site (star). (B) Mutations introduced into the BCL-xL binding site. While the I143L substitution is unlikely to disturb BCL-xL
binding (left), it is likely to disturb MCL-1 binding by steric hindrance (right). (C) The indicated anti-apoptotic BCL-2 proteins were immobilized on a biosensor chip and their
binding affinities were measured via SPR using serially-diluted 4H_aBM_3(I54E/G58E). The KD values are tabulated. (D) MCL-1 interactions with 4H_aBM_3(L147E/G151E).
(Left) Schematic indicating the location of mutations introduced into the BCL-xL binding site (triangles). (Right) Binding affinity as measured by SPR. 4H_aBM_3(L147E/
G151E) was serially diluted and allowed to interact with MCL-1 immobilized on a biosensor chip.

S. Kim, Hee-Sung Park and Byung-Ha Oh Computational and Structural Biotechnology Journal 20 (2022) 3019–3029
[23,46,47] that facilitates BIM’s translocation to the mitochondrial
outer membrane, the site of action for the anti-apoptotic BCL-2
proteins. We hypothesized that these two constructs may enhance
3026
the apoptogenic efficacy of 4H_aBM_3. The empty vector negative
control did not induce cell death in any of the cell lines we tested,
nor did expression of aMCL1 or 4H_aBM_3(I54E/G58E), which tar-
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get only MCL-1 or BCL-xL, respectively. In contrast, expression of
4H_aBM_3 (targeting both BCL-xL and MCL-1) induced a clear
reduction in cell viability (K562: 61%, HCT-116: 79%, SW620:
35%, MEWO: 53%, A375: 22%). Notably, 4H_aBM_3_BH3 and
4H_aBM_3_CTS reduced cell viability even further, confirming that
the fused sequences enhance the apoptogenic activity of
4H_aBM_3 (Fig. 5A). We next asked whether the cytotoxic activi-
ties observed for these three proteins are stronger than that of
full-length human BIM. Although BIM showed strong cytotoxicity,
its initial expression level was so high that we had to use 100-fold
Fig. 5. Cell viability assay. (A) Viability assay. Leukemia (K562), colorectal cancer (H
lentiviruses that encode each of the indicated constructs with a 3xFLAG tag. Then, cell v
n = 3). (B) Doxycycline-induced expression of the indicated proteins in transduced A375 c
with the pan-caspase inhibitor Z-VAD-FMK prior to doxycycline induction to block BIM cl
BIM expression. (C) Western blot analysis of transduced A375 cells harvested 12 h after i
along with c-H2A.X and PARP cleavage were detected.
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lower doxycycline concentrations to induce similar levels of pro-
tein expression (Fig. 5A, B). After controlling for expression level,
we found that 4H_aBM_3, 4H_aBM_3-BH3, and 4H_aBM_3-CTS
all exhibit stronger cytotoxicity than human BIM (Fig. 5A, B).
Presumably, this higher cytotoxicity reflects the>8-fold higher
binding affinity of 4H_aBM_3 than human BIM BH3 [41] for BCL-
xL and MCL-1. The cell death we observed was most likely caused
by apoptosis, because we confirmed cleavage of the caspase sub-
strate PARP and expression of the cell death marker c-H2A.X
(Fig. 5C).
CT-116, SW620), and melanoma (MEWO, A375) cell lines were transduced with
iability was assayed 12 h after induction by 2 lg/ml doxycycline (Dox) (mean ± SD,
ells as detected by western blotting using an anti-FLAG antibody. Cells were treated
eavage. A 10-fold serial dilution of doxycycline from 2 lg/ml was tested to modulate
nduction by 2 lg/ml doxycycline. The expression of endogenous BCL-xL and MCL-1
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4. Discussion

Since cancer cells resist apoptosis by upregulating anti-
apoptotic BCL-2 proteins [13], the inhibition of BCL-2 proteins
should be an effective cancer treatment. Although targeting a sin-
gle BCL-2 family member has mostly proven ineffective, the simul-
taneous targeting of two family members produces a synergistic
effect [44,45,48,49]. The only exception to this rule appears to be
Venetoclax monotherapy, which targets a single anti-apoptotic
BCL-2 protein [50]. Several BH3-mimicking small molecules are
currently under clinical investigation for use in diverse malignan-
cies as single agents or as components of combination therapies
that include either a different BH3 mimetic or a more typical
chemotherapeutic drug [51]. Some of these have already shown
promise in the treatment of solid tumors and hematological malig-
nancies at the clinical or preclinical stage [51,52]. Since these BH3
mimetics cannot discriminate between normal and cancer cells,
their on-target side effects are of primary concern. Many cancers
would require targeting multiple anti-apoptotic BCL-2 proteins
via BH3 mimetics, especially solid tumors which often exhibit
upregulation of multiple BCL-2 family members [53,54]. Such a
combination therapy approach, however, would increase the risk
of on-target side effects.

Through an iterative computational design and structure deter-
mination process, we designed 4H_aBM_3 to bind potently to both
BCL-xL and MCL-1, two BCL-2 family members that are often
simultaneously upregulated in cancer cells. While 4H_aBM_3
alone triggered apoptotic cell death in five different cancer cells,
its fusion to the CTS or BH3 sequences of BIM enhanced its apopto-
genic activity. Of the five human cancer cell lines we tested, the
A375 melanoma cell was the most susceptible to 4H_aBM_3, but
the reasons for this will require further investigation.

For 4H_aBM_3 to be useful as an anti-cancer protein, it must
reach the cytoplasm of target cancer cells at a sufficient concentra-
tion. In addition, this process must be selective enough for the tar-
get cancer cells to avoid on-target side effects. Thus far, targeted
intracellular delivery of proteins remains challenging, but it is an
area under active investigation [55–60]. On the other hand, the
recent success of mRNA vaccines against SARS-CoV-2 has made it
practical to deliver therapeutic proteins into the cell cytoplasm
in the form of mRNA. The addition of monoclonal antibodies
against tumor-associated or tumor-specific antigens to mRNA-
encapsulating nanoparticles may make cancer cell-selective
expression of encoded therapeutic proteins possible.

4H_aBM_3 may also be useful as a component of a modular pro-
tein, maximizing its various endowed activities. For example,
4H_aBM_3 fused to a protein module that engages an E3 ligase could
function to remove, rather than inhibit, MCL-1 and BCL-xL. As a proof
of concept, we generated 4H_aBM_3-CTS and 4H_aBM_3-BH3 as
examples of modular proteins that enhance the activity of
4H_aBM_3. In summary, we have developed a protein that binds
potently to both MCL-1 and BCL-xL. We hope to further develop this
protein into a clinically relevant anti-cancer therapeutic
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