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The BCL-2 protein family plays a critical role in regulating
cellular commitment to mitochondrial apoptosis. Pro-apoptotic
Bcl-2-associated X protein (BAX) is an executioner protein of
the BCL-2 family that represents the gateway to mitochondrial
apoptosis. Following cellular stresses that induce apoptosis,
cytosolic BAX is activated and translocates to the mitochondria,
where it inserts into the mitochondrial outer membrane to form
atoxic pore. How the BAX activation pathway proceeds and how
this may be inhibited is not yet completely understood. Here we
describe synthetic antibody fragments (Fabs) as structural and
biochemical probes to investigate the potential mechanisms of
BAX regulation. These synthetic Fabs bind with high affinity to
BAX and inhibit its activation by the BH3-only protein tBID
(truncated Bcl2 interacting protein) in assays using liposomal
membranes. Inhibition of BAX by a representative Fab, 3G11,
prevented mitochondrial translocation of BAX and BAX-medi-
ated cytochrome c release. Using NMR and hydrogen-deute-
rium exchange mass spectrometry, we showed that 3G11 forms
a stoichiometric and stable complex without inducing a signifi-
cant conformational change on monomeric and inactive BAX.
We identified that the Fab-binding site on BAX involves resi-
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dues of helices al/a6 and the a1-a2 loop. Therefore, the inhib-
itory binding surface of 3G11 overlaps with the N-terminal acti-
vation site of BAX, suggesting a novel mechanism of BAX
inhibition through direct binding to the BAX N-terminal acti-
vation site. The synthetic Fabs reported here reveal, as probes,
novel mechanistic insights into BAX inhibition and provide a
blueprint for developing inhibitors of BAX activation.

Apoptosis plays a critical role in maintaining normal tissue
homoeostasis in multicellular organisms, and its deregulation
results in an imbalance of homeostasis contributing to several
diseases (1, 2) The BCL-2 protein family plays a central role in
regulating the mitochondrial pathway of apoptosis (3, 4). Mito-
chondrial outer membrane permeabilization (MOMP)® is con-
sidered the key event that is regulated by the complex network
of protein-protein interactions between pro-apoptotic and
anti-apoptotic members of the BCL-2 family. Activation of the
pro-apoptotic members Bcl-2-associated X protein (BAX)
and/or Bcl2-antagonist/killer 1 (BAK) is required for induction
of MOMP, whereas the anti-apoptotic or survival proteins,
such as BCL-2, BCL-X;, and MCL-1, inhibit the pro-apoptotic
proteins and prevent MOMP. Activation of BAX and BAK or
inhibition of anti-apoptotic BCL-2 proteins is regulated by
direct interaction with the BH3-only proteins.

The activation pathway of BAX represents the gateway to
apoptosis, and understanding the function of BAX and its reg-
ulation mechanisms is an area of intensive investigation. BAX is
found predominantly in the cytosolic compartment in an inac-
tive conformation (5, 6). Upon cellular stress, BAX is triggered
and undergoes a series of conformational changes that enable
its translocation to the mitochondrial membrane and oligomer-
ization, leading to MOMP induction (7, 8). The structure of the
BAX monomer in the inactive conformation has been deter-
mined previously by NMR spectroscopy (9). The inactive BAX
structure adopts a typical BCL-2-fold, consisting of nine « heli-
ces linked with variable loops. In contrast to BAK and anti-apo-

® The abbreviations used are: MOMP, Mitochondrial outer membrane per-
meabilization; CDR, complementarity-determining region; Fab, antibody
fragment; Ni-NTA, nickel-nitrilotriacetic acid; ANTS, 8-aminonaphthalene-
1,3,6-trisulfonic acid; DPX, p-xylene-bis-pyridinium bromide; HXMS, hydro-
gen-deuterium exchange mass spectrometry; tBID, truncated Bcl2 inter-
acting protein.
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ptotic BCL-2 proteins that reside at the mitochondrial outer
membrane, the structure of BAX was determined with its
hydrophobic C-terminal helix a9 bound to the canonical
hydrophobic groove. When the C-terminal a9 helix dissociates
from the canonical hydrophobic groove, it binds to the mito-
chondrial outer membrane, facilitating the mitochondrial
translocation of BAX (9). Structural analysis of a hydrocarbon-
stapled BH3 helix from Bcl-2 interacting mediator of cell death
(BIM) bound to monomeric BAX uncovered an activation site
at the N-terminal surface of BAX (10). This activation site reg-
ulates the trigger mechanism for conformational activation of
cytosolic BAX, leading to the release of the hydrophobic a9
helix and exposure of the hydrophobic a2 helix (BH3 domain)
(10-12). Mitochondrial translocated BAX undergoes further
conformational changes on the membrane that induce BAX
oligomerizationand MOMP (13-16) or is inhibited by anti-apo-
ptotic Bcl-2 proteins (17-20). Despite these insights, we still
lack a complete understanding of the possible BAX conforma-
tions in the cytosol or the mitochondrial membrane and the
interactions involved in the protein-protein complexes of BAX
with the BCL-2 proteins. This information is critical for under-
standing the mechanisms that regulate BAX-mediated apopto-
sis and how it can be modulated with drugs for therapeutic
purposes (7, 21).

To probe novel conformations and functional regions on the
surface of BAX, we used synthetic antibody technology, applied
here for the first time to a BCL-2 family protein. Synthetic anti-
body discovery utilizes diversity targeted to the antibody com-
plementarity-determining regions (CDRs) that is encoded by
designed synthetic oligonucleotides and screened by phage or
yeast display (22, 23). Because library construction and selec-
tion are performed entirely in vitro, the state of the target can be
controlled through the antibody discovery process. Therefore,
the specificity of the output antibodies can be tuned to user-
specified stringency (24, 25). Using a phage display screen, we
aimed to identify synthetic antibodies that bind with high affin-
ity and specificity to BAX. Although BAX can be expressed and
purified readily, and studied by NMR and other biophysical
techniques, it is prone to aggregation under some conditions
(such as detergents). This aggregation phenomenon is presum-
ably linked to its function of forming oligomeric pores in the
mitochondrial membrane but presents a formidable challenge
in raising conformation-specific antibodies using techniques
requiring immunization. Therefore, there was a strong ration-
ale for utilizing in vitro selection.

Here we identified antibodies that can be used as structural
and biochemical probes to dissect key regulatory mechanisms
and conformations of BAX (26, 27). We present the discovery of
14 novel synthetic antibody fragments (Fabs) that specifically
target BAX. These synthetic Fabs have no significant homology
in the CDR sequences, suggesting a diversity of molecular inter-
actions with BAX. They bind to BAX with nanomolar affinities,
and six of the Fabs tested occupy overlapping binding sites on
BAX. Additionally, the synthetic Fabs inhibit BAX in assays
using liposomal membranes. Further analysis with a represen-
tative Fab, 3G11, using isolated mitochondria suggests that the
Fabs bind to cytosolic BAX and inhibit its ability to translocate
and insert onto the mitochondrial outer membrane. Structural
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studies using NMR and hydrogen-deuterium exchange mass
spectrometry showed that 3G11 forms a stoichiometric and
stable complex with monomeric and inactive BAX, with a bind-
ing site that involves residues of helices a1/a6 and of the a1-a2
loop. Therefore, binding of 3G11 overlaps with the N-terminal
activation site of BAX, suggesting a novel mechanism of BAX
inhibition through direct binding to the BAX N-terminal acti-
vation site. These Fabs provide new tools for probing BAX
activity in an unparalleled manner and provide a strategy for
therapeutic inhibition of BAX in disease.

Experimental Procedures

Production of Recombinant BAX—Human full-length (1-192)
wild-type BAX, truncated «9 BAX (BAX AC26), and BAX
mutants were cloned in the pTYB1 vector (New England Bio-
labs) and fused at the N terminus of chitin protein using the
restriction sites Ndel and Sapl. Fresh transformants in Esche-
richia coli were expressed in BL21 CodonPlus (DE3)-RIPL cells
and grown in Luria broth medium at an optical density of 0.8 —
1.0 following induction of expression at 30 °C with 1 mm iso-
propyl 1-thio-B-p-galactopyranoside for 4 h. Cells were har-
vested by centrifugation at 5000 rpm for 25 min at 4 °C and then
resuspended in cold lysis buffer containing 20 mm Tris-HCl
(pH 7.6), 500 mm NaCl, 1 mm EDTA, and Roche protease inhib-
itor mixture. Cells were disrupted using a microfluidizer, and
then the supernatant was separated by ultracentrifugation at
45,000 rpm for 1 h at 4 °C and loaded onto a disposable gravity
column (Bio-Rad) containing chitin beads (New England Bio-
labs) pre-equilibrated in lysis buffer. The beads were washed
with lysis buffer and then with lysis buffer containing 50 mm
DTT. Chitin beads were left overnight at 4 °C for cleavage of the
chitin fusion protein. BAX was eluted from the column with at
least 10 bed volumes of lysis buffer. The protein was concen-
trated with a Centricon spin concentrator (Millipore) and then
loaded onto a gel filtration column (Superdex 75, 10/300 GL,
GE Healthcare Life Sciences) that was pre-equilibrated with gel
filtration buffer (20 mm HEPES and 150 mm KCI (pH 7.2)) at
4 °C. Fractions containing BAX monomer were eluted at ~12
ml buffer volume, pooled, and then concentrated using a
10-kDa cutoff Centricon spin concentrator (Millipore) for
prompt use in biochemical and structural studies. To ensure
that BAX was in monomeric conformation in our assays, we
purified BAX by gel filtration and used the single homogenous
monomeric fraction within hours (0-48 h) of purification.

Phage Display Selections—Biopanning, direct phage ELISAs,
and competitive phage ELISAs were performed as described
previously (25). Briefly, in sorting for BAX specific Fabs, phage
pools representing a phage-displayed synthetic antibody library
(Library F) were cycled through three rounds of binding selec-
tion with BAX immobilized on 96-well enzyme immunoassay/
radio immunoassay plate (Corning Incorporated, Corning, NY)
as the capture target. BAX protein was immobilized either
through direct binding to the plate or through biotinylation and
subsequent binding to streptavidin-coated plate. BAX biotiny-
lation was carried out using the EZ-Link® Maleimide-PEG2-
Biotin Kit (Thermo Scientific, Pierce Biotechnology, Rockford,
IL) following product instructions. 1 ug BAX per well (in 100 ul
PBS, pH 7.0) was used for the selection process. After selection,
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48 clones from round 2 selection output of using biotinylated
BAX and another 48 clones from round 3 selection output of
using non-biotinylated BAX were grown 20-24 h in 96-well
deep well plates with 2YT broth supplemented with carbenicil-
lin and M13K07 helper phage. The culture supernatants were
used directly in phage ELISAs to identify high-affinity clones
specifically targeting BAX. Clones exhibiting phage ELISA sig-
nals at least tenfold higher than those of the control (3% BSA)
were subjected to DNA sequence analysis.

Fab Protein Expression—The phage display vectors for the 14
identified clones were converted to Fab protein expression vec-
tors by insertion of a stop codon and a hexahistidine tag
upstream of the P3 gene fusion. Fab proteins were expressed
periplasmically in E. coli BL21(DE3) (New England Biolabs) by
growth in low-phosphate media at 30 °C for 18 =22 h. The cells
were harvested by centrifugation and lysed by using BugBuster
lysis reagent according to the instructions of the manufacturer
(Novagen, Madison, WTI). The lysate was subjected to centrifu-
gation, and the supernatant was applied to a nickel column
(Ni-NTA resin, Qiagen, Valencia, CA) pre-equilibrated with
TBS (pH 7). The Fab-bound Ni-NTA column was then washed
with 20 column volumes of TBS buffer with 20 mm imidazole.
Next the protein was eluted with TBS buffer with 250 mm im-
idazole. The eluent was dialyzed into PBS at pH 8.0 and applied
to a protein A affinity column (the beads were from Pierce
Thermo Scientific, Rockford, IL) for further purification. The
Fab-bound beads were washed with PBS (pH 8.0, 15 column
volumes), and the Fab proteins were eluted with 100 mm glycine
(pH 2.0). The eluted Fab proteins were immediately neutralized
to ~pH 7 using 1 M Tris buffer (pH 8.0). Fractions containing
the Fab proteins were buffer-exchanged into PBS (pH 7.0) and
used directly in the following binding and activity assays or
flash-frozen and stored at 80 °C for future use. The Fab protein
concentrations were determined by measuring the absorbance
at 280 nm. The extinction coefficients at 280 nm were calcu-
lated from the Fab protein sequences using ExPASy.

Direct Binding ELISAs—BAX (1 ug/well) was first immobi-
lized on a 96-well enzyme immunoassay/radio immunoassay
plate (Corning Inc., Corning, NY) at room temperature for 1 h
or at 4 °C overnight. PBS containing 3% BSA was used to block
the wells after BAX immobilization (incubation for 1.5 h at
room temperature). The Fabs were diluted into PBS buffer (pH
7.0), applied to the wells, and incubated for 1 h at room temper-
ature. The plates were then washed with PBS and incubated for
1 h with horseradish peroxidase/anti-FLAG M2 antibody con-
jugate (binding to the FLAG tag at the C terminus of the Fab
light chain). The wells were washed with PBS, developed with
3,3",5,5'-tetramethylbenzidine substrate, and quenched with
0.5 M H,SO,. The absorbance at 450 nm was determined. The
data were fit to a standard four-parameter logistic equation by
using GraphPad Prism (GraphPad Software, La Jolla, CA). The
EC, values were obtained from the inflection point of the
curve.

Competitive Binding ELISAs—Six Fab clones (3H1, 3G11,
3E8, 2A5, 2D9, and 2B1) were chosen for the competition
ELISAs. Two different approaches were used. In the first
approach, non-biotinylated Fabs were used to compete with the
binding of biotinylated 3G11 (b3G11). To immobilized BAX on
SASBMB

JANUARY 1,2016+VOLUME 291-NUMBER 1

Synthetic Antibodies Inhibit BAX Activation

the 96-well EIA/RIA plate (Corning Inc.), a mixture of 50 nm
b3G11 and increasing amounts of each of the six selected Fabs
were added. After washes, only the binding of b3G11 was mon-
itored using horseradish peroxidase/streptavidin conjugate
and 3,3’,5,5'-tetramethylbenzidine substrate. In the second
approach, purified Fab proteins were used to compete with
Fabs displayed at the phage surface. Similarly, to immobi-
lized BAX on the 96-well EIA/RIA plate (Corning Inc.), a
mixture of Fab-displayed phage (with a titer of ~1012 pfu/
ml) and 100 nm of each of the six selected Fab proteins was
added. Only Fab-phage complex binding was monitored
using horseradish peroxidase/anti-M13 antibody conjugate
and 3,3',5,5'-tetramethylbenzidine substrate.

Biolayer Interferometry—The forteBio BLItz system (Pall
Corp., Menlo Park, CA) was used to determine the binding
kinetics and affinity between BAX and Fab proteins. Ni-NTA
biosensors (Pall Corp.) were used for initial Fab protein immo-
bilization, which was followed by BAX association and dissoci-
ation interaction analysis. 10 ug/ml Fab was used for immobi-
lization at pH 7. For each Fab protein, at least three different
BAX concentrations, varying from 30 —200 nm, were used, and,
subsequently, global fitting was used to generate the k, (associ-
ation rate constant), k, (dissociation rate constant) and K,
(equilibrium dissociation constant) values.

Size Exclusion Chromatography—Superdex 75 10/300 GL
and 200 10/300 GL (GE Healthcare Life Sciences) columns were
used for size exclusion chromatography of recombinant BAX
and the Fab-BAX complex. Proteins were injected in columns
equilibrated with a buffer containing 20 mm HEPES (pH 7.2)
and 150 mm KClL.

Liposome Permeabilization Assay—The following lipids, at
the indicated ratios, were mixed in a total of 4 mg, dried and
resuspended in 0.2 mm EDTA, 10 mm HEPES (pH 7), 200 mm
KCl, and 5 mm MgCl, buffer with 12.5 mm 8-aminonaphtha-
lene-1,3,6-trisulfonic acid (ANTS) dye and 45 mm p-xylene-bis-
pyridinium bromide (DPX) quencher (Molecular Probes) using
awater bath sonicator: phosphatidylcholine, 48%; phosphatidy-
linositol, 10%; dioleoyl phosphatidylserine, 10%; phosphati-
dylethanolamine, 28%; and tetraoleoyl cardiolipin, 4% (Avanti
Polar Lipids). Liposomes were formed by extrusion of the sus-
pension using polycarbonate membranes of 0.2-um pore size
(Avanti Polar Lipids). ANTS/DPX-encapsulated liposomes
were purified from non-encapsulated ANTS/DPX by gel filtra-
tion over a 10-ml CL2B-Sepharose (GE Healthcare Life Sci-
ences) gravity flow column. In 96-well format (Corning), Fabs
were added at the indicated concentrations with and without
BAX (400 nMm) or BAX (400 nMm) and tBID (30 nm), and then
liposomes were added (10 wl from 1 ml of lipid stock) in assay
buffer (10 mm HEPES (pH 7), 200 mm KCl, and 1 mm MgCl,) to
a final volume of 100 ul. ANTS/DPX release was quantified on
the basis of the increase in fluorescence intensity that occurs
when the ANTS fluorophore is separated from the DPX
quencher upon release from the liposomes into solution. Fluo-
rescence (A., = 355 nmand A,,,, = 520 nMm) was measured over
time at 32 °C using a Tecan Infinite M1000 plate reader. The
percentage release of ANTS/DPX at 90 min was calculated as
percentage release = ((F — F;) / (F;oo — Fo)) X 100, where F,
and F,,, are the baseline and maximal fluorescence, respec-
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tively. 1% Triton treatment was used to determine the maxi-
mum amount of liposomal release per assay, and this value set
the 100% value for the kinetic curve figures, whereas the calcu-
lated percent release value for the bar graphs was calculated by
using the percent release value of tBid-induced, BAX-mediated
ANTS/DPX release as 100%.

BAX Translocation Assay—Mitochondria from the livers of
Bak™’~ mice (0.75 mg/ml) were resuspended in experimental
buffer (125 mm KCl, 10 mm Tris-MOPS (pH 7.4), 5 mm gluta-
mate, 2.5 mM malate, 1 mm K;PO,, and 0.1 mm EGTA-Tris (pH
7.4)), treated with the indicated concentrations of 3G11 recom-
binant BAX (200 nm) and tBid (100 nm), singly and in combi-
nation, and incubated at room temperature for 20 min. The
supernatant fractions were isolated by centrifugation at 5500 X
g for 10 min, and the mitochondrial pellets were resuspended
and washed with 0.1 M sodium carbonate (pH 11.5) for 20 min,
centrifuged at 13,000 X g for 10 min at 4 °C, and then solubi-
lized in 1% Triton X-100/PBS for 1 h at 4 °C. The mitochondrial
supernatant and pellet fractions were separated by 4-12%
NuPage (Invitrogen) gels and analyzed by immunoblotting with
anti-BAX antibody (Cell Signaling Technology, catalog no.
2772).

Mitochondrial Release Assay—Mitochondria from the livers
of Bak~'~ mice (1.5 mg/ml) were resuspended in experimental
buffer (125 mm KCl, 10 mm Tris-MOPS (pH 7.4), 5 mMm gluta-
mate, 2.5 mM malate, 1 mm K;PO,, 0.1 mm and EGTA-Tris (pH
7.4)), treated with the indicated concentrations of 3G11 recom-
binant BAX (400 nm) and tBid (30 nm), singly and in combina-
tion, and incubated at room temperature for 60 min. The super-
natants were isolated by centrifugation at 5500 X g for 10 min,
and the mitochondrial pellets were solubilized in 1% Triton
X-100/PBS. The mitochondrial supernatant and pellet frac-
tions were separated by 4-12% NuPage (Invitrogen) gels and
analyzed by immunoblotting with anti-cytochrome ¢ antibody
(BD Biosciences, catalog no. 556433).

Western Blotting—Samples from the mitochondria and
translocation assay were separated electrophoretically on
4-12% NuPage (Invitrogen) gels, transferred to Imobilon-FL
PVDF membranes (Millipore), and subjected to immunoblot-
ting. For visualization of proteins with the Odyssey infrared
imaging system (LI-COR Biosciences), membranes were
blocked in PBS containing 3% milk powder. Primary BAX anti-
body (Cell Signaling Technology, catalog no. 2772S) was incu-
bated overnight at 4°C in a 1:1000 dilution. After washing,
membranes were incubated with an IRdye800-conjugated goat
anti-rabbit IgG secondary antibody (LI-COR Biosciences) in a
1:10,000 dilution. Proteins were detected with the Odyssey
infrared imaging system.

NMR Samples and Spectroscopy—Uniformly '°N-labeled
full-length human BAX was generated as described previously
(10). Protein samples of BAX and BAX-3G11 mixtures at the
indicated concentrations were prepared in 25 mm sodium
phosphate, 50 mm NaCl solution (pH 6.0) in 5% D,O. Correla-
tion 'H,"N Heteronuclear Single Quantum Coherence
(HSQC) and 'H,""N Transverse Relaxation Optimized Spec-
troscopy (TROSY) spectra were acquired at 25 °C on a Bruker
600 MHz NMR spectrometer equipped with a cryogenic probe,
processed using Topsin, and analyzed with CCPNMR. BAX
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wild-type cross-peak assignments were applied as reported pre-
viously (9).

Hydrogen-Deuterium Exchange Mass Spectrometry—Prior to
hydrogen-deuterium exchange experiments, the quench con-
dition for the best sequence coverage of BAX was optimized as
described previously (28). Briefly, 3 ul of stock solution of BAX
at 1.0 mg/ml was mixed with 9 ul of H,O buffer (8.3 mm Tris
and 150 mm NaCl in H,O (pH7.2)) at 0 °C and then quenched
with 18 ul of ice-cold quench solutions of 0.8% formic acid, 16%
glycerol, and guanidine hydrochloride at final concentrations of
0.05, 0.5, 1.0, and 2.0 M. The quenched samples were frozen on
dry ice and then subjected to an immobilized pepsin column
(1 X 20 mm, 30 mg/ml porcine pepsin (Sigma)) for online diges-
tion for 40 s. The resulting peptides were collected on a C18
trap (Michrom MAGIC C18AQ, 0.2 X 2) and separated using a
reverse-phase C18 column (Michrom MAGIC C18AQ, 0.2 X
50, 3 wm, 200 A) with a 30-min linear gradient of 0.046% (v/v)
trifluoroacetic acid, 6.4% (v/v) acetonitrile to 0.03% (v/v) trif-
luoroacetic acid, 38.4% (v/v) acetonitrile. The effluent was
directed into an OrbiTtrap Elite mass spectrometer (Thermo-
Fisher Scientific) for MS analysis. The instrument was operated
in positive ESI mode, and the resolution of the instrument was
set at 60,000. Proteome Discoverer software (Thermo Fisher
Scientific) was used to identify the sequence of the resulting
peptides. The optimal quench condition with the best coverage
map of BAX (0.08 M guanidinium hydrochloride in 0.8% formic
acid) was used for subsequent functionally deuterated studies.
Hydrogen-deuterium exchange reactions were initiated by
diluting 3 ul of prechilled protein stock solution (free BAX, 1
mg/ml, or antibody-bound BAX, 2 mg/ml) into 9 ul of D,O
buffer (8.3 mm Tris and 150 mm NaCl in D,O, pD 7.2 (is the pH
in D,0). The samples were incubated at 0 °C for 10, 100, and
1000 s. The exchange reaction was terminated by the addition
of 18 ul of optimized quench solution at 0 °C, and samples were
frozen immediately on dry ice and stored at —80 °C. In addition,
undeuterated samples and equilibrium-deuterated control
samples were also prepared as described previously (29). The
deuterated samples were then loaded onto the abovementioned
instrument for HXMS analysis. The centroids of the isotopic
envelopes of undeuterated, functionally deuterated, and equi-
librium-deuterated peptides were measured using HDExam-
iner and then converted to the corresponding deuteration lev-
els with corrections for back-exchange (30).

Structure Calculations—Structure calculations were per-
formed with Crystallography and NMR System Solve (CNS)
within the High Ambiguity Driven Biomolecular Docking
(HADDOCK) web server using the Guru interface (31).
HADDOCK calculations generated models of the complex that
are in agreement with experimental distance restraints and
have optimal electrostatic and van der Waals interactions on
the basis of a combination of molecular dynamics and energy
minimization. HADDOCK docking was performed using the
lowest energy structure from the BAX NMR structural ensem-
ble from the PDB (PDB code 1F16). The 3G11 structural model
was generated using prediction of immunoglobulin structure
software on the basis of structural homology modeling of
known Fab structures of the same family that have different
amino acid compositions of CDR regions (32). Calculations
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were performed with ambiguous interaction restraints derived
from the hydrogen-deuterium exchange mass spectrometry
data and residues of the CDR regions of 3G11. For BAX ambig-
uous interaction restraint calculations, only residues that
exhibited significant protection of hydrogen-deuterium
exchange upon titration and a solvent accessibility over 50%, as
determined by the program NACCESS, were defined as active
residues. Passive residues were automatically assigned by the
HADDOCK web interface as residues surrounding the active
residues. For 3G11, ambiguous interaction restraints were
assigned on the basis of residues involved in CDRH1, CDRH2,
CDRH3, and CDRL3. Specifically, active residues for BAX
included solvent-accessible residues from 19 —45 and 123-142.
Active residues for 3G11 were defined as heavy chain (26 —32
(loop 1), 52—54 (loop 2), and 96101 (loop 3)) and light chain
(141-148, 165-168, and 206 -211). In each HADDOCK struc-
ture calculation, 1000 orientations/structure of the complex
were generated by rigid body docking energy minimization of
the individual structures. The 200 lowest energy structures
were semiflexibly refined in torsion angle space and then
refined in explicit solvent. 177 structures formed the most pop-
ulous cluster, 1, with root-mean-square deviation from the
overall lowest energy structure (0.7 + 0.4 A) calculated on the
backbone (CA, C, N, O) atoms. Cluster 2 contained the remain-
ing 23 structures and had a significantly lower HADDOCK
score, higher Z score, and higher restraint violation energy.
Importantly, structures in both clusters showed interaction of
3@G11 with helices 1 and 6 of BAX and part of the loop between
helices 1 and 2, the N-terminal activation site, which is consis-
tent with HXMS and mutagenesis data. A folder with the cal-
culations, including protocols, PDB structures, and structural
analysis from the HADDOCK calculations is provided in the
supplemental data. Ribbon diagrams and molecular models
were depicted using PyMOL (Schroedinger, LLC). Software
was available through the SBGrid collaborative network (33).

Results

Discovery of 14 Novel Synthetic Antibodies Targeting Mono-
meric BAX—W e used a restricted diversity phage antigen-bind-
ing fragment (Fab) library (“Library F”) to select a panel of Fabs
that bind to monomeric BAX (9). Library F was designed to
contain mostly binomial Tyr/Ser diversity in CDR-H1 and H2
and expanded diversity encoding the nine amino acids Tyr/Ser/
Gly/Ala/Phe/Trp/His/Pro/Val in a 5/4/4/2/1/1/1/1/1 ratio, at
CDR-L3 and H3 (34). In addition, the CDR-L3 and H3 loops
lengths vary in size. The expanded diversity in CDR-L3 and H3
in Library F was designed to mimic the distribution of amino
acids in functional CDR-H3 segments of natural antibodies. We
screened Library F against freshly purified monomeric BAX
(10). After two to three rounds of selection, a panel of 14 BAX-
specific Fabs with diverse CDR sequences was obtained (Fig.
1A). These clones were isolated from two distinct panning
regimes, one in which biotinylated BAX was immobilized onto
streptavidin-coated wells and another in which BAX was
coated directly on the wells. The properties of the selected
clones were similar from either screening regime and, there-
fore, analyzed further as a single conglomerated panel.
Sequence comparison between the 14 Fabs revealed a high
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diversity of residues and loop sizes with no apparent sequence
homology in CDR segments from any two clones, demonstrat-
ing the diverse modes of interaction with BAX.

Fabs were expressed and purified, and the EC, titers for
BAX were determined using ELISA. The EC,, values ranged
from 2.3 nm (2B1) to 250 nm (2A5), with most Fabs having a
single- or double-digit nanomolar ECg, value (Fig. 14). The
selected Fabs 3G11, 3E8, 2A5, and 2B1 were evaluated for bind-
ing kinetics to monomeric BAX using biolayer interferometry
(Fig. 1B). The binding affinities and ranking of the Fab proteins
on the basis of binding correlate with the EC,, values from the
ELISA. In both assays, Fabs 3G11, 3E8, and 2B1 were the high-
est-affinity binders to BAX, whereas Fab 2A5 was the lowest-
affinity binder (Fig. 1, A and B). Therefore, an array of 14 high-
affinity antibodies against monomeric BAX was discovered,
which will significantly expand the probes for monitoring BAX
activity.

To explore whether the Fabs engage overlapping or distinct
epitopes on BAX, we performed a competitive ELISA. We
chose six of the clones (3H1, 3G11, 3E8, 2A5, 2D9, and 2B1)
whose EC,, values cover the entire affinity range. A competitive
ELISA was performed in which Fab 3G11 was first biotinylated
(b3G11), and then binding of b3G11 to BAX in the presence of
other non-biotinylated Fab proteins was analyzed. All Fabs
except Fab 2A5 demonstrated competitive inhibition of b3G11
binding, with IC,, values in nanomolar range (Fig. 1C). Fab 2A5
does not compete with b3G11 binding, likely because it is a
much weaker binder than 3G11. Furthermore, we also studied
how binding of phage-expressed Fabs (®) can be inhibited com-
petitively by free Fab proteins. The data showed that phage-
expressed Fab binding was inhibited to varying degrees in the
presence of 100 nM Fab protein for many of the clones and that,
in each case, the phage-expressed Fab for a particular clone
could be inhibited by its own Fab protein, with the exception of
3H1 (Fig. 1D). Again, Fab 2A5, the lowest-affinity clone (EC,,,
250 nm) had little effect on Fab phage binding for all other
clones, but all other Fab proteins could significantly inhibit Fab
2A5 phage binding. On the contrary, Fabs 3E8 and 2B1, the
highest-affinity clones (EC,, 2.6 and 2.3 nMm, respectively)
showed the strongest inhibition of all Fab phage binding.
Therefore, the competitive ELISA data match predictions on
the basis of ELISA half-maximal binding titers and K, values.
These results indicate that, to a large extent, Fabs have overlap-
ping epitopes on the BAX surface with a range of affinities, but
many are in the low nanomolar range.

Synthetic Antibodies Inhibit BH3-triggered BAX Activation
and MOMP—T o examine how binding to BAX by Fabs modu-
lates BAX function, we performed liposomal assays that explic-
itly evaluated how BH3-triggered BAX forms a pore in a mem-
brane environment that mimics the mitochondrial membrane
without the contribution of other mitochondrial factors (35).
Fabs have the potential to activate BAX by engaging one of the
activation sites of BAX either at its N-terminal or C-terminal
surface (10, 15, 36, 37) or to inhibit BAX activation by inhibiting
the BAX binding surface of the activator protein tBID or con-
formational changes associated with BAX activation (12, 15, 16,
19, 20). Therefore, we examined the capacity of the Fabs to
either activate BAX or inhibit BAX activation induced by tBID.
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@ 0.2

Clone  EC, (nM) Sequences
CDRL3 CDRH1 CDRH2 CDRH3
Kabat numbering  90.... .30... 50..a.55.. 94
2B1 23 QYSGSGHYLI  IYSSSM SISSSSSYTS RGYWYYWAWWASAMD
3E8 2.6 QSSYSLI LSYYSM SISPYYGYTY RGGAYYFGYYGSGSYAMD
3G11 55 QWSFGPI ISYYSM SIYPYSSSTY RSSAMD
2D9 7.6 QWSHYLI LYYYSM SISPSYGYTS RSSFYYYALD
3G9 9.5 QHYYYSPWPI  LYSYYI SISPYYSSTY RSSYSYAGMD
2C1 10 QSYVSPI ISSYYI SISSYYSSTY RVSYGHAYVGYSSGMD
3H4 1 QSWYYSYPI LSYSSM SISSYYSYTS RYYGYGGGID
2A6 13 QSAGGYPLI IYYSSM SISPYSSYTS RSFGYGWAFD
3H1 19 QHSYPI ISYSSI SIYSYSGSTY RYGAMD
2A2 24 QYYYPI ISSSSI SIYSYYGYTY RYSAMD
3G3 26 QGAWSGGHLI LSYSSM  YISPYYGYTY RGWAYYYGYWGPSGLD
2D5 46 QWGYSHSHLI  ISYSSI SISPYYGSTY RSHFGALD
2D2 66 QSYYWVSPF  LYYSSI SIYPYSGSTY RSYGYAMD
2A5 250 QYHYWYYPI ISYYSM SISPYYGSTY _RAGAMD
B Fab K, (M's) Ky (s) Ko (M)
281 (2.3£0.01)x 105 (25£0.02)x 102 1201
3E8 (2.9£0.04) x 10° (7.5£0.06)x 10° 2610
215 (6.0£0.11) x 104 (8.1+0.09)x 10° 133£4.0
361 (3.0£0.04) x 10° (11£0.01)x 102 3810
361 (2.7 £0.06) x 10° (24£0.02)x 102 8930
* with BAX AC26
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FIGURE 1. Discovery of synthetic antibody fragments that bind with high affinity to BAX at overlapping binding sites. A, synthetic Fabs that bind to BAX
with the corresponding variable sequences of CDRs and EC, values as determined by ELISA. B, top panel, Ky, k,,, and k, values for select synthetic Fabs that bind
to BAX and BAX AC26, as determined by biolayer interferometry. Bottom panel, a representative biolayer interferometry experiment using immobilized 3G11
and three different BAX concentrations. C, synthetic Fabs, except 2A5, compete with b3G11 for binding to BAX using a competitive ELISA. D, binding of selected
phage-bound expressed Fabs (®) to BAX as competitively inhibited by the corresponding free synthetic Fab proteins (100 nm). All synthetic Fabs, except 2A5,
show at least 40% competition efficacy to different phage-bound expressed Fabs. The data shown in B-D represent the mean = S.D. from at least three

independent experiments.

None of the 14 Fabs had an effect on liposomal integrity alone
(data not shown) and neither does an unrelated VEGF-specific
Fab (YADS], negative control). Furthermore, none of the Fab
proteins activated BAX and induced liposomal release (Fig. 2A4).
However, when tBID and BAX were combined with liposomes,
liposomal release was robust, as expected (Fig. 2, A and B). In
contrast, high-affinity Fabs, when combined with tBID and
BAX, inhibited tBID-triggered BAX activation significantly or
completely at 2 M in all cases, with the exception of the lower-
affinity clone Fab 2A5 and the negative control YADS]1 (Fig.
2B). Three of the highest-binding Fabs, 3G11, 3E8, and 2B1,
yielded dose-responsive and time-dependent inhibition of lipo-
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somal release, whereas the weaker binder, 2A5, had no effect,
even at 2uM (Fig. 2, C-F).

To examine whether Fabs can inhibit BAX activation in the
presence of mitochondrial membranes loaded with anti-apo-
ptotic BCI-2 or other mitochondrial proteins, we isolated
mouse liver mitochondria from Bak /"~ mice to perform a
mitochondrial release assay. A combination of tBID and BAX
was exposed to several doses of Fab 3G11, which demonstrated
a dose-responsive inhibition of mitochondrial cytochrome ¢
release induced by activated BAX, as assessed by separation of
the supernatant and mitochondrial fractions and Western blot
analysis (Fig. 34). Moreover, using the mitochondrial release
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FIGURE 2. Synthetic Fabs inhibit BAX activation induced by pro-apoptotic tBID in liposomal assays. A, synthetic BAX-binding Fabs and a VEGF-specific
Fab (YADS1) at 2 um have no capacity to induce BAX-mediated liposomal ANT/DPX release, whereas tBID induced potent BAX-mediated liposomal release. B,
BAX-binding Fabs at 2 um, except 2A5 and YADST, inhibit tBID-induced BAX-mediated liposomal ANTS/DPX release. Error bars represent mean = S.D. at 90 min
normalized to tBID-induced maximum ANTS/DPX release at 90 min. C-F, representative liposomal ANTS/DPX release experiments in kinetic representation
showing the inhibitory activity of Fabs 3G11,2B1,and 3E8 at 0.5, 1, and 2 um Fab. 2A5 had no inhibitory effect. A-F, the experiments were performed with 400
nm BAX, 30 nm tBID, and up to 2 um Fabs. Data represent mean = S.D. from triplicates normalized using either tBid-induced BAX mediated ANTS/DPX release
as 100% (A and B) or 1% Triton release as 100% (C-F). Data shown are representative of at least three independent experiments.

assay, BAX localization was determined to examine whether
inhibition by Fab 3G11 was due to prevention of BAX translo-
cation to the membrane or blocking of the membrane integra-
tion and oligomerization on the mitochondrial outer mem-
brane. Fab 3G11 dose-responsively inhibited the capacity of
BAX for mitochondrial translocation, suggesting that the high-
affinity binding of 3G11 to the monomeric BAX either com-
petes with binding of tBID or prevents the conformational
changes of BAX required for its mitochondrial translocation
(Fig. 3B). Taken together, these data highlight the fact that we
discovered Fab proteins that inhibit BH3-triggered BAX acti-
vation and MOMP by restraining the mitochondrial membrane
translocation of BAX.
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Fab 3G11 Forms a Stable and Stoichiometric Complex with
BAX—To investigate the effect of synthetic Fabs on the struc-
ture of BAX, we first studied the stability and stoichiometry of
several Fab-BAX complexes upon mixing the proteins at vari-
ous concentrations and analyzing them by size exclusion chro-
matography. On the basis of size exclusion chromatography
and SDS-PAGE analysis, binding of Fab 3G11 to BAX resulted
in a stable 1:1 stoichiometric complex (data not shown). We
focused on 3G11 for further structural analysis because of its
high affinity and low dissociation constant (Fig. 1B). Next, the
structural effects of 3G11 were analyzed on the basis of "H,"*N
HSQC spectra of the full-length BAX monomer at several doses
of 3G11 (Fig. 4, A-D). The HSQC spectra are in agreement with
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FIGURE 3. Synthetic Fab 3G11 inhibits BAX-mediated cytochrome ¢
release and BAX mitochondrial translocation induced by pro-apoptotic
tBID in isolated mitochondria. A, Fab 3G11 inhibits, dose-responsively,
tBID-induced BAX-mediated cytochrome c release from isolated BAK™/~
mitochondria. WB, Western blot. B, 3G11 Fab inhibits, dose-responsively,
tBID-induced BAX mitochondrial translocation in isolated BAK™/~ mitochon-
dria. The data shown are representative of at least three independent
experiments.

3G11 and BAX forming a stable complex with a 1:1 stoichiom-
etry and in slow exchange on the NMR timescale, as evidenced
by the dose-dependent loss of intensity of monomeric BAX
cross-peaks and lack of new chemical shifts upon 3G11 titra-
tion. Despite the 3G11-BAX complex formation evidenced by
the NMR titration, it is not possible to observe the 'H,**N
cross-peaks of the complex in the 'H,">N HSQC spectra
because of the size of the complex (70 kDa).

Fab 3G11 Binds the N-terminal Surface of BAX to Prevent
BAX Activation—To further analyze the Fab-BAX interaction,
we analyzed the changes on the BAX structure by measuring
the solvent accessibility and hydrogen-deuterium exchange of
the backbone amide hydrogens using hydrogen-deuterium
exchange mass spectrometry (HXMS). First, we analyzed the
deuterium exchange of unbound BAX in solution, which
underlined the different deuterium exchange rates for exposed
or unfolded regions (N terminus, al-a2 loop) and more sol-
vent-protected or structured regions, including a2, a3-a4, o5,
and a6-a8 (Fig. 54). Upon 3G11-BAX complex formation at
stoichiometric levels, deuterium exchange, sample digestion,
preparation, and analysis were performed under the same con-
ditions as with free BAX (Fig. 5B). Interestingly, HXMS analysis
of the Fab-bound BAX in solution highlighted significant sol-
vent protection in helix @1 and a6 and the a1-a2 loop, whereas
other regions of the BAX structure had little to no change in
deuterium incorporation upon interaction with 3G11 (Fig. 5C).
Furthermore, HXMS showed a modest increase in solvent
accessibility for residues in helices a7, a8, and, partially, «9 and

96 JOURNAL OF BIOLOGICAL CHEMISTRY

a2, which are found at the C-terminal surface of BAX. More-
over, binding of the 3G11 Fab to full-length BAX (BAX WT)
and to the C-terminal helix a9-truncated BAX (BAX AC26)
was determined with a similar K, (Fig. 1B), suggesting that
major contacts of 3G11 occur elsewhere from the a9 or the
canonical hydrophobic groove of BAX.

The HXMS analysis suggests that the binding region of 3G11
is localized on the N-terminal surface of the BAX structure and
overlaps with the N-terminal activation site of BAX (al/a6)
that controls a series of conformational changes upon BH3
domain activation (11-12) and with the binding epitope (resi-
dues 12—24) that is recognized by the 6A7 antibody only on the
conformationally active BAX (Fig. 5C). Interestingly, the a1-a2
loop, whose displacement was determined to be essential for
the initiation of conformational changes upon BH3-triggered
BAX activation (12), is protected by the Fab binding interac-
tion. We found that the binding interaction of 3G11 to BAX is
localized to the N-terminal surface of BAX, overlaps with the
N-terminal activation site, and is consistent with preventing
conformational changes that lead to activation of monomeric
BAX.

Although recent structural studies on the basis of peptides
from the cytomegalovirus protein vMIA (39) and BCL-2 (20)
have suggested potential sites that intervene with BAX activa-
tion, interestingly, none of these peptides directly block the
N-terminal activation site of the soluble BAX or the C-terminal
activation site of the mitochondrion-associated BAX. To fur-
ther confirm this novel interaction of 3G11 bound to the N-ter-
minal surface of BAX, we used a protein-protein structure cal-
culation approach (40). HADDOCK structure calculations
were performed using ambiguous interaction restraints
between BAX residues determined by HXMS to be most pro-
tected from solvent upon 3G11 binding (residues of a1 and a6)
and residues of the CDRs present in the 3G11 protein sequence
(see details under “Experimental Procedures”). HADDOCK
structure calculations generated structures that fit into two
clusters. An ensemble of 10 structures overlaid on the structure
of BAX and the lowest-energy structure of each cluster are
shown in Fig. 6, A-D. Cluster 1 has a more favorable Haddock
score and Z score, a more populous cluster with 177 structures
of 200, and structures with lower-energy terms (Fig. 6E). Struc-
tures in both clusters are consistent with 3G11 binding to BAX
helices @l and a6 and the closed conformation of the loop
between helices a1-a2 (10, 12) (Fig. 6, Cand D). However, 3G11
in cluster 2 has its orientation rotated ~180° around the z axis
compared with cluster 1. In all structures, 3G11 makes interac-
tions of a hydrophobic and hydrophilic nature with the solvent-
exposed hydrophobic residues and polar/charged residues of
helices al and 6.

To validate the direct interaction of 3G11 with the N-termi-
nal activation site, we tested whether mutations on BAX can
disrupt binding to 3G11 and affect its inhibitory activity of
3G11 in liposomal ANTS/DPX release assays. We used the
3G11-BAX structural ensemble and selected residues on BAX
that are predicted to form contacts with residues of 3G11 using
a 3-A cutoff. Residues Lys-21 in helix a1 and Arg-134 in helix
a6 have been shown previously to interact with the stapled BIM
BH3 peptide that activates BAX through the N-terminal acti-
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FIGURE 4. NMR analysis of the °N-labeled BAX monomer upon 3G11 titration. A-D, NMR HSQC analysis of '°N-labeled BAX (100 um) upon titration of Fab
3G11 up to aratio of 1:1.5 BAX:3G11, as indicated for each overlaid spectrum of unbound BAX and 3G11-bound BAX. Unbound BAX HSQC spectra are shown
with blue cross-peaks, and 3G11-bound BAX HSQC spectra are shown with red cross-peaks. Dose-dependent loss of the intensity of HSQC cross-peaks of
">N-labeled BAX spectra was observed upon 3G11 binding to BAX. At a 1:1 ratio of BAX:3G11, the vast majority of '>N-labeled BAX cross-peaks disappear
because of the formation of a stoichiometric 3G11-BAX complex. No further changes in the '>N-labeled BAX spectra are observed at 1:1.5 ratio of BAX:3G11.

vation site (10). Further analysis of all structural models showed
that the Arg-134 residue may form hydrogen bonds with up to
four residues of CDR loops, whereas the Lys-21 residue is pre-
dicted to form hydrogen bonds with one or two residues in
cluster 1 structures (Fig. 6, C and D). Consistent with the pre-
dicted contributions of each residue to the interaction with the
3@G11 Fab, liposomal ANTS/DPX release experiments showed
that the inhibition effect of 3G11 on BAX WT activation by
tBID is weakened in the presence of the K21E mutation but that
it was abolished completely with the R134E mutation (Fig. 7,
A-E). Likewise, the double mutation R134E/K21E also abol-
ished the capacity of 3G11 to inhibit BAX activation (Fig. 7, D
and E). The inability of 3G11 to inhibit activation of these BAX
mutants is consistent with the decreased affinity of 3G11 to
these BAX mutants, as determined by ELISA binding experi-
ments (Fig. 7F). Therefore, our data suggest that 3G11 binds
and blocks the N-terminal activation site of BAX and are con-
sistent with inhibition of BAX activation and its associated con-
formational changes. In accordance, mapping the predicted
BAX-interacting residues on the basis of the 3G11-BAX struc-
tural model and residues of the trigger site that interact with the
stapled BIM BH3 peptide, as determined by NMR and bio-
chemical studies, demonstrates an extensive overlap (Fig. 8, A
and B) (10). Taken together, these results suggest a novel mech-
anism of BAX inhibition and demonstrate the capacity of the
reported Fabs as structural and functional probes of BAX.
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Discussion

Decision of cellular life or death through the mitochondrial
apoptotic pathway, under physiological or disease conditions, is
mainly controlled by the interactions among the BCL-2 family
proteins. Activation of pro-apoptotic BAX is essential for apo-
ptosis to proceed through mitochondrial dysfunction and
caspase activation. Probing and understanding the different
BAX conformations during the BAX activation pathway, from
the inactive cytosolic monomer to the mitochondrial mem-
brane oligomer, is a critical area of investigation. Our under-
standing of the different conformations and binding surfaces
using structural and biochemical insights is prerequisite for
developing effective pharmacological approaches to modulate
cell death in diseases with either excess of cell survival, as in
cancer, or loss of vital cells, as in myocardial infarction and
stroke. Here we harnessed synthetic antibody technology to
generate high-affinity BAX binding Fabs to use as structural
and biochemical probes. Our screen identified 14 different Fabs
with sequence diversity in CDRs that bind with nanomolar
affinity to BAX. Interestingly, competitive ELISAs confirmed
that six representative Fabs of the 14 Fab proteins bind to over-
lapping regions on the BAX surface. These Fabs bind full-
length BAX, which represents cytosolic BAX (9). We also
showed that 3G11 binds a9-truncated BAX, which mimics
some function of the mitochondrially associated BAX (15).
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FIGURE 5. 3G11 binds to the N-terminal surface of BAX. A, percent deuterium incorporation of unbound BAX conformation in solution over 10, 100, and
1000 s. HXMS analysis suggests increased rates of deuterium exchange in the N-terminal region of BAX, the a1-a2 loop, helix a2, and part of helices &5, @8, and
9. B, percent deuterium incorporation of 3G11-bound BAX in solution over 10, 100, and 1000 s. C, the relative difference of percent deuterium incorporation
of BAX conformation bound to 3G11 minus the percent deuterium incorporation of BAX conformation alone over 10, 100, and 1000 s. HXMS analysis suggests
increased protection from deuterium incorporation in residues of helices a1 and a6, part of helix a5, and the a1-a2 loop compared with the unbound BAX. C,
the regions of significant protection from deuterium incorporation (>—20%) are highlighted in blue on the ribbon representation of the full-length BAX
structure (PDB code 16F6) and on the amino acid sequence of BAX. The ribbon representation of BAX also highlights regions with moderate protection
(—20-0%) in light blue, regions with no change in deuterium incorporation in gray, and regions with moderately increased deuterium incorporation (0-20%)
in light red. The positions of the Lys-21 residue in helix 1 and the Arg-134 residue in helix 6 are shown with yellow stars on the ribbon structure and the amino
acid sequence of BAX.

Mitochondrially inserted BAX oligomerizes and undergoes 16, 41). Therefore, selected Fabs are expected to be conforma-
dramatic conformational changes to such extents that its tion-specific for cytosol- and mitochondrion-associated BAX
N-terminal surface is not available for binding to Fabs (13, 15, and inhibit both conformations from proceeding along the
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cluster 1 - lowest energy

E

cluster 2 - lowest energy

Cluster 1 Cluster 2
Haddock Score -148.2 4/-53 -96.7 +/- 6.6
Cluster Size 177 23
RMSD from the overall lowest-energy structure 0.7+-04 19.9 +-0.1
Van der Waals energy 972 4/-3.2 -70.2 +/- 6.5
Electrostatic energy -365.9 +/-42.3 | -276.1 +/-54.5
Desolvation energy -345+4/-5.3 -31.6 +/-10.4
Restraints violation energy 566.3 +/-29.56 | 603.3 +-21.17
Buried Surface Area 2558.3 +/-82.0 | 2306.3 +-92.5
/-Score -1.0 1.0

FIGURE 6. 3G11 binding to BAX blocks the N-terminal activation site. A and B, structural ensemble of the 3G11-BAX complex, as calculated with HADDOCK,
showing the 10 lowest-energy structures of cluster 1 and cluster 2. Structures from both clusters are centered on the interface of 3G11 (cyan) and BAX (light gray) and
overlaid using the BAX structure from the lowest-energy complex structure. The N-terminal interaction surface of BAX with a1 and a6 is shown in blue. Cand D, ribbon
representations of the 3G11-BAX lowest-energy structures for each cluster highlighting the binding of 3G11 (cyan) using residues in the CDRs (red) to the N-terminal
interaction surface (blue) of BAX (light gray). The Lys-21 and Arg-134 residues of BAX are shown as blue sticks and predicted to interact with 3G11 CDR residues. The
N-terminal and C-terminal residues of 3G11 are shown by N and C, respectively. , statistics of HADDOCK calculations for clusters 1 and 2.

BAX activation process. Furthermore, the ability of 3G11 in
binding the a9-truncated BAX less potently in comparison with
the full-length BAX suggests that 3G11 may be more effective
in inhibiting the translocation of BAX than further conforma-
tional changes on the membrane.
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We found that all of the identified BAX-binding Fabs inhibit
BAX activation triggered by pro-apoptotic tBID in liposomal
assays. Further investigation of the mechanism, using Fab
3G11, suggested that the Fabs bind to the N-terminal surface of
BAX without causing significant conformational changes on
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FIGURE 7. Select BAX mutants inhibit functional inhibition and binding to BAX by 3G11. A-D, representative liposomal ANTS/DPX release experiments in
kinetic representation showing the inhibitory activity of 3G11 (2 um) with BAX WT, which is weakened by the K21E mutation and completely abolished by the
R134E mutation or the double mutation R134E/K21E. The experiments were performed with 400 nm BAX WT or BAX mutants, 30 nm tBID, and 2 um 3G11. E,
percent inhibition on the basis of the maximum tBID-induced BAX activation for the BAX WT and mutants at 90 min in the presence or absence of 3G11 Fab.
F, ELISA binding profiles for 3G11 binding to BAX WT and mutants. EC,, values were determined as follows: 8 = 2 nm for BAX WT, 29 * 4 for K21E, 89 = 2 nmfor
the R134E mutant,and 91 = 2 nmfor the R134E/K21E double mutant. OD, optical density. The data shown in A-F, represent the mean = S.D. from triplicates and

two independent experiments.

BAX. HXMS and mutagenesis showed that 3G11 binds to an
extended surface on BAX that includes the N-terminal activa-
tion site (helices al/a6), which BIM, tBID, and p53 upregulated
modulator of apoptosis (PUMA) pro-apoptotic BH3 helices
bind to trigger BAX activation (10, 11, 37, 39, 42). Therefore,
our data are consistent with 3G11 competitively inhibiting
tBID-mediated BAX activation by blocking access to the N-ter-
minal trigger site and preventing N-terminal conformational
changes associated with BAX activation (11, 37). Indeed, we
found that 3G11 binding prevents mitochondrial translocation
of BAX, which requires significant conformational changes and
integration into the membrane (13, 15, 16, 41). These findings
highlight the application of the reported Fabs, as probes, to
investigate or modulate structural and functional mechanisms
along the BAX activation pathway and its network of protein-
protein interactions.

BAX is shown to have two different activation sites depend-
ing on its cytosol- or mitochondrion-associated conformations:
the N-terminal BH3 pocket (trigger site) and the C-terminal
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BH3 pocket. Although several proteins have been reported to
directly bind BAX and inhibit its activation, only two other
studies have reported structural evidence of the binding inter-
action on the surface of BAX. A stapled helical peptide of the
BH4 domain of BCL-2 protein binds to a cleft formed by select
residues of the al-a2 loop: a2, a3, a5, and a6 (20). A helical
peptide of the cytomegalovirus protein vMIA binds to a distinct
site at the same side of the BAX structure that includes the
loops of @3-a4 and a5-a6 (39). In both cases, the peptides bind
to a geographically distinct site that has no overlap with either
the N-terminal or C-terminal activation site (Fig. 8C). There-
fore, these mechanisms of BAX inhibition reflect allosteric
mechanisms that suppress conformational changes upon BAX
activation. Our data are consistent with 3G11-mediated BAX
inhibition through a direct interaction with the N-terminal
activation site that has been described previously to be the tar-
get of activating BH3 helical peptides or the full-length BH3-
only proteins tBID, BIM, and PUMA, representing a novel
mechanism of BAX inhibition (10, 11, 36, 37). However,

SASBMB

VOLUME 291+-NUMBER 1-JANUARY 1, 2016

/T0Z ‘Gz |1udy uo 138nb Aq /610 og [ mmmy/:dny wody papeojumoq


http://www.jbc.org/

BIM BH3

k‘?/
i}‘ 3G11

binding surface

N-terminal view

3G11
binding surface

N-terminal view

FIGURE 8. Overlap of the 3G11-binding surface and the BIM BH3-binding
surface with the N-terminal trigger site of BAX. A, surface representation of
BAX (light gray) highlighting the 3G11-binding surface to BAX (blue) as deter-
mined in this study. B, surface representation of BAX (light gray) highlighting
the binding surface (yellow) of BIM BH3 (blue helix) in contact with BAX, as
determined previously (PDB code 2K7W). C, surface representation of BAX
(light gray) highlighting the 3G11-binding surface to BAX (blue) compared
with the binding sites of peptides from cytomegalovirus protein vMIA (pink)
and BCL-2 BH4 domain (orange).

because BAX activation is possible through other mechanisms,
the inhibitory activity of Fabs may also be allosteric by suppres-
sion of conformational changes in the N-terminal surface of
BAX. Nevertheless, it is interesting that at least the Fabs we
isolated and tested appear to bind to the N-terminal activation
site, which suggests that this N-terminal BH3 binding groove in
the full-length BAX structure provides a favorable protein-pro-
tein interaction surface for the Fabs to bind.

Pharmacological targeting of BAX to either promote or
inhibit its activation has been proposed to be a promising
therapeutic strategy. However, discovery of pharmacological
modulators of BAX has been challenging because of limited
insights or lack of appropriate probes to use for small mole-
cule discovery. Recently, small-molecule BAX activators
that bind to the N-terminal activation site have been identi-
fied using a competitive binding assay of the stapled BIM
BH3 peptide activator that binds to the same site (38). Like-
wise, the application of synthetic antibodies to BAX provides
anovel opportunity to use Fabs as probes for screening small
molecule libraries using a competitive binding assay between
the identified inhibitory Fabs and BAX. Small-molecule
inhibitors that bind directly to the BAX N-terminal activa-
tion site will be effective chemical probes for dissecting the
function and mechanisms of BAX-mediated cell death and
promising starting points for the development of therapeu-
tics. Finally, the success of our screen suggests that synthetic
antibodies can also be identified for the structurally homo-
logous anti-apoptotic BCI-2 family proteins, which can
potentially reveal novel mechanisms of regulation or binding
sites for pharmacological targeting.
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